A NEW PALEOCLIMATE RECORD FOR NORTH WESTLAND, NEW ZEALAND,
WITH IMPLICATIONS FOR THE INTERPRETATION OF SPELEOTHEM BASED
PALEOCLIMATE PROXIES

A thesis submitted in partial fulfilment
of the requirements for the degree of:
Master of Science in Geology
at the
The University of Canterbury
by
Andrea Jean Logan

University of Canterbury
2011

Frontispiece – The Main Entrance to Metro cave.

ii

Table Of Contents
Acknowledgments
Abstract
List of Figures and Tables

v
vii
viii

Chapter 1 – Introduction

1

Chapter 2 – Literature Review
2.1 Speleothems as Terrestrial Proxies of Paleoclimate
2.1.1 Introduction
2.1.2 Caves and Speleothems
2.1.3 Dating of Speleothems
2.1.4 Speleothems as Paleoclimate Proxies
2.1.5 Stable Oxygen Isotopes in Speleothems
2.1.6 Stable Carbon Isotopes in Speleothems
2.1.7 Summary
2.2 New Zealand Quaternary Paleoclimate
2.2.1 Introduction
2.2.2 Climate Drivers
2.2.3 Late Quaternary Climate Events
2.2.4 Late Quaternary Climate from Speleothems
2.2.5 Summary
2.3 Speleothem Fluid Inclusions
2.3.1 Introduction
2.3.2 The Formation of Fluid Inclusions
2.3.3 Fluid Inclusions and Paleoclimate
2.3.4 Extracting Fluid Inclusions from Speleothem Calcite
2.3.5 Summary

4
4
4
4
8
10
12
17
19
20
20
20
21
25
27
28
28
28
29
30
33

Chapter 3 – Field Methods
3.1 Introduction
3.2 Geological Setting
3.3 Regional Climate and Vegetation
3.4 Previous Research at Te Ananui/Metro Cave
3.5 Field Methods
3.6 Description of the Stalagmites

34
34
34
39
40
40
43

Chapter 4 – Analysis Methods and Results
4.1 Introduction
4.2 Hendy Tests
4.3 Drip Water Analyses
4.4 Trace Element Analysis
4.5 Stable Isotopic Analysis of Calcite
4.6 Fluid Inclusion Extraction Method
4.6.1 Introduction
4.6.2 Development Phase 1
4.6.3 Development Phase 2
4.6.4 Summary

46
46
46
50
51
58
60
60
61
65
67
iii

Chapter 5 – Metro 1 Age Model
5.1 Introduction
5.2 Experimental Age Estimate

68
68
68

Chapter 6 – Interpretation and Discussion
6.1 Introduction
6.2 Interpreting Stable Isotopic Composition
6.2.1 Stable Oxygen Isotopes
6.2.2 Temperature Reconstruction from the M1 Stalagmite
6.2.3 Stable Carbon Isotopes
6.3 Interpreting Trace Element Composition
6.4 M1 Trace Element Dilution/Enrichment Models
6.5 Paleoclimate from the M1 Stalagmite
6.6 Discussion of M1 Paleoclimate
6.6.1 Comparison with Two South Island Stalagmite Records
6.6.2 Modern Geochemical Variability versus Past Variability
6.7 Summary

72
72
73
73
75
77
78
81
85
89
89
91
92

Chapter 7 – Conclusions and Future Research

94

Thesis References

98

Appendix 1 – Trace element data from top and base sections of M1

CD

Appendix 2 – M1 stable carbon and oxygen data

CD

iv

Acknowledgments
The completion of this thesis has been made possible by the help and support of many people.
Firstly I would like to thank my three supervisors, for all their assistance and guidance. My
primary supervisor, Dr. Travis Horton, has been an endless source of ideas, encouragement,
and advice. Your support, especially in the lab, has taught me a huge amount about stable
isotope geochemistry. You have been not just an excellent supervisor, but a great mentor also.
Thanks to Dr. Andrew Lorrey for all the assistance with trace element analyses, and work
towards getting dates, even though they have taken a lot longer than we thought! The
numerous hours you have spent reading through my chapters and providing feedback have
been invaluable. Thanks also to Dr. Mark Quigley for helping out with field work, helping me
to set deadlines for my work, and for being there to bounce ideas off.
I have been fortunate to receive several grants and funds for this research, in particular the
Mason Trust fund for my field work, the S.J. Hastie scholarship award, and the UC Masters
scholarship. I am also very grateful for funding from the Department of Geological Sciences
to attend the GSNZ conference in Auckland, 2010, and to the Geoscience Society of New
Zealand and the New Zealand Federation of Graduate Women for travel grants to attend the
AGU Fall Meeting, December 2010, in San Francisco.
I would also like to thank Lindsay Main and Alice Shanks for introducing me to the world of
caves, in particular for taking me on my first trip through Metro cave. Without all your
expertise and advice about working in caves, this project would not have been possible. I
would also like to thank the West Coast Department of Conservation staff for granting me a
sampling permit, and in particular DOC Ranger Chippy Wood for your assistance with field
work.
I am also very grateful to Canterbury University Department of Geological Sciences staff for
all your technical assistance. Rob Spiers has been a fantastic help with both sourcing cave
sampling equipment, and cutting and polishing the stalagmites. Thanks also to Chris
Grimshaw for providing me with all the compressed air I needed.

v

Finally I would like to thank all my family and friends for your constant support, especially
those who were happy to be dragged over to Charleston and kept underground for a day of
field work. I would also like to thank my parents and friends for the time you have spent
listening to me attempting to explain my project, and encouragement to keep at it. Also thanks
to my grandparents for your love and extra travel support. Lastly, I am especially grateful to
my fiancé, Ollie, for your endless love and support throughout this, and future projects.

vi

Abstract
New Zealand speleothems can be used as proxy records of terrestrial Southern Hemisphere
climate change and can be compared to records from the Northern Hemisphere to evaluate the
timing of significant climatic events, and the driving influences of the Antarctic and North
Pacific. The interpretation of paleoclimate from stalagmite geochemistry is a complex
process. The majority of stalagmite records from New Zealand are based on calcite stable
isotope composition, however, recent research into stalagmite trace element composition has
shown that multi-proxy records aid paleoclimate interpretations. The complexity of the many
processes affecting the geochemistry of calcite forming in a cave system requires assumptions
to be made about cave environment conditions.
This thesis presents a new high-resolution paleoclimate record based on stable isotope and
trace element composition from a West Coast, New Zealand, stalagmite. The assumptions
underlying the interpretation of such a record are examined and compared to local
environmental field data. In addition, a new method of extracting and analysing calcite fluid
inclusions is explored, in order to address some of the issues associated with unknown past
stable isotope composition of cave drip water. Field data from the local cave area have
demonstrated high natural variability in the stable isotope composition of rainfall, cave drip
water, dissolved inorganic carbon, and modern cave calcite. The high modern natural
variability raises questions about the validity of assumptions of the stability of the cave
environment. The high-resolution record of calcite stable isotope and trace element
composition indicates that changes in precipitation amount, the atmospheric temperature of
rainfall precipitation, and local environmental water balance are the dominant controls on
stalagmite geochemistry on the West Coast. The comparison of this single stalagmite
paleoclimate record to other single and multiple stalagmite records from the same region
indicate that data from single stalagmites show more variation in past climate, and can be best
understood when the modern variability is accounted for with in-depth field measurements of
the local environmental processes.
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Chapter 1: Introduction
Climate is one of the large drivers of change on our planet. Throughout the rock record we
can see many examples of times when changes in global climate have lead to extinctions and
evolutionary changes, both in deep time and during the Quaternary (Davis & Shaw 2001;
Zachos et al. 2001; Wing et al. 2005; Parmesan 2006). Although the overall temperature at the
surface of the Earth has not changed much during the Cenozoic, the climate has oscillated
from glacial conditions with ice covering the poles and many mountainous areas, to
interglacials with no ice at the poles (Zachos et al. 2001; Rabassa et al. 2005; Sugden et al.
2006). Climate also plays a large role in shaping the land as the primary tools of erosion
(wind, water and glaciers) are subject to local, regional and global changes (Chinn 1996;
Drost et al. 2007). The close and complex interactions between climate and the Earth and
oceans have long been a major area of research, as understanding the natural processes and
variability of climate is necessary before we can evaluate anthropogenic impacts. In addition,
our attempts to predict future climate change scenarios are based on knowledge of natural
variability and regional change (Jansen et al. 2007). Today we can observe many
environmental changes globally that are the result of changing climate; but without a
knowledge of the past we cannot know if the current retreat of mountain glaciers, or the
increased frequency of tropical storms, are normal fluctuations or an indication that a natural
threshold is being approached with potentially significant flow-on effects.
Paleoclimate research seeks to build our knowledge of the magnitude, duration and causes of
past climatic changes, through investigation of proxy records that supplement and extend both
written and oral history. There are many potential proxies that can be studied on a variety of
spatial and temporal scales, such as tree rings, lake and ocean sediments, bubbles of air
trapped in ice, and coral reefs (Beck et al. 1997; EPICA Community Members 2004;
McCarroll & Loader 2004; Barrows et al. 2007). At present some of the most detailed records
of past climate have been constructed from analysis of ice cores in Antarctica and Greenland
(Dansgaard et al. 1993; EPICA Community Members 2004), and the longest climate records
are from deep ocean sediments (Zachos et al. 2001). However, while these records indicate
changes occurred in the ocean and in polar regions over different time scales, they fail to
provide detailed assessments of the changes that have occurred on land. Proxy records from
mid-latitude and tropical regions are necessary to investigate the impact of past climate
1

change in terrestrial regions. Limestone and karst, usually with accompanying cave systems,
are found throughout the world’s continents, and the climate conditions through time can be
preserved in the geochemical composition of each layer in calcite deposits (Ford & Williams
1989). Hence the analysis of the stable isotope and trace element composition of stalagmites,
and other cave speleothems, provide a valuable proxy for understanding past climate in many
key terrestrial regions of the world.
New Zealand and South America, spanning the southern mid-latitudes, contain large karst
systems where climate reconstruction studies can be carried out. These areas are important
due to the lack of Southern Hemisphere terrestrial representation when compared to the rest of
the world. Paleoclimate analyses of New Zealand stalagmites contribute to our understanding
of climate change in the Southern Hemisphere during the last 230 Ka (Williams 1996;
Hellstrom et al. 1998; Williams et al. 2004, 2005; Alloway et al. 2007; Whittaker et al. 2011).
While there are fewer records available than in the Northern Hemisphere, the Southern
Hemisphere records that are available provide valuable comparative information on the
influence of Antarctica on global climate versus that of Northern Hemisphere sources of
climate change (Denton et al. 1999; Turney et al. 2003; Williams et al. 2005; Shulmeister et
al. 2006). Well-dated stalagmites can be used to investigate whether climate events such as
the Younger Dryas, or Dansgaard-Oeshger cycles occurred simultaneously or were
earlier/later than their northern counterparts (Williams et al. 2004; Whittaker 2008). Probing
these archives in New Zealand can lead on to other important questions about how climate
warming and cooling was initiated in the past, and this can help to establish cause and effect
relationships of regional to global atmospheric and oceanic circulation.
This thesis presents a new speleothem-based paleoclimate record from North Westland in the
South Island of New Zealand, and is aimed at advancing our knowledge of local/regional
climate changes and the processes that lead to recording climate signals in stalagmites. The
study of paleoclimate proxies is often based on various assumptions about a physical system.
Each new analysis helps to validate past work, challenge past assumptions, and refine the
processes responsible for the variability captured in a climate proxy archive. For example, a
key assumption in stable isotope speleothem paleoclimate research is that the cave
environment remains fairly stable relative to the intra-annual fluctuations outside the cave,
and that the isotopic composition of water entering a cave remains representative of the stable
isotopic composition of local annual rainfall. This assumption underlies the hypothesis that
2

modern speleothem calcite, and fluid inclusion isotopic compositions, are not significantly
different than modern cave drip-water isotopic compositions. If this can be demonstrated for a
cave, then isotopic equilibrium was likely achieved between the drip water and the
precipitating calcite. In this case, changes in stalagmite (and fluid inclusion) isotopic
composition through time should reflect changes in cave climate during calcite formation.
This thesis was designed to monitor a cave environment for several months, including
collection of drip water isotopic composition, temperature, and relative humidity data, to
assess the stability of a cave system over a year. Such monitoring data will facilitate our
understanding of multiple environmental variables that can help in defining cave processes
that lead to the formation of speleothems in the cave environment. It is also well known that
there can be considerable variation in drip water chemistry between locations at both large
and small scales in a karst system (Williams et al. 1999; Williams et al. 2004; Williams
2008). Further tests of the stability of the cave environment, and whether isotopic equilibrium
between the drip water and calcite was achieved, can be made by comparing the stable
isotopic composition of recently formed fluid inclusions with the composition of modern
drip-water. The analysis of fluid inclusions trapped in speleothem calcite will enable
interpretation of the stable isotopes in terms of changes in both temperature and precipitation
amount (see sections 2.3 and 4.6). Published methods for analysing speleothem fluid
inclusions require large samples (~300mg), which are not comparable to the sampling
resolution achievable (0.5mm) when drilling calcite for stable isotopic analysis. Therefore,
this research also targeted the development of a new method combining online and offline
mass spectrometric techniques to extract and analyse fluid inclusions from speleothem calcite.
The goal of this research facet was to greatly reduce the sample size necessary and increase
the efficiency of the fluid inclusion extraction method.

3

Chapter 2 – Literature Review
2.1. Speleothems as Terrestrial Proxies of Paleoclimate
2.1.1 Introduction
Speleothems have been recognised as important archives of paleoclimate for decades (Siegel
& Reams 1966; Fornaca-Rinaldi et al. 1968; Hendy & Wilson 1968; Thompson et al. 1976).
They can record detailed changes in local conditions throughout their time of growth, which
can in some cases be over 500 000 years (Ka) (Ayliffe et al. 1998; Woodhead et al. 2010).
Speleothems are found in terrestrial locations, so their records of climate are often more
variable than those from polar ice cores or deep sea marine sediments due to the
heterogeneous conditions of terrestrial climate systems. However, as speleothems record
climatic variability in the cave region they are often of increased value, from the human
perspective, as a consequence. The processes involved in the formation of caves and
speleothems are reasonably complex (Ford & Williams 1989), and an understanding of them
is necessary for interpreting how climate changed in the past. This chapter will cover a review
of the formation of caves and speleothems, how speleothems are dated, and how changing
cave processes can be inferred from the geochemistry of speleothem calcite.
2.1.2 Caves and Speleothems
Caves are common, though sometimes overlooked, features found all over the world. They
can form in a variety of different rock types, but are most common in crystalline bedrock of
carbonate origin (most commonly limestone) where cave systems can reach spectacular
proportions (Ford & Williams 1989). The world’s longest and deepest caves reach over 600
km in length and over 2 km in depth. In New Zealand the most extensive cave systems are
found in North-West Nelson (Kahurangi National Park) with the surveyed length of Bulma
cave at 67.2 km, and the Ellis Basin system at just over 1 km deep (NZSS 2011).
Large karst systems can take tens of thousands to millions of years to form through the
dissolution of limestone by water (Figure 2.1) (Ford & Williams 1989). When water interacts
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with carbon dioxide (CO2) it forms weak carbonic acid with a pH of about 5.7 (Gillieson
1996). CO2 mixes with water in the atmosphere and also when the water percolates down
through vegetation, soil, and partly broken down rock (regolith) that overlies the cave. This
layer is termed the epikarst (Figure 2.1). The dissolution of limestone occurs through an
equilibrium reaction (Gillieson 1996):
CaCO3 + H2CO3 ↔ Ca2+ + 2HCO3The addition or loss of CO2 from water drives the reaction to either dissolve limestone
(addition) or precipitate calcite (loss) (Svensson & Dreybrodt 1992). In the soil and epikarst
environments sources of CO2 such as the atmosphere, plants, and microbial decomposition of
organic matter, cause an abundance of carbonic acid – resulting in dissolution of the
surrounding rock (Figure 2.1). Deeper in the cave the situation is reversed, where CO2 is lost
through degassing, causing super-saturation of calcite ions and precipitation of calcite (Figure
2.1).
Dissolution of limestone and the growth of caves differs between temperate zones and the
tropics. The tropics support a higher biomass of surface vegetation, and along with a lack of
freezing, saprophytic fungi and bacteria in the soil remain active for longer than in temperate
zones. This year-round biological activity produces soil CO2 concentrations of up to 10% in
the tropics and around 3% in temperate areas (Gillieson 1996). Tropical caves also tend to
have higher rates of calcite precipitation, as more dissolution causes higher concentrations of
Ca2+ ions in the water, thus allowing faster precipitation of calcite (Genty et al. 2001; Baldini
et al. 2005).
As water infiltrates from the surface and becomes confined in the epikarst zone, it generally
remains at least partially open to sources of CO2 until it reaches deeper in the cave.
Dissolution will occur until all the carbonic acid has reacted with the CaCO3 of the rock
(Figure 2.1) (Williams 2008). The presence of fractures and cracks in the host rock influences
the residence time of the water by changing the ease with which water travels through the
epikarst. This greatly affects the geochemical composition of the water entering caves and
cavities deeper underground. There are some cases where dissolution of limestone can occur
at greater depths in a cave such as where a large stream or river is flowing down into the rock.
The rapidly flowing water is constantly supplying new carbonic acid, which is free to react
5

with the calcium carbonate at deeper levels (Williams 2008). However, the most common
process occurring deeper in cave systems is precipitation of calcite.
Calcite precipitation occurs when the water enters a cavity or cave deeper underground where
the air does not contain such a high concentration of CO2 (Figure 2.1) (Gillieson 1996;
Fairchild et al. 2007; Baldini et al. 2008; Williams 2008). Consequently the water has a
higher concentration of dissolved CO2 than the cave air, and the resulting gradient causes
some of the CO2 to degas (Baldini et al. 2006). Because the water descending from the
surface is saturated with Ca2+ ions, degassing causes some of it to precipitate as CaCO3
(Baldini et al. 2006; Baldini et al. 2008). The build-up of calcite at points where drip water
enters into the cave causes the growth of speleothems.

Figure 2.1: Diagrammatic representation of the karst system highlighting the general areas of calcite dissolution
and precipitation (Fairchild et al. 2007).

Speleothems come in many different forms, and are separated into three groups. Stalactites
form from drip water entry points in the ceiling, stalagmites form from the floor upwards
from dripping water, and flowstone forms as sheets of calcite from thin water flows on the
walls or the floor (Fairchild et al. 2007). The colour of speleothems can vary greatly
depending on the local geochemical and organic conditions contributing to their formation.
The presence of organic matter in the drip water often causes the forming speleothem to trap
matter between crystals, and has been suggested to cause the brownish colour often observed
in many speleothems (Ramseyer et al. 1997). The majority of organic matter found in
6

speleothems are organic acids such as fulvic acid, and other products of humification
(Ramseyer et al. 1997; McGarry & Baker 2000). Other colours can be produced by coatings
of iron or manganese oxides, which can indicate oxidation in the source water (Fairchild et al.
2007).
In general, stalagmites are the most common form of speleothem used for paleoclimate
research as they tend to form discrete stratigraphically-arranged cone-shaped layers.
Flowstone is sometimes used in the same way if it can be sampled using a coring drill angled
perpendicular to the deposited growth layers (Hellstrom et al. 1998). Because stalagmites are
unique objects in the cave, great care can be taken to choose ones that do not have obvious
changes in the location of the drip-water. In the case of a flowstone deposit, it can be difficult
to tell if the source water and flow has shifted laterally over time until sampling is carried out.
Changes in drip-water foci in speleothems can be due to a number of complicated factors, for
example, changing hydrological routes through the limestone or geophysical activity. These
changes can often be observed in cross sections of speleothems. Sampling must be carried out
perpendicular to the growth axis of the speleothem to ensure a continuous time-series of
calcite layers are being analysed.
Cutting a stalagmite in half along the growth axis allows the individual layers to be visible in
cross section, and careful analysis up this axis can provide detailed information of the
stalagmite’s growth history. The type of crystal habit in the stalagmite is related to the local
conditions in the cave under which the calcite precipitated. Thinly laminated stalagmites are
usually indicative of equilibrium conditions, and depending on the drip rate, the layers can
represent annual to even sub-annual deposition, as well as climate event-related layers
(Dreybrodt 1980; Genty & Quinif 1996; Frappier et al. 2002; Frappier et al. 2007). Such
layers are composed of columnar or fibrous calcite crystals which grow when the stalagmite
receives a constant moderate supply of drip water, there is a relatively low supersaturation of
calcite, and the cave is at close to 100% humidity (Kendall & Broughton 1978; Frisia et al.
2000). Other fabrics that are sometimes observed in stalagmites include microcrystalline
calcite which forms when drip rates are high, but variable, and dendritic fabric which forms
when there is great variability in the drip rate and when there is evaporation of the water
(Frisia et al. 2000).
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The shape of a stalagmite gives some clues to changes in drip rate and local cave conditions
over time. The water forms a thin film over the surface of the growing stalagmite, and calcite
is precipitated as the water degasses CO2. An individual layer is thickest at the apex of the
stalagmite, and thins progressively from the centre. Numerical modelling has shown that
when the conditions for stalagmite growth remain reasonably constant over time it approaches
a columnar form (Romanov et al. 2008). When the drip rate changes through time the form of
the stalagmite also alters. The diameter can widen or narrow, and small protrusions can form
(Romanov et al. 2008). Columnar stalagmites are more often chosen for climate research as
their more stable growth conditions are more likely to preserve climate related signals in the
calcite geochemistry than stalagmites with alternate morphologies.
The growth of stalagmites also varies as a function of drip rate, and can range globally
between 0.01 – 1.0mm/year (Baker et al. 1998; Genty et al. 2001; McDermott 2004). Because
of this large range in growth rates it is not possible to tell how old a stalagmite is without
absolute radiometric dating techniques, or some other indicator of age, such as features
known to be present prior to stalagmite growth (Genty & Quinif 1996; Baldini et al. 2005).
Stalagmites will continue to grow as long as drip water is continuously entering the cave and
the environmental conditions result in CaCO3 super-saturation. They can reach great heights
of 7m or more and often interact with other calcite formations forming columns, shawls, and
mounds that have built up drip by drip over many thousands of years. If there is a break in the
supply of drip water, there is a break in deposition of calcite, and sometimes colour changes
can be seen between two periods of calcite deposition. Changes in drip rates can also be
reflected in growth model results from well-dated stalagmites, and can often be paired with
δ13C values of the stalagmite calcite to indicate hydrological changes in precipitation amount
(Hellstrom et al. 1998; Hellstrom & McCulloch 2000).
2.1.3 Dating of Speleothems
An important consideration for paleoclimate research is the suitability of the study material
for dating. Precise ages are required to constrain the length of climate change events and
compare events from different locations around the world. Stalagmites and other speleothems
can be very accurately dated using modern U-series techniques, and several methods have
been developed using the decay of uranium to thorium.
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The suitability of stalagmites for U-series dating arises from the composition of the calcite.
The calcite will incorporate measurable amounts of 234U, but generally excludes the daughter
product 230Th; and once the calcite has been deposited the stalagmite acts as a closed system
with respect to both parent and daughter isotopes (Richards & Dorale 2003). When there is no
inclusion of detrital material in the calcite, the stalagmites have an initial 230Th/234U activity
ratio of zero, which changes over time as 234U decays to 230Th (Hellstrom 2003). By
measuring the ratios (including the ratio of 234U to its parent isotope 238U) and using the
known decay constants, ages of stalagmites up to ~500 Ka can be calculated from samples
between 0.2g – 1g in size (Ayliffe et al. 1998; Schwarcz & Rink 2001; Hellstrom 2003). This
method is based on thermal ionisation mass spectrometry (TIMS), developed in the 1980s,
and has been the preferred method for age determination of calcite for many years (Edwards
et al. 1987; Stirling et al. 1995; Zhao et al. 2001).
An issue that must be addressed in any study determining the age of speleothems is the
possibility of contamination of the samples by daughter isotopes not derived from radiogenic
decay. Stalagmites may violate one of the assumptions upon which the dating is based,
through the incorporation of external 230Th from detrital material such as clays and humic
components from soil (Schwarcz & Rink 2001; Richards & Dorale 2003). Consequently the
contaminating 230Th must be estimated for corrections to the age to be made (Richards &
Dorale 2003; Hellstrom 2006). Corrections can be made through isochron determination
methods, or through an a priori estimate of the isotopic composition of the contaminating
phase (Hellstrom et al. 1998; Hellstrom 2006). The contamination from detrital Th can vary
depending on location (parent and proximal bedrock) as well as other local environmental
factors. A study from New Zealand found that two stalactites known to be 100 years old gave
near concordant ages of 2000 and 3000 years old (Whitehead et al. 1999). They found from
other samples that very young speleothems could include 230Th without accompanying 232Th,
resulting in errors in very young speleothems of up to a few thousand years (Whitehead et al.
1999). The large age errors in the young calcite were inferred to be due to the transport of
radionuclides in groundwater from old eroding limestone. Groundwater in a limestone aquifer
with a high 230Th/232Th ratio could conceivably deposit enough 230Th in 100 years to cause
age errors of several thousand years in recently formed calcite (Whitehead et al. 1999).
Therefore, in some areas of New Zealand there can be significant uncertainty around the
minimum dateable age of speleothem samples, and care must be taken to investigate this if
very young samples are studied. Although this can be mitigated somewhat through replicating
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analyses, and comparing speleothem results to other proxy records dated using different
methods.
Modifications have been added to the basic TIMS method over time in order to improve
analytical precision. An important change has been the development of multi-collector
inductively coupled plasma mass spectrometers (MC-ICPMS), which greatly increase the
efficiency of analysing samples (Hellstrom 2003; Woodhead et al. 2006). Methods which
allow parallel ion-counting MC-ICPMS techniques enable the simultaneous measurement of
230

Th and 234U meaning U/Th ages and uncertainties can be calculated in real time (Hellstrom

2003). These techniques have recently been extended to investigating the use of U-Pb dating
on speleothems in attempts to extend the dated paleoclimate records beyond 500 Ka, and
potentially up to several million years (Woodhead et al. 2006).
Other developments in dating techniques in order to increase through-put of samples and
allow high-resolution dating of speleothems is the use of laser ablation MC-ICPMS (Eggins et
al. 2005). Although the data using this technique is not as precise or accurate as that possible
through conventional TIMS or solution MC-ICPMS, an entire stalagmite can rapidly be
scanned for elements and isotopes of interest (Eggins et al. 2005). The advantage of this is
that samples for more accurate dating can be picked out to avoid areas of high detrital Th
contamination. This method is also useful for scans of trace element composition in samples
for multi-proxy studies (Fairchild et al. 2000; Hellstrom & McCulloch 2000), and both
approaches are explored later in this thesis.
2.1.4 Speleothems as Paleoclimate Proxies
To varying degrees all the observable characteristics of stalagmites provide information on
climate changes through time. However, detailed quantitative data governed by
thermodynamical conditions can be compiled through analysing the stable isotope
composition of the calcite. The stable isotopes of oxygen, hydrogen, and carbon are inherited
from the water precipitating the calcite, so the calcite reflects isotopic changes occurring in
the water (McDermott 2004). By investigating the relative influences of temperature,
precipitation, water balance, vegetation and soil respiration on the stable isotope composition
of the water entering the cave, quantitative estimates of past environmental change can be
inferred from the stable isotope composition of the speleothem calcite.
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Stable isotope ratios are usually expressed in delta notation, in terms of parts per thousand
(‰) relative to an international standard (Sharp 2007). For oxygen isotopes:
δ18O = (18O/16Osample – 18O/16Ostandard) / (18O/16Ostandard) x 1000
The standard used for carbonates is the Pee Dee Belemnite (PDB) and the standard for water
is Standard Mean Ocean Water (SMOW). Both standards are now commonly prefixed with
“Vienna”, which is now the accepted international standard value as the original standard
materials have been exhausted (Sharp 2007; Lachniet 2009).
The use of stable isotopes in paleoclimate research has grown significantly since the early
observations of the partitioning of heavy and light isotopologues between different energy
states during various natural processes (Dansgaard 1964). For example, when ice forms from
water, the heavier isotopes are preferentially incorporated into the solid (lower energy) state,
leaving the host liquid relatively enriched in the light isotope (Williams et al. 2005; Lachniet
2009). This means the host liquid δ18O value decreases (becomes more negative) as more 18O
is locked up in ice. Conversely, when water evaporates from the ocean, the vapour constitutes
a higher energy state, so preferentially incorporates the lighter 16O, leaving the ocean with
relatively enriched δ18O values (Lachniet 2009). Similar processes also occur in caves when
calcite is precipitating from water. A key consideration is that the equilibrium fractionation of
the oxygen isotopes between solid and liquid or vapour states is temperature dependent
(Dansgaard 1964). When the temperature is colder it is harder for the heavier isotopes to be
incorporated into the higher energy phase. For example, theoretically, when the temperature is
colder relatively more 18O should be incorporated into stalagmite calcite, assuming all other
conditions remain the same (Hendy 1971; Gascoyne 1992; Fairchild et al. 2006a). Therefore,
if we can measure the δ18O value of stalagmite calcite through all the layers, the changes
should reflect detailed records of cave temperature change (if no other processes have
changed and isotopic equilibrium was achieved). Because caves moderate local temperature
fluctuations, the temperature inside the cave should reflect the mean annual local outside
temperature (Ford & Williams 1989; Fricke & O'Neil 1999).

11

The techniques for analysing stalagmite calcite usually involve drilling small sample powders
along the growth axis of the stalagmite. Manual drilling using a hand-held dentist drill fitted
with a carbide or diamond tipped drill bit can be used to achieve spatial resolutions of about
0.5mm (Spötl & Mattey 2006). Laser ablation and analysis methods can be used for rapid
assessment of the isotopic and trace element composition of a stalagmite, with sample spot
sizes of 100-150µm (Eggins et al. 2005; Spötl & Mattey 2006). Even smaller samples than
this can be produced using a micro-milling technique where the drill is fixed and the sample
is mounted on a stage. The stage can moved into the drill by increments as small as 20µm
either by hand, or through a computer (Spötl & Mattey 2006).
2.1.5 Stable Oxygen Isotopes in Speleothems
While measurement of the stable oxygen isotope composition of calcite is a well established
method, interpretation of these data are much more involved as there are many processes that
affect the δ18O value of speleothem calcite. These factors fall into two main categories – the
temperature-related effects inside the cave, and the drip water effect (Lachniet 2009).
The temperature-related effects require a specific set of local conditions to be met for
equilibrium between the precipitating calcite and the parent water. Specifically, cave air must
be at or close to 100% humidity for equilibrium conditions to exist (Lachniet 2009). In
addition, the drip rate of the water onto the stalagmite must be slow enough to allow enough
time for each drop to equilibrate with the cave air (between 10-100 seconds, Dreybrodt &
Scholz 2011), but not so long that further processes, involving degassing of CO2 from the drip
water, result in isotopic disequilibrium again (i.e. the time between drops must be less than 50
minutes, Dreybrodt & Scholz 2011) (Mickler et al. 2004; Lachniet 2009; Dreybrodt & Scholz
2011). For example, if the degree of ventilation in the area of stalagmite growth is high,
changes in the composition of the cave air will likely result in allowing disequilibrium kinetic
processes to dominate the δ18O signal (Lachniet 2009; Dreybrodt & Scholz 2011). Thus
kinetic isotope effects tend to produce large shifts in the δ18O value of speleothem calcite
towards more positive values, thus obscuring any climate signals recorded in calcite
chemistry (Mickler et al. 2004; Mickler et al. 2006; Polag et al. 2010).
At present, standard practice to test for equilibrium of the calcite with the drip water is to
perform ‘Hendy Tests’, a comparison between the stable oxygen and carbon isotopes, along
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individual growth layers (Hendy 1971; McDermott 2004). If equilibrium conditions were
achieved during the growth of a discrete layer, then the δ18O should remain relatively constant
while the δ13C varies along the layer. In addition, there should be no significant positive covariation between the δ18O and δ13C along the layer (Hendy 1971; McDermott 2004; Treble et
al. 2005). There has been considerable discussion, however, regarding the application of
Hendy Tests to collected speleothems (Mickler et al. 2004; Mickler et al. 2006; Dorale & Liu
2009). In practise, it is often difficult to sample along a single growth layer due to the
thinning of each layer away from the growth axis, thus mixing of neighbouring layers that can
have quite different isotopic compositions complicates the results (McDermott 2004). It has
also been demonstrated that equilibrium conditions can exist close to the growth axis, but
kinetic fractionation processes can have occurred on the flanks of the stalagmite further
demonstrating the challenges of interpreting speleothem carbonate isotopic data (Spötl &
Mangini 2002; Dorale & Liu 2009).
Interestingly, Hendy (1971) assumes stalagmite δ13C values are not linked to climate changes.
However, it has since been shown that changes in vegetation such as shifts from C3 to C4
plants, and changes in soil respiration rate, are closely linked to local climate conditions.
These changes are often captured by the δ13C values of the calcite (Harmon et al. 2007;
Dorale & Liu 2009; Lambert & Aharon 2011). An alternative to the Hendy Test for assessing
isotopic equilibrium involves performing replicate analyses on multiple speleothems from the
same cave (Dorale & Liu 2009). Equilibrium conditions should exist if two stalagmites from
different areas of the same cave system show similar isotopic profiles, as kinetic processes are
not expected to have affected the two stalagmites in the same way due to heterogeneous water
flow-paths from the surface to the cave chambers and cave temperature conditions (Dorale &
Liu 2009). However, the replication test is often difficult to apply due to sampling limitations
imposed by cave conservation considerations and to economic and time constraints in the
laboratory. In addition, stalagmites from the same cave system may not necessarily show the
same isotopic profile due to differences in cave ventilation, effects of relative humidity, the
partial pressure of CO2, temperature etc. in different parts of the endokarst environment.
Despite these challenges, if Hendy Tests or replication tests or both indicate that equilibrium
conditions are likely to have occurred throughout the growth period of the stalagmite, then
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there is a simple temperature dependent fractionation of oxygen isotopes (Siegel & Reams
1966).
1000lnα(Calcite-H2O) = 18.03 (103T-1) - 32.42

(Kim & O'Neil 1997)

Where 1000lnα(calcite–water) is the fractionation between the calcite and water, and T is the
temperature in Kelvin (Kim & O'Neil 1997). Interestingly, a new study has suggested that
natural formations do not always follow these experimentally derived relationships, and differ
depending on the type of environment (Demeny et al. 2010). Through analysis of calcite
deposits in many different environments the authors have proposed that for cave deposits
between 5ºC and 25ºC the following equation should be used:
1000lnα = 17500/T – 29.89

(Demeny et al. 2010)

These equations present a problem in that there are two unknowns, and the isotopic
composition of the drip water from which the calcite is precipitating must be estimated in
order to solve for temperature. The fractionation between the calcite and water can either be
quantified by measuring the δ18O values of the calcite and fluid inclusions trapped in the
stalagmite, or estimated through the relationship of modern drip water with modern calcite.
The latter method has been more widely utilised due to the difficulty of extracting and
analysing fluid inclusions for δ18O values, but relies on the assumption that the δ18O value of
the drip water has not changed substantially through time (Williams et al. 1999; Lachniet
2009). It is well known that the oxygen isotopic composition of meteoric-derived waters is
highly variable on a variety of temporal scales. Such natural variability can be corrected for to
the first order on glacial-interglacial timescales based on ocean ice volume effects (Williams
et al. 2005; Williams et al. 2010). However, on shorter timescales the issue of ‘one equation,
two unknowns’ remains highly problematic.
Under isotopic equilibrium conditions the change in δ18O values of calcite with changes in
temperature (Δδ18Oct/ΔT) has been approximated at -0.24‰ºC-1 at 10ºC (O'Neil et al. 1969;
Kim & O'Neil 1997). The slope becomes less negative at higher temperatures, so in the
tropics at 35ºC the relationship would be closer to Δδ18Oct/ΔT = -0.18 (Kim & O'Neil 1997).
Because the slope of the cave temperature effect is negative, when there is a decrease in cave
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temperature, and all other factors remain the same, relatively more 18O is incorporated into the
calcite resulting in more positive calcite δ18O values in colder periods (Sharp 2007; Lachniet
2009).
In addition to the temperature effect, several other factors affect the δ18O value of
precipitation entering the cave environment – and hence the resulting speleothem calcite
(Figure 2.2). These processes change the δ18O value of the water before it enters the epikarst.
For a speleothem located in the mid latitudes (i.e., in a region such as New Zealand), only
some of these have a significant effect on the δ18O values in precipitation (Lachniet 2009).
For example, the amount effect is only observed in tropical to sub-tropical areas where deep
vertical convection due to high sea surface temperatures is common, so does not have an
important effect in New Zealand (Higgins & MacFadden 2004; Lachniet 2009).
The stable isotopic composition of rain in New Zealand is affected by the ocean source of the
air mass, evaporation, and Rayleigh processes involved in the precipitation of rain. The source
effect refers to the observation that air masses sourced from different areas of the ocean have
distinct δ18O values (Bowen & Wilkinson 2002; Friedman et al. 2002). The high natural

Figure 2.2: Diagrammatic representation of the processes related to fractionation of δ18O values in water through
the hydrological system from the ocean to the cave (Lachniet 2009).
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variability of δ18O values in New Zealand meteoric precipitation are partially due to the
varied source regions from the sub-tropics to the sub-Antarctic (Bowen & Wilkinson 2002).
The δ18O value of the ocean also changes on glacial-interglacial timescales, due to the
fractionation of oxygen isotopes that occurs when ice is formed, affecting the δ18O value of
water entering the cave environment and the isotopic composition of speleothems growing
over similar time periods (Williams et al. 2005; Lachniet 2009).
The oxygen isotopic composition of water vapour sourced from the ocean changes further
over land (Figure 2.2). The process of condensation involves a decrease in temperature, thus
the mean annual temperature at a site controls how much moisture is produced – called the
rainfall temperature effect (Fricke & O'Neil 1999; Lachniet 2009). When precipitation is
formed, it preferentially includes the heavier isotopes of oxygen due to equilibrium
fractionation during condensation, so the first rain falling on land near the ocean will have
higher δ18O values than the remaining air mass, though still negative in comparison to the
initial ocean source (Harmon et al. 2007; Lachniet 2009). The global relationship between the
δ18O value of rainfall and the atmospheric temperature at the altitude of condensation is
described as δ18O = 0.69(MAT) – 13.6‰ (SMOW) (Dansgaard 1964).
However, while the global slope is 0.69‰/ºC many local regions depart significantly from
this due to the influence of local conditions. For example, if the air mass is forced to rise
through orographic lifting, or travels a long way across a continent, there is progressive
cooling and rain-out of the heavy isotopes in a process called Rayleigh distillation; resulting
in isotopically lighter precipitation at higher altitudes and with increasing distance from the
ocean (Figure 2.2) (Lauritzen & Lundberg 1999; Darling 2004; Lachniet 2009). However, if
there is evaporation of rain light 16O isotopes are preferentially removed, due to equilibrium
fractionation, resulting in rainfall with more positive δ18O values. These processes are also
affected by changes in seasonality, which further alter mean annual δ18O values, potentially
complicating climatic signals recorded in high resolution speleothem records (Harmon et al.
2007; Mattey et al. 2010).
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2.1.6 Stable Carbon Isotopes in Speleothems
The use of carbon isotopes in paleoclimate reconstructions has increased over the last decade
(Lauritzen & Lundberg 1999; Frappier et al. 2002; McDermott 2004). In speleothems, carbon
is mainly sourced from the atmosphere, dissolution of host rock, and from forest vegetation,
and microbes in the soil above the cave (Frisia et al. 2011). As the δ13C values of the host
rock change little across the timescales involved in most paleoclimate studies, the primary
controls on speleothem δ13C values have to do with changes in vegetation, soil respiration
rate, and processes within the cave system.
Cave systems in areas dominated by plants that use the C3 metabolic pathway for
photosynthesis typically show more negative δ13C values than areas dominated by C4
pathway plants. If climatic changes produce a shift in the C3/C4 balance, then differences of
ca. ~7‰ in δ13C values can be expected (taking into account the mixing of vegetation derived
carbon with host rock derived carbon) (Desmarchelier et al. 2000; Lambert & Aharon 2011).
Even if a change between C3 and C4 vegetation does not occur, δ13C values in C3 plants still
register changes in relative precipitation; becoming more depleted in 13C during high rainfall,
and more enriched in 13C during droughts (Frappier et al. 2002; Lambert & Aharon 2011).
The fractionation of carbon isotopes in plants is associated with the fixation of CO2 by the
enzyme RuBisCO (Hartman & Danin 2010). In times of water stress there is reduced
conductivity through stomata, leading to more positive δ13C values in plants (Hartman &
Danin 2010). In addition, the seasonality of plant productivity in mid to high latitude regions
influences the δ13C value of the water entering the cave (Frisia et al. 2011). In summer, plant
productivity is high and the amount of soil-CO2 in the groundwater increases, with the
opposite occurring in winter (Lambert & Aharon 2011). The residence time of the water in the
soil zone also impacts the δ13C value of the speleothems. Specifically, if recharge from the
surface to the groundwater is fast, there is not enough time for isotopic equilibration between
soil-CO2 and atmospheric CO2 to be achieved, ultimately making drip water DIC 13C enriched
(McDermott 2004; Lambert & Aharon 2011).
As water percolates below the soil zone, further carbon isotopic fractionation will occur if
conditions promote the precipitation of calcite in the epikarst. If calcite is precipitated before
reaching the main cave, there will be corresponding changes to the isotopic composition of
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the drip water (McDermott et al. 2005; Lambert & Aharon 2011). The prior precipitation of
calcite before drip water enters the cave is known to cause the resulting stalagmites to have
relatively high δ13C values, and are often associated with increased Mg/Ca values
(McDermott et al. 2005).
The conditions for prior calcite precipitation are similar to those that affect the drip water
when it finally enters a cave chamber. The precipitation of calcite primarily depends on the
partial pressure of CO2 (pCO2) in the cave atmosphere. If cave air pCO2 is sufficiently lower
than the soil pCO2, to which the water is equilibrated, then carbon dioxide will degas from the
drip water causing calcite supersaturation (Ford & Williams 1989; Baldini et al. 2006). The
removal of CO2 from the drip water through degassing causes fractionation of the carbon
isotopes, as the lighter 12C will be preferentially removed due to kinetic effects (Harmon et al.
2007). The rate of degassing, and so the degree of isotopic fractionation, is controlled by the
difference in pCO2 between the outside atmosphere and the cave (which can change
seasonally), and by the drip rate (Baldini et al. 2006; Lambert & Aharon 2011). In general,
CO2 degassing from a drop of water will be complete in 10-100 seconds, and so will be in
isotopic equilibrium with the cave air before dropping onto a stalagmite (Dreybrodt & Scholz
2011; Lambert & Aharon 2011). If the drip rate is faster than this, then the precipitation of
calcite onto the stalagmite will occur while continued degassing causes potentially large
kinetic isotope changes (Dreybrodt & Scholz 2011; Lambert & Aharon 2011). For example, if
cave ventilation changes on a seasonal basis, the pCO2 inside the cave will also change with
the circulation of new air (Baldini et al. 2006). This causes increases and decreases in the rate
of CO2 degassing and ‘forces’ degassing in cases where the pCO2 difference between outside
and cave atmosphere is increased (Dreybrodt & Scholz 2011; Lambert & Aharon 2011).
Thus, it is the combination of CO2 degassing, causing calcite supersaturation in the drip
water, and the drip rate that controls the speed of speleothem formation in a cave.
Due to the complexity of these processes influencing stalagmite δ13C values, records are best
interpreted on a case-by-case basis after first investigating all the local conditions. In some
cases elevated δ13C values can be linked to wet periods causing incomplete equilibration
between soil CO2 and percolating water, and in other cases dry periods causing evaporation in
the cave result in high δ13C values (McDermott et al. 2005). If seasonal changes in
temperature exert a strong control on the productivity of the vegetation and soil biomass
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above a cave, then this may prove to be the controlling factor on the changes in δ13C value in
stalagmites (Hellstrom et al. 1998; Hellstrom & McCulloch 2000; Harmon et al. 2007).
2.1.7 Summary
This section has highlighted the complexities involved in interpreting stalagmite stable
isotopic data in terms of climate, due to the many complicating factors that influence the
chemistry of stalagmite calcite:
a. Stability of the cave environment (Chapter 1)
b. Achievement of isotopic equilibrium during the precipitation of calcite (Hendy Test vs
Replication Test) (Chapter 2.1.5)
c. ‘One equation, two unknowns’ problem (Chapter 2.1.5)
d. Cave temperature effect (Chapter 2.1.5)
e. Ocean source and ice volume effects (Chapter 2.1.5)
f. Rainfall temperature effect (Chapter 2.1.5)
g. Rayleigh distillation and evaporation of rainfall (Chapter 2.1.5)
h. Seasonal changes in water stress and plant productivity and soil respiration (Chapter
2.1.6)
i. Residence time of percolating water in the soil zone and epikarst (Chapter 2.1.6)
j. Prior calcite precipitation in the epikarst (Chapter 2.1.6)
k. Drip rate onto a stalagmite (Chapter 2.1.6)
l. Degassing of CO2 in the cave environment (Chapter 2.1.6)
The large amount of cave research that has been conducted since the 1960s has been the
foundation for many important paleoclimate records around the world (Dorale et al. 1998;
Treble et al. 2005; Frappier et al. 2007; Zhou et al. 2008b). However, our understanding of
the complexities of cave and karst systems is still growing, and knowledge that has been
gained from one cave system may not always be applied to others. The intricacy and highly
variable results of stable carbon and oxygen isotope fractionation processes reinforces the
necessity of viewing speleothems as part of a large system intimately connected with the
surrounding environment.
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2.2. New Zealand Quaternary Paleoclimate
2.2.1 Introduction
New Zealand is a geologically young landmass formed at the Pacific and Australian tectonic
plate boundary in the Southern Hemisphere. Two major islands make up the majority of the
landmass above sea level from 34º25 S to 46º37 S, while the nearest neighbouring continent
(Australia) is just over 2100km away. New Zealand’s isolation means the ocean has a strong
influence on climate, and this is accentuated by the NE-SW oriented axial ranges that run the
length of the South Island and extend up the North Island. The Southern Alps reach up to
3754m at the highest point, and act as a barrier to the prevailing westerly winds, resulting in a
very wet West Coast and a strong rain shadow effect to the east (Salinger & Mullan 1999).
The uplift of the Southern Alps began about 5 Ma, and is continuing at a rate of about 10mm
per year (Little et al. 2005). Consequently, throughout the Quaternary the Southern Alps have
had a large impact on climate in New Zealand, particularly in the South Island. The climatic
gradients are accentuated across this mountain range, and because they are oriented
perpendicular to the prevailing circulation, are very sensitive to any change. Studies of
Quaternary climate records in New Zealand have aided our understanding of the impact of
glaciations and interglacial conditions in the Southern Hemisphere, and allowed
investigations into the role of Antarctica in influencing southern climate, as well as
interhemispheric linkages. Records of glacial advances currently extend back about 2.5 Ma,
but other proxy archives of climate change mainly cover the last 30 Ka (Suggate 1990;
Alloway et al. 2007).
2.2.2 Climate Drivers
Major climate oscillations are known to have occurred throughout much of the Earth’s history
(Zachos et al. 2001; EPICA Community Members 2004). These oscillations have been
closely linked with orbital fluctuations and changes in relative insolation, and in response to
them the average global temperature of our planet has increased and decreased accordingly.
The triggering of positive feedback cycles in many different systems has meant that when the
Earth cools ice volume increases at the poles producing an ice age, and when warming is
triggered the situation is reversed and polar ice melts. The drivers of climate change act on
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many different timescales. The orbital cycles (also known as Milankovitch cycles) activating
some of these triggers are the eccentricity, obliquity, and axial precession of the Earth’s orbit;
with periodicities of 400 Ka and 100 Ka, 41 Ka and 23 Ka respectively (Zachos et al. 2001).
There are also other processes known to trigger glacials and interglacials such as tectonic
movements (e.g. the opening of the Southern Ocean), changes in the ocean thermohaline
system (through catastrophic inputs of fresh water), and release of greenhouse gases (such as
large volcanic eruptions or release of methane clathrates) (Buffett 2000; Zachos et al. 2001;
Broecker 2003). In the Southern Hemisphere, decadal to multidecadal variability is
significant, and the most prominent source of interannual to decadal variability is from El
Nino Southern Oscillation (ENSO) (Evans & Allan 1992). In addition, low frequency
multidecadal changes are associated with the Interdecadal Pacific Oscillation (IPO) (Salinger
et al. 2001), which has spatial characteristics similar to ENSO. The IPO occurs over
timescales of about 20 to 30 years, while ENSO cycles are typically on the order of 5 to 7
years (Diaz et al. 2001; Salinger et al. 2001).
2.2.3 Late Quaternary Climate Events
While the evidence from moraines and glacial sediments makes it clear there have been many
large glaciations in New Zealand over the past 2.5 Ma or more, there is more detail available
for the last 30 Ka. The addition of proxy records to geomorphological and sedimentary data,
combined with a variety of dating techniques has allowed a reasonably detailed understanding
of this time period in New Zealand to be developed from prior to the Last Glacial Maximum
(LGM) to the present.
The LGM was the period of lowest sea level during the last glacial cold period (local
nomenclature of Alloway et al. 2007). Global sea level dropped by 120m as temperatures fell
and more water was locked up as ice on continents worldwide (Clark & Mix 2002). In New
Zealand the LGM is considered to have lasted about 6 000 years between 24 Ka and 18 Ka,
and during this time there were multiple glacial advance and retreat phases occurring at
different times in different regions (Mix et al. 2001; Barrows et al. 2002; Alloway et al.
2007). During the LGM an ice cap formed over the Southern Alps, and glaciers generally
advanced. However, some warmer intervals during the LGM period saw advance and retreat
of glaciers throughout the South Island, with variations on the number and timing of advances
in different regions (Suggate 1990; Pillans 1991; Suggate & Almond 2005). The amount of
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temperature decrease during this time has been the subject of some debate, as different proxy
records provide different estimations.
One approach to reconstructing past climate has been to create models of past glacier
advances. Varying complexities of models have been developed with the aim of simulating
real glacial systems, in order to investigate how much temperature decrease is needed to drive
a glacier out to its LGM moraines (Oerlemans 1992, 2005; Anderson et al. 2006). Simulations
have suggested that cooling in the LGM was on average between 2.5ºC and 4ºC lower than
today, as well as in general less precipitation and stronger westerly winds (Drost et al. 2007).
However, there were differences between regions, so some areas experienced more or less
cooling, and different changes in annual precipitation amounts (Drost et al. 2007; Lorrey et al.
2007).
Different proxy records suggest a range of LGM temperature estimates around this average,
and support the idea that different regions experienced different climatic changes. Records of
sea surface temperatures calculated from foraminifera from four deep sea ocean cores around
the New Zealand region show that ocean cooling of about 6ºC occurred during the height of
the LGM (Nelson et al. 2000; Barrows et al. 2007). Fossil beetle assemblages from LGM
sediments in the Canterbury foothills suggested LGM temperatures were no more than 2ºC
cooler than today in these areas (Marra 2006). However, in the Awatere valley (north of
Canterbury) a similar study found temperatures were between 2.5-5ºC cooler than today
(Marra et al. 2004). Pollen profiles from peat bogs show a retreat of forests and an invasion of
grasslands close to 29 Ka, somewhat before the start of the global LGM (McGlone 2002;
McGlone et al. 2004; Newnham 2007). The replacement of forests by grasses from around 29
Ka suggests cooler conditions may have started somewhat earlier in New Zealand than in
other global locations (Newnham 2007; McGlone et al. 2010). The grasslands are indicative
of colder and drier conditions, leading to an estimate of temperatures about 4ºC cooler than
today (McGlone et al. 2004). It has been proposed that the grassland increase was due to
enhanced climate seasonality and bleak conditions, rather than purely temperature and/or
precipitation decreases (Drost et al. 2007), and that this period has no modern analogue (Moar
1980).
The termination of the LGM at approximately 18 Ka is well established from cosmogenic
dating of LGM moraines, and 14C dates of pollen bearing sediments (Turney et al. 2003;
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Schaefer et al. 2006; Alloway et al. 2007). Temperatures warmed to around 0-2ºC lower than
today, and rapid re-forestation occurred in many regions (Shulmeister et al. 2003; Newnham
2007; Vandergoes et al. 2008). Warming progressed from 17.5 Ka to close to 14 Ka when
many proxy records show some complex climate fluctuations (Alloway et al. 2007). There are
moraines in the Lake Pukaki region and along the West Coast that date to the time of this
fluctuation, and indications in the pollen record from several other regions that suggest
grasses again became more dominant (Alloway et al. 2007). The glacial records indicate that
considerable advances occurred between 14 Ka and 11.4 Ka in most regions of the South
Island, which coincides with the Antarctic Cold Reversal and the Northern Hemisphere
Younger Dryas chronozone (Denton et al. 1999; Ivy-Ochs et al. 1999). Cooling during this
period may have been as significant as during the LGM, however, the shorter duration of
cooling prevented glaciers reaching their LGM extent (Williams et al. 2005; Anderson &
Mackintosh 2006; Alloway et al. 2007). The exact termination of the Late Glacial Reversal
(LGR) is somewhat unclear, but is proposed at around 11 Ka (Alloway et al. 2007). Pollen
studies have argued for warming beginning somewhat prior to 11.4 Ka based on the
establishment of flora assemblages that are noticeably absent from the record when cool,
harsh conditions prevail (McGlone 1995; Singer et al. 1998; Turney et al. 2003). Regardless
of the exact commencement, warming continued into the Holocene reaching a climatic
optimum of mild, moist conditions with drought and frost sensitive assemblages at about 10
Ka (Isla 1989; Newnham et al. 1999; Marra et al. 2004; McGlone et al. 2004). Pollen records
from several sites around the South Island have indicated that the Holocene climatic optimum
was at least as warm as today, and may have a degree or two warmer, as well as wetter (Marra
et al. 2004; McGlone et al. 2004). Conditions cooled slightly to modern values around 8 Ka
(McGlone et al. 2004).
While proxy records indicate Holocene climate has remained close to the modern average,
significant variations in climate have continued to the present with intervals of
cooling/warming, aridity, and changes in atmospheric circulation; however, these have been
on a smaller scale than those that took place post LGM (Clare et al. 2002; Mayewski et al.
2004). It has been suggested that most of these climate fluctuations can be linked to changes
in solar variability and insolation, with cooling at the poles and increased atmospheric
circulation, and increased aridity in the tropics (Clare et al. 2002; Mayewski et al. 2004).
These fluctuations have caused several smaller scale glacial advance and retreat phases
through the Holocene both in New Zealand and globally, however, the timing and extent of
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glacial advances in the South Island have varied between the different regions (Schaefer et al.
2009; Kaplan et al. 2010; Putnam et al. 2010).
In New Zealand today there are distinct differences in regional climate based on geography
and the interaction of major geographic features, such as the Southern Alps, with the
predominant westerly wind flow (Salinger & Mullan 1999). These different regions
experience different synoptic conditions, with recognisable average annual precipitation and
temperature patterns, which vary over multi-decadal timescales (Salinger & Mullan 1999;
Kidson 2000).
Recent fluctuations in climate are related to decadal/centennial scale oscillations of sea
surface temperature and atmospheric circulation (Diaz et al. 2001). In the South Pacific,
variations in the Interdecadal Pacific Oscillation (IPO) and El Niño – Southern Oscillation
(ENSO) modulate climate over decadal to multi-year timescales (Salinger et al. 2001).
Changes in the mode of ENSO and the IPO have significant impacts on average temperature
and precipitation in New Zealand, with characteristic regional differences (Lorrey et al.
2007). The development of modern ENSO variability is thought to have occurred around 4 Ka
around New Zealand and Australia, while prior to this the variability was much more subdued
(Shulmeister & Lees 1995; Gomez et al. 2004). The increase in ENSO strength and variability
has caused more variation in climate during the last 4 Ka with increased erosion, and large
storms in La Nina years, which have been observed in ocean sediment cores off the North
Island of New Zealand (Gomez et al. 2004). Studies of modern glaciers have revealed a
strong link between ENSO index (El Nino or La Nina years) and glacier mass balance (Chinn
et al. 2005). A case study on the Franz Josef glacier found that during winter accumulation
there was a marked increase in the strength of westerly winds, with El Nino conditions
prevalent during glacier advance phases, and tendencies to La Nina conditions during retreat
phases (Hooker & Fitzharris BB 1999; Chinn et al. 2005). This study indicates that ENSOrelated variability in atmospheric circulation can have significant effects on South Island
climate on multi-decadal timescales.
The multi-decadal variability of synoptic climate patterns in different regions of New Zealand
influence the record preserved in climate proxies. The significant regional differences mean
individual proxy records will record climatic changes specific to geographic locality. For
example, climate records from the West Coast and North-West Nelson are most likely to be
24

related to changes in mid-latitude atmospheric circulation and westerly wind strength (Clare
et al. 2002; Lorrey et al. 2007; Lorrey et al. 2008). These changes in westerly wind strength
are proposed to result from the changing thermal gradient between the poles and the equator
during global warming and cooling (Putnam et al. 2010; Whittaker et al. 2011). The sea
surface temperature anomalies that drive ENSO index changes in the South Pacific can be
amplified on millennial and longer timescales (Mullan 1995). These changes influence the
North/South migration of large-scale atmospheric circulation features such as the Subtropical
Front and the Inter-Tropical Convergence Zone (ITCZ) (Whittaker et al. 2011). These
changes to atmospheric circulation correspond to cool and warm periods affecting glacial
advance/retreat patterns in the Southern Alps (Rother & Shulmeister 2006; Putnam et al.
2010; Whittaker et al. 2011).
2.2.4 Late Quaternary Climate from Speleothems
Speleothem studies have contributed significantly to our understanding of Quaternary climate
change, particularly records from North-West Nelson and Waitomo (Figure 2.3) (Williams
1996; Hellstrom et al. 1998; Williams et al. 1999; Williams et al. 2004, 2005). North-West
Nelson harbours some of the oldest and most extensive cave systems in New Zealand, and
stalagmite deposition there may have been occurring for around 1 Ma (Williams et al. 2010).
Many stalagmites have been studied from these caves and the data from eight is complied into
a master record for the South Island, which covers the last 30 Ka (Figure 2.3) (Williams 1996;
Williams et al. 2005; Williams et al. 2010). Because of the ease and accuracy of dating
speleothems with U-Th techniques these records have been used to anchor the timing of
climate events in New Zealand such as the LGM and late glacial reversal, and also as an
independent means of comparing events observed in other proxies. However, because of the
difficulty in determining quantitative measurements of temperature, qualitative estimates of
change are given (Williams et al. 2005). Positive and negative excursions of calcite δ18O are
interpreted as indicating periods of warmer and cooler conditions respectively, but are also
influenced by changes in precipitation (Williams et al. 2005). The calcite δ13C values are
interpreted as representing wetness and biological activity in the region, with decreases in
values (increasingly negative) indicating wetter conditions and more biological activity
(Williams et al. 2005). However, the relationships are complex, and even though the δ18O
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values clearly show a cooling event during the late glacial reversal, δ13C values do not register
much change.
Of interest, a study also conducted in North-West Nelson interpreted changes in δ18O in the
opposite way (Hellstrom et al. 1998). The speleothems were collected from two caves at
elevations of 600m and 900m above sea level in the Mt Arthur region, and increasingly
negative excursions of δ18O values were interpreted as warming temperatures (Hellstrom et
al. 1998). This difference in interpretation of changes in calcite δ18O values stems from the
relationship of the cave temperature effect (Δδ18Oc/dT) to the changes in precipitation δ18O
values with temperature (Δδ18Op/dT) at the study site. The change in δ18O value of the calcite
with change in temperature is -0.24‰/ºC at 10ºC (O'Neil et al. 1969; McDermott 2004).
However, the δ18O value of precipitation also changes with temperature. The relationship of
Δδ18Op/dT can either be less than or greater than Δδ18Oc/dT, so determining what this
relationship is at each site controls the interpretation of warming and cooling from calcite
δ18O values (McDermott 2004).

Figure 2.3: Master North-West South Island (NWSI) speleothem record of δ18O values from eight South Island
speleothems (Williams et al. 2010). The record has been corrected for the ice volume effect – taking into account
the change in the ocean δ18O values during the LGM (Williams et al. 2005). 56 TIMS dates with 2σ error bars
are also shown (Williams et al. 2010).
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In the Mt Arthur region, one cave is about 300m higher than the other, so if the cave
temperature effect is dominant the δ18O values should be offset negatively to the lower
elevation cave (Hellstrom et al. 1998). However, this was not reported to be the case; i.e.
Δδ18Op/dT < Δδ18Oc/dT (Hellstrom et al. 1998). Conversely, Williams has reported that at
other study sites the Δδ18Op/dT > Δδ18Oc/dT, producing a positive relationship, meaning
increases in the δ18O value of calcite are interpreted as increasing temperatures (Williams et
al. 2004, 2005). Despite their complex nature, Williams’ speleothem records have provided
some of the most continuous data available on Quaternary climate change in New Zealand.
The most recently published study is based on a single stalagmite from Hollywood cave near
Punakaki, South Island (Whittaker et al. 2011). The stable isotope record from this stalagmite
spans marine isotope stages 2-4, and is closely linked to changes in precipitation. The 18 Useries dates allow the timing of cooling and warming periods to be compared to those
observed elsewhere, and gives insights into the teleconnections of climate events in the
Northern and Southern Hemispheres (Whittaker et al. 2011). Because annual precipitation in
New Zealand, especially on the West Coast, is closely linked with westerly wind intensity,
and New Zealand speleothem signals have been connected to changes in circulation (Lorrey
et al. 2007; Lorrey et al. 2008), this stalagmite record presents insights into past changes in
westerly wind circulation and intensity, including data showing close links with North
Atlantic cooling (Lorrey et al. 2007; Whittaker et al. 2011).
2.2.5 Summary
Quaternary climate change in New Zealand remains the focus of significant research efforts.
The complexity of the changes both between local regions, and compared to changes in the
Northern Hemisphere often raise further questions about the drivers of climate. The
application of improved and new chronology techniques is constraining the timing of events,
and is revealing how regions can respond differently to change. More in-depth understanding
of existing proxy records and development of new ones will further contribute to our
understanding of such dynamic systems. In comparing the New Zealand record to other areas
of the world we can better appreciate the interconnections of climate and earth systems, and
improve our decision making for the future.
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2.3

Speleothem Fluid Inclusions

2.3.1 Introduction
The study of fluid inclusions is an important aspect in many areas of geology. The fluids
trapped in rocks can contain important information about the conditions rocks form in, as well
as diagenetic processes. The approach used in studying fluid inclusions depends principally
on the temperature system the rocks are found in. The techniques for analysing hightemperature rocks containing fluid inclusions are different to the steps for investigating lowtemperature and surface forming rocks and minerals. This review will focus on how fluid
inclusions from cave calcite deposits (speleothems) can be used to investigate changes in
paleoclimate and past environments. The formation and potential alteration of fluid inclusions
in speleothems will be covered, as will methods for extraction and analysis. As there are
many good reviews of this subject, this section will concentrate mainly on more current
research.
2.3.2 The Formation of Fluid Inclusions
Inclusions are small fluid-filled cavities that form either between or within mineral crystals,
and can be water or gas filled, or a mixture of both (Goldstein 2001b; Verheyden et al. 2008).
In near surface rocks and minerals such as carbonates and quartz, the fluid inclusions are
often water filled. This water can be derived from meteoric precipitation, lake or ground
water, seawater, or subsurface fluids associated with burial and alteration, as well as fault
fluids (Goldstein 2001b). As crystals grow in the presence of this fluid defects in the crystal
lattice allow some bubbles to be trapped, and competition between crystals can cause cavities
to form that also trap fluids (Van den Kerkhof & Hein 2001). These inclusions that form
when crystals are growing are called primary fluid inclusions, which are effectively a
snapshot of the composition of the fluids that were intimately associated with rock formation
– as long as no post depositional alteration has occurred (Goldstein 2001a).
Fluid inclusions are an integral part of speleothem formation in caves. As crystals of calcite
grow, inclusions of the drip water are trapped. Slight variations in the impurity of the
inclusions and the calcite define growth layers, so that patterns of fluid inclusions are
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important characteristics defining different speleothem fabrics (Kendall & Broughton 1978).
The size of fluid inclusions can vary greatly from less than 1µm to macroscopic inclusions
several millimetres long (Goldstein 2001b; Genty et al. 2002). The density of inclusions in
speleothem calcite depends on the formation conditions. The most inclusion rich calcite is
white in colour and is usually formed through partial coalescence of the crystals (Kendall &
Broughton 1978). Inclusion poor calcite is dark in colour and occurs when calcite crystals
completely coalesce, forcing out or preventing inclusion spaces from forming (Kendall &
Broughton 1978). The variable size and shape of fluid inclusions can make estimating the
volume of fluid in the calcite difficult (Van den Kerkhof & Hein 2001). The general estimate
for the volume of fluid inclusions in speleothem calcite ranges between 0.01 and 0.3 wt. % of
preserved drip water (Schwarcz et al. 1976; Kendall & Broughton 1978; Harmon et al. 1979;
Dennis et al. 2001).
2.3.3 Fluid Inclusions and Paleoclimate
Speleothem fluid inclusions have been recognised as containing important paleoclimate
information for many decades. Once fluid inclusions are formed and have been sealed in the
calcite crystal lattice, it is generally assumed that the isotopic composition of the inclusion
water is representative of the drip water forming the calcite. Many studies have shown that in
most caves with high relative humidity the stable isotope composition of the drip water in the
cave is representative of the composition of the local rainwater, or it varies in a predictable
way (Yonge et al. 1985; Matthews et al. 2000; Mickler et al. 2004; Lambert & Aharon 2011).
Consequently, the stable oxygen and hydrogen composition of the fluid inclusion water can
be used with the stable isotope composition of the calcite to calculate past temperature and
precipitation changes (Gascoyne 1992; Dennis et al. 2001; Lachniet 2009).
It is possible however, that some post-depositional alteration can occur through the exchange
of oxygen isotopes between the trapped water and the host calcite (Schwarcz et al. 1976;
Dennis et al. 2001; Goldstein 2001b). The most commonly used method of evaluating
whether this kind of exchange has taken place is to compare samples of modern drip water
with modern calcite and fluid inclusions in the recently formed calcite. This has become more
reliable over time as sampling techniques have allowed smaller samples to be analysed.
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If the calcite can be shown to have been deposited in isotopic equilibrium with the drip water,
then the changes in stable oxygen isotopic ratios can be interpreted in terms of paleoclimate
parameters through the well known temperature related fractionation of the light and heavy
isotopes (Epstein et al. 1953; Kim & O'Neil 1997; Demeny et al. 2010). The most commonly
used calculation for temperature has been experimentally determined by Kim and O’Neil
(1997) as:
10001n α(Calcite-Water) = 18.03(103T-1) - 32.42
where α is the fractionation factor and T is temperature in Kelvin (Kim & O'Neil 1997).
This equation requires the knowledge or an estimate of the oxygen isotopic composition of
the drip water as well as the calcite, so fluid inclusions were quickly investigated as the best
proxy for the isotopic composition of ancient drip water (Schwarcz et al. 1976; Harmon et al.
1979). However, the methods tested in the 1970s and 1980s concluded that oxygen isotopic
exchange had occurred between the host calcite and the fluid inclusions, and this discouraged
further progress for many years (Schwarcz et al. 1976; Harmon et al. 1979; Goede et al. 1986;
Dennis et al. 2001). Without a suitable method for analysing fluid inclusions speleothem
studies have used a two-step proxy process, relying on assumptions of isotopic equilibrium to
infer estimates of the composition of past drip water from the calcite, and from these inferring
changes in climate.
2.3.4 Extracting Fluid Inclusions from Speleothem Calcite
With the development of increasingly more precise and accurate mass spectrometric
instruments, new methods for extracting fluid inclusions from speleothems have been
proposed over the last decade (Dennis et al. 2001; Vonhof et al. 2006; Verheyden et al. 2008).
The release of fluid inclusions from a crystal can be achieved either through the mechanical
crushing of the crystal sample (Vonhof et al. 2006; Vonhof et al. 2007), or through thermal
decrepitation (Verheyden et al. 2008). Both methods require a system of extracting and
isolating the released fluids, to prevent any isotopic exchange and preserve the original
composition.
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After several early attempts at fluid inclusion extraction (Schwarcz et al. 1976; Harmon et al.
1979; Goede et al. 1986), the catalyst for further fluid inclusion work was a study using a
controlled analogue system for speleothems (Dennis et al. 2001). The system of crushing
anhydrous Iceland Spar calcite with a glass capillary of water under high vacuum and slightly
elevated temperatures (150ºC) resulted in recovery of the correct δ18O and δD of water (i.e.
no large isotopic depletion took place during extraction) (Dennis et al. 2001). Keeping the
system apparatus at temperatures above 100ºC prevented the adsorption of released water to
any of the surfaces, including the freshly crushed calcite, hence the analysed water retained
the correct isotopic composition (Dennis et al. 2001).
The recent development of a new crushing method advanced the analysis of speleothem fluid
inclusions further by allowing the sample preparation and analysis to occur in one step
through continuous flow mass spectrometry (Vonhof et al. 2006). The use of continuous flow
technology allows faster processing of samples and more accurate analyses. Tests on the setup (Amsterdam Device) showed that liquid water yielded accurate results, as did analyses of
δD of fluid inclusions from speleothem calcite (Vonhof et al. 2006). δ18O values were not
initially measured, however, subsequent studies presented δ18O results of speleothem fluid
inclusions after slight modifications to the method (Vonhof et al. 2007; van Breukelen et al.
2008; Griffiths et al. 2010). Errors reported from these studies are ±2‰ for δD values and
±0.5‰ for δ18O values (Vonhof et al. 2006; Vonhof et al. 2007).
While this method has been used successfully to analyse speleothem fluid inclusions, there
are some limitations associated with it. The minimum sample size required for an accurate
analysis is 300mg, and larger samples are required for calcite with lower weight percent water
(van Breukelen et al. 2008; Griffiths et al. 2010). This greatly restricts the temporal resolution
achievable from a speleothem, and can make correlation with calcite stable isotopic data
difficult as calcite can be sampled at scales of around 0.5mm or finer (Spötl & Mattey 2006).
In addition, the crushing may not release all the water trapped in the calcite, especially microinclusions, and this may result in some isotopic fractionation between the water that is
released and any water remaining in the crushed sample.
A different approach to extracting fluid inclusions from speleothem calcite can be achieved
by thermal decrepitation. Decrepitation of fluid inclusions occurs when the internal pressure
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of the fluid inclusion overcomes the critical toughness of the crystal wall, causing it to
fracture (Lacazette 1990). This can occur through heating a solid sample to temperatures
higher than those at which the fluid inclusion formed (Lacazette 1990). Decrepitation
fractures will remain open and propagate in the direction of least resistance as long as the
stresses from the internally pressurised fluid remain higher than the critical toughness of the
crystal (Lacazette 1990). Because calcite can also accommodate the stretching of fluid
inclusions with increases in temperature, it has been suggested that temperatures of around
150ºC or greater are needed to cause the majority of fluid inclusions to decrepitate (Ujiie et al.
2008).
Methods currently in use to release fluid inclusions from calcite through heating are also
called thermal decomposition or calcination methods, because they involve heating the
samples above the decomposition temperature of calcite (~900º) (Yonge 1982; Matthews et
al. 2000; Verheyden et al. 2008). The advantage of this method over crushing is that the water
yield is much higher, so smaller samples can be used. However, some studies using this
method found δD values were depleted by 20‰ – 30‰ compared to the measured values of
cave drip water (Yonge 1982; Matthews et al. 2000; McGarry et al. 2004). A study of water
release patterns showed that water liberated after the decomposition temperature of calcite is
reached is most likely structural water with a very depleted isotopic composition (Verheyden
et al. 2008). Any structural water released consequently decreases the values of any measured
fluid inclusion water. Other process that can affect the value of fluid inclusion δ18O is the
formation of anhydrous lime (CaO) at temperatures above 600ºC, and isotopic exchange
between water and CO2, which can also be significant at high temperatures (Sharp 1992;
Rodriguez-Navarro et al. 2009). In the presence of water the anhydrous lime will undergo
hydration reactions, and in the closed system for extracting fluid inclusions the only water
available is that released from inclusions, resulting in isotopic fractionation of the water
(Sharp 1992; Rodriguez-Navarro et al. 2009). Due to these problems when calcite is heated to
high temperatures, the most recent decrepitation methods recommend heating the speleothem
samples to a maximum of 550ºC (Verheyden et al. 2008). However, this method still presents
some issues when high resolution analyses are required, because the smallest samples used
were about 1g (1cm3) of calcite (Verheyden et al. 2008).
A very different approach to analysing fluid inclusions can be used when the fluid inclusions
are large. Macroscopic fluid inclusions spanning several millimetres in a speleothem were
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identified through the movement of bubbles trapped within them (Genty et al. 2002). They
could be extracted by simply drilling a hole to the inclusion and sampled with a syringe
(Genty et al. 2002). Unfortunately, such large fluid inclusions have rarely been observed as
many do not have gas bubbles, and it is not known how commonly these form (Genty et al.
2002).
2.3.5 Summary
Speleothem fluid inclusions are a useful tool for paleoclimate studies as they commonly
represent, in an unaltered form, the isotopic composition of drip water entering a cave. They
are readily incorporated within calcite as precipitation in a cave occurs, unless the conditions
of formation cause calcite crystals to completely coalesce. However, this seems to be less
common, as the vast majority of speleothems are reported to contain at least 0.01 wt% water
(Dennis et al. 2001). The stable oxygen and hydrogen isotopic composition of speleothem
fluid inclusions can be used to infer changes in climate parameters through time. If the
speleothem calcite has formed in isotopic equilibrium with the drip water, then the fluid
inclusion isotopic composition can be used to calculate reasonably accurate changes in
temperature and precipitation through the growth period of the speleothem (Kim & O'Neil
1997; Demeny et al. 2010). If kinetic conditions prevailed during speleothem growth, then the
fluid inclusions offer some insight into the changing hydrological conditions in the cave and
regional environment.
The under-utilisation of fluid inclusions for this type of paleoclimate work has primarily been
due to the lack of a method that can efficiently produce reliable results of fluid inclusion
composition. New methods proposed in the last five years are beginning to address this
problem. With the increasing interest in multi-proxy records of climate, the ongoing
development of fluid inclusion studies will lead to some exciting new insights into climate
change and the links between local processes in the cave system.
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Chapter 3: Field Methods
3.1 Introduction
The majority of speleothems collected in New Zealand for paleoclimate research have come
from caves either in North-west Nelson, or Waitomo in the North Island. In focusing this
thesis on South Island paleoclimate a cave was selected that could be compared with the
records from North-west Nelson, but had not previously been sampled for stable isotope
analyses. This led to an investigation of the caves south of Westport, but north of Punakaiki.
This area of the West coast has extensive limestone formations and many cave systems. Ease
of access was a consideration for the field work which narrowed the selection to Te
Ananui/Metro Cave (called Metro Cave hereafter) near Charleston (Figure 3.1).
3.2 Geological Setting
Metro Cave is located in the Nile River valley, 5km east of Charleston on the West Coast of
the South Island, New Zealand (Figure 3.1). The cave sits at close to 60m above sea level and
is reasonably large, with 8km of passageways and 7 entrances (Figure 3.3). It was formed
near the contact of the Tiropahi and Potikohua Limestones of the Oligocene age Nile River
Group (Figure 3.2) (Williams 1980). These units are aereally extensive and reach up to 200m
and 600m respectively at their thickest points south of the Nile River, however both units thin
to the north (Williams 1980; Crawford 1994). The Tiropahi Limestone is an impure massive
foraminiferal biomicrite, with variable susceptibility to karst formation (Crawford 1994). This
is overlain by the Potikohua Limetsone, which is made up of a massive basal member and a
flaggy upper member. The basal member is a sandy polyzoan biosparite and is visible in the
lower passages of Metro Cave (Crawford 1994). The upper member consists of well
indurated, sometimes fossiliferous flags separated by thin seams of poorly cemented quartzarenite (Crawford 1994). The upper member displays a wide range of karst landforms
throughout its extent, and is clearly a key component in the style of cave breakdown in some
chambers of Metro Cave (Crawford 1994). Atop these formations is the Miocene age Blue
Bottom Group, of which the O’Keefe Formation unconformably overlies the Nile River
Limestones above Metro Cave (Crawford 1994). The O’Keefe Formation is a blue-grey
micaceous fine sandstone-siltstone (Williams 1980).
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Metro Cave was formed by the subterranean capture of Ananui Creek – a tributary to the Nile
River. Once the caprock was eroded away from the limestone, dissolution occurred through
fissures and cracks eventually forming a complex system of passages known as a floodwater
maze (Williams 1980). In addition to the down-cutting of Ananui Creek, the Nile River also
rapidly incised the bedrock, causing Ananui Creek to constantly re-adjust to the lowering base
level. This re-adjustment is visible in the cave system as a series of stepped passages. The
earliest major passages and the old stream submergence leading to them are about 30m above
the present Main Entrance of the stream (Williams 1980). The age of Metro Cave is still
somewhat speculative, however, an age bracket has been suggested from the oldest
speleothems dated from the cave, and from mapping of coastal marine terraces above the cave
(Williams 1982). The plateau above Ananui Creek is about 100-150m above sea level and has
been mapped as an extension of coastal terraces thought to have formed during the Terangian
Interglacial around 200Ka (Williams 1980). The formation of Metro Cave cannot have begun
while the area was submerged, as the formation of the passages required the capture of a
stream. The oldest speleothems in the cave were dated in the 1980s, resulting in a U-Th date
of 120±45Ka from one of the oldest sections of the cave, implying that the early cave
passages were sufficiently developed for speleothem formation by this time (Williams 1982).

Figure 3.1: General location of Te Ananui/Metro Cave in the South Island context, approximate location of cave
is starred.
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Figure 3.2: Geological map of the Charleston area with Te Ananui/Metro cave starred. Map taken from digital
version of Greymouth Q-Map series (Nathan et al. 2002). Partial key to mapped geological units is as follows
(from GNS Geological Legend, available online):
Q1: Postglacial deposits
Q2-Q10: Quaternary river/alluvial sedimentary deposits
Regional Unconformity
Mbo: O’Keef Formation: Blue-grey micaceous muddy sandstone grading up into yellow-brown sandstone
On: Nile River Group: Limestone, predominantly shallow water bioclastic varieties
Ers: Kiata Formation: Shallow marine sand and sandstone
Eb: Brunner Coal Measures: Quartz sandstone, conglomerate, and carbonaceous shale with lensoid coal seams
Regional Unconformity
Krg: Rahu Suit: Biotite or biotite-muscovite granite
Krm: Rahu Suite: Leucocratic muscovite granite
Krt: Rahu Suit: Biotite granodiorite and tonalite
Ckg: Karamea Suite: Foliated biotite granite, locally containing K-feldspar megacrysts
Dkn: Karamea Suite: Foliated biotite-muscovite granite-gneiss
θgp: Greenland Group: Pecksniff Metasedimentary Gneiss

36

M1

Hall of
Refugees
stalagmite

M2

Split Ledge
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Figure 3.3: Survey map of Te Ananui/Metro Cave (Smith 2004). Locations of the four stalagmites collected in
May 2010 are marked. Entrance to the cave is gained through the Triclops Entrance, the Main Entrance is only
accessible through the cave. The sites of M1 and M2 were also the sites used for drip water collection, drip rate
monitoring, temperature and humidity readings.
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The Paparoa karst is bounded by two major faults – the Cape Foulwind fault to the west and
the Lower Buller fault to the east (Figure 3.4). The Cape Foulwind fault is a high-angle eastdipping inverted normal fault just offshore of the west coast, with greater than 2000m reverse
throw (Ghisetti & Sibson 2006). This fault, along with the Lower Buller fault and others in
the region, was re-activated when uplift began and caused anticlinal folding of the
sedimentary basin that formed in the hanging wall during the previous extensional phase
(Ghisetti & Sibson 2006). The uplift and crustal shortening caused by transpression across the
Pacific-Australian boundary in the last 7 Ma resulted in the exposure of the OligoceneMiocene sedimentary sequences (Ghisetti & Sibson 2006). Continued uplift through the
Quaternary has resulted in a relatively simple tilted succession along the coast, with the
limestone dipping east at about 5-10º (Crawford 1994). Further south the sequence is folded
into the asymmetric Barrytown syncline. The rate of uplift through the Quaternary was
estimated from the height of raised coastal terraces, and from dated stalagmites in caves
linked to those terraces (Williams 1982). These data produced differential uplift rates of about
0.27mm/yr near Westport and close to 0.14mm/yr further north (Williams 1982).

m

Figure 3.4: Structural map of the region showing location of major faults and folds (Ghisetti & Sibson 2006).
Approximate location of Te Ananui/Metro Cave is also plotted (star).
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3.3 Regional Climate and Vegetation
The northern West Coast of the South Island has a mild temperate climate. The mean annual
temperature at Westport is 12.5ºC with average summer and winter temperatures around 17ºC
and 8ºC respectively (Figure 3.5). The prevailing wind direction is from the west, off the
Tasman Sea, with seasonal variations between sub-tropical and sub-antarctic influences.
Annual precipitation averages about 2000mm at Westport, and increases with elevation
towards the Southern Alps (Williams et al. 2005).
The vegetation in the study region is predominantly native mixed beech/podocarp/broadleaf
forest, with a thick understory of ferns (Moar & Suggate 1996). During the last several glacial
cycles, this region has experienced large changes in the forest composition and structure.
However, the area has always remained dominated by C3 vegetation as New Zealand has very
few native plants that use the C4 pathway, and these are confined to coastal dune areas
(McGlone 1995; Williams et al. 2005). During the height of the last glaciation the vegetation
in this region was a mix of grassland/shrubland with the dominant pollen groups including
Poaceae, Cyperaceae, and Asteraceae, although Nothofagus pollen was still present in small
amounts suggesting some pockets of beech may still have existed (Moar & Suggate 1996).
This cold-adapted vegetation was succeeded by a progression back to forests as temperatures

Figure 3.5: Graph of mean annual temperature and annual precipitation from the Westport climate station over
the last 50 years (Data from CliFlo, accessed 2/06/2011). Gaps are due to no data from some years.
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warmed during the interglacial transition, with the mildest conditions marked by the
appearance of Dacrydium cupressinum at the Holocene climatic optimum (Moar & Suggate
1996). In recent times there have been various periods of logging disturbing the forest in the
area prior to the formation of Paparoa National Park.
3.4 Previous Research at Te Ananui/Metro Cave
Several scientific studies have focused on Metro Cave, the first major one being a survey
commissioned by the old New Zealand Forest Service (Williams 1980). This study was
conducted to investigate what impact proposed extensive logging would have on the cave
system, which was already an attraction to tourists and visitors. A thorough investigation of
the cave deposits, fossils, geomorphology and hydrology of the cave system, and cave
ecology was conducted, in order to provide information on the impact of visitors and land use
in the region (Williams 1980). A subsequent trip to collect samples from speleothems in
Metro Cave for dating resulted in 9 U-Th dates from different levels of the cave, with a
spread of ages from 120±45 Ka to 18±4 Ka (Williams 1982). These were used to constrain
the rate of Quaternary uplift in the region (Williams 1982). Some pollen sampling work has
also been carried out in Metro Cave, as has significant fossil studies focusing on the avian
faunas (Worthy & Holdaway 1993). Further study on the hydrology and geomorphology of
the Paparoa karst was carried out as part of PhD research through the University of Auckland
in the early 1990s, although the main field area was just south of Metro Cave (Crawford
1994).
3.5 Field Methods
After a conservation push to recognize and protect more of New Zealand’s unique landforms
and species, a large section of the Paparoa karst was included in Paparoa National Park –
established in 1987. Metro Cave is now often used by recreational cavers, and guided parties
can enter the cave with concession holders Norwest Adventures Ltd. However, as the cave is
now gated, all access is granted by permit from the regional Department of Conservation
(DOC) office. Permission to sample speleothems from Metro Cave for this study required an
application for a low-impact research and collection permit. This was applied for in February
2010, and after some consultation was approved in April 2010 with the following conditions:
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a. Group size is not to exceed 4 people including the permit holder.
b. Up to six stalagmites may be collected, four of which may be “live” (actively
dripping).
c. Only a battery powered, diamond tipped saw may be used in the collection of
“live” stalagmites.
d. The remaining stalagmites to be collected must already be broken.
e. Only stalagmites in less frequently visited areas to be collected.
f. A DOC staff member is to present on all stalagmite collection trips.
g. Stalagmites collected should not be more than 70cm tall.
h. Up to seven drip-water samples may be collected on a fortnightly basis from 25th
April until the 31st July 2010.
During the time period covered by the collection permit six trips in total were made into
Metro Cave.
The initial trip into Metro Cave was conducted with DOC ranger Chippy Wood to explore the
cave further and to identify potential stalagmites for collection. Chippy Wood was also
present on the subsequent trip a fortnight later to collect two “live” and two “dead” (already
broken) stalagmites. Collection of the “live” stalagmites involved the use of a hand-held
Hitachi 18v battery powered disk grinder. Water to cool the saw while it was running was
sourced from within the cave to minimize the impacts of introduced water in the cave
environment. Plastic bags were laid around the stalagmites while cutting was in progress to
reduce the build up of calcite dust on neighbouring speleothems. Each of the stalagmites were
wrapped in bubble wrap and placed in cardboard boxes packed out with polystyrene foam to
be carried out of the cave. They were taken back to the University of Canterbury and split in
half for preliminary analysis.
The subsequent four trips to Metro Cave were to collect drip water and measure the drip rate,
as well as taking temperature and relative humidity readings (table 3.1). Drip water from
straws close to where the two “live” stalagmites were taken was collected in 5ml vials. The
drip rate at the site of stalagmite M2 was measured by noting the time that a drip landed on
the base of the cut stalagmite from the source straw for at least four consecutive drips. This
method of measuring the drip rate was not possible at the site of stalagmite M1 as the straw
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directly above the cut stalagmite did not drip at all on any of the trips after the stalagmite had
been collected; although the straw had been observed to drip on the initial trip identifying
stalagmites, and on the final trip into the cave a drop was present for more than 20 minutes.
Consequently, the closest neighbouring straw 20cm away dripping onto another stalagmite
was measured for a drip rate. A glass slide was also set on the base of both cut stalagmites
and left for eight weeks so that any new calcite would precipitate on the glass and could be
petrographically analysed and compared to the respective stalagmites.
Following this period of field work it was decided that an extension to the permit should be
applied for, in order to collect some more drip water and take readings in the summer. This
was granted and one further trip was made in early January 2011 (Table 3.1). The glass plates
were also recovered at this time, however, while there was some calcite deposition on the
glass plate from the M2 site, there was no deposition on the glass at the site of the M1
stalagmite.
The preliminary analysis of the collected stalagmites was made on the basis of their internal
morphology. The two “live” stalagmites (M1 and M2) were cut in the Geology department at
the University of Canterbury, however, the equipment could not cope with the larger two
“dead” stalagmites. These were taken to Decra Arts Ltd, a Christchurch based stone working
company specialising in kitchen bench tops and gravestones, for sectioning.
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Table 3.1

Trip 1 1/06/10
Winter

Trip 2 16/06/10
Winter

Trip 3 14/07/10
Winter

Trip 4 27/07/10
Winter

Trip 5 5/01/11
Summer

Humidity (rel %)
Temperature (°C)
Average Drip Rate (mins)

Humidity (rel %)
Temperature (°C)
Average Drip Rate (mins)

Humidity (rel %)
Temperature (°C)
Average Drip Rate (mins)

Humidity (rel %)
Temperature (°C)
Average Drip Rate (mins)

Humidity (rel %)
Temperature (°C)
Average Drip Rate (mins)

Averages
Humidity (rel %)
Temperature (°C)
Average Drip Rate (mins)

Outside
entrance
87.4
9.9
Outside
entrance
100.0
9.2
Outside
entrance
92.0
7.0
Outside
entrance
88.0
11.6
Outside
entrance
18.0

Outside
entrance
91.9
9.4

Site M1
87.7
10.4
3.00

Site M2
85.1
13.0
3.72

Site M1
100.0
8.4
3.21

Site M2
97.0
11.3
3.42

Site M1
100.0
6.9
3.47

Site M2
100.0
9.4
5.60

Site M1
100.0
8.2
3.00

Site M2
100.0
10.5
3.83

Site M1
11.0
2.55

Site M2
12.0
5.05

Site M1
96.9
8.5
3.17

Site M2
95.5
11.1
4.14

Table 3.1: The data on environmental conditions inside the cave during the 2010 winter, with some extra data
from January 2011. Unfortunately relative humidity was not measured during the summer trip.

3.6 Description of the Stalagmites
Stalagmite M1 was a live stalagmite cut from near Eureka Hall (Figure 3.2). It is 28cm long
and was growing below a step in the roof down which water was dripping as part of a line
straws/stalagmites. The series of stalagmites was at the edge of a breakdown pile, so the
stalagmites were all cemented onto loosely piled broken flags. This part of the chamber was
situated well back from the various entrances, and was quite low, only about 1m in height, so
was well sheltered from drafts. Water was observed beading on the roof. Once split open, M1
revealed a highly laminated structure with about 2-3 macroscopic layers per millimeter
(Figure 3.4a). This stalagmite was chosen for further tests of equilibrium deposition and
paleoclimate analysis.
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Stalagmite M2 was the second live stalagmite cut from an alcove near the Dragons Teeth
(Figure 3.2). M2 is 15cm long and it was growing on an open shelf with a continuing passage
from the back that curved round to rejoin the rest of the larger passages. The height of the
alcove was just under 1m high. Considerable cave coral/popcorn was growing on the floor
and on some of the straws. Once split, M2 showed a variety of fabrics, from layers with
distinct depositional breaks at the base to dendritic crystals, followed by highly laminated
layers towards the top, with about 5 layers per millimeter (Figure 3.4b). This stalagmite was
not chosen for further analysis because the dendritic crystal fabric clearly shows the
stalagmite must have been affected by kinetic fractionation, and so is not so suitable for
paleoclimate investigations.
The stalagmite taken from the back passage to the Hall of Refugees was already broken. It is
58cm long and when cut in half shows three distinct growth periods visible in the layering
(Figure 3.4c). The first is a highly laminated sequence, capped by an obvious depositional
boundary. The calcite layers in the section above this are thicker and the crystals show a more
feathery form, especially towards the top of some layers. The final top section of the
stalagmite is again highly laminated. Despite the good possibility that this stalagmite could
provide useful paleoclimate information it was not chosen for further investigation, as it was
determined that detailed analysis would take too long for the scale of this project.
The final speleothem collected came from near the Split Ledge passage. The piece collected,
39cm long, was already broken and lying on the cave floor just by its base. The bottom edge
of the piece and the top edge of the base matched up well, so this was confirmed to have
broken off in place. However, in attempting to place the broken piece back on top of its base
it was discovered the roof in this section had lowered too much for this to be done. Once the
piece was split it could be seen that this was actually the top piece of a column (Figure 3.4c).
The majority of the piece collected was the stalactite with the tapering end visible within the
layers of calcite that had formed as the join of the column, so just below the broken section in
the base would have been the original stalagmite. Because the piece collected was mainly
made up of a stalactite, it was not chosen for further analysis due to the difficulty of sampling
across layers. As only the M1 stalagmite was analysed for this thesis, the other stalagmites
collected from Metro cave are in storage at the University of Canterbury in Christchurch.
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Figure 3.6a: Stalagmite M1, high resolution scan of the quarter used later for stable isotopic analysis, surface is
polished.

Figure 3.6b: Stalagmite M2, high resolution scan of one quarter, polished surface.

Figure 3.6c: The two dead speleothems; larger stalagmite collected from near the Hall of Refugees, shorter
speleothem is the top piece of a column (oriented vertically) collected from near Split Ledge passage. Split faces
unpolished.
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Chapter 4: Analysis Methods and Results
4.1 Introduction
This chapter presents the laboratory methods used to analyse the M1 stalagmite and the
results from the various tests. Initial tests involved evaluating how useful the stalagmite
would be for a paleoclimate study, and assessments of the modern hydrological environment
in the cave system. Further geochemical analyses were carried out on the stalagmite to obtain
trace element and stable isotopic data and to find out the age range of its growth. The final
section of this chapter outlines the developmental work carried out on a new method to
extract and analyse the stable hydrogen and oxygen isotopic composition of water from fluid
inclusions trapped in the calcite. Results are presented for the method testing and initial fluid
inclusions analysed. However, the final stage of this work has been delayed following the
disruption caused by the earthquakes in Canterbury in 2010 and 2011.
4.2 Hendy Tests
A Hendy Test is one of the few ways to geochemically test whether a stalagmite formed in
isotopic equilibrium with the drip water or not. It involves evaluating the degree of covariation of stable carbon and oxygen isotopes along a single layer of precipitated calcite, and
up the growth axis of the stalagmite (Hendy 1971). A stalagmite has been deposited in
isotopic equilibrium with the cave drip water if the δ18O values remain constant along the
layer while the δ13C values vary irregularly; i.e. there is no positive correlation between δ18O
and δ13C values along the layer (Hendy 1971; McDermott 2004). Also there should be no
positive correlation between the carbon and oxygen isotopes up the growth axis (Hendy
1971). These criteria are based on the assumption that while δ18O values can be expected to
change when climate changes, the δ13C of soil CO2 does not – i.e. is not linked to climate
(Hendy 1971; Dorale & Liu 2009). Consequently, if there is a strong correlation between δ18O
and δ13C along a single calcite layer in a stalagmite and up the growth axis, then the
conditions under which the calcite has been precipitating were not in equilibrium with the
drip water and kinetic fractionation processes have affected both isotope species. If a
speleothem has not been deposited in isotopic equilibrium with the drip water then it is likely
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that any changes in the stable isotopes that could have been linked to climate change have
been overprinted by the stronger changes associated with kinetic fractionation.
The Hendy Test has been used widely as a measure of isotopic equilibrium in speleothems,
however, the practicalities of carrying out the tests can sometimes produce uncertain results.
It is possible for a stalagmite to fail the Hendy Test and still be a useful representative of
climate change. In some cases it is very difficult to sample only along one layer, so mixing of
calcite from several layers may show a false positive co-variation of oxygen and carbon
isotopes (Dorale & Liu 2009). In other cases it is possible for the centre of the stalagmite
close to the growth axis to have been deposited in isotopic equilibrium, but for kinetic
fractionation to have occurred on the flanks of the stalagmite (Dorale & Liu 2009). In
addition, it has since been shown that changes in climate can change the δ13C value of soil
CO2 through changing productivity of vegetation and soil microbes, and sometimes even
through changes in the vegetation to plants with different photosynthetic pathways (e.g. C3 to
C4 plants) (Dorale et al. 1998; Lambert & Aharon 2011). Hence a stalagmite with positive covariation between δ13C and δ18O values up the growth axis may also represent strong
environmental change in the local region. Bearing these possible caveats in mind, the Hendy
Test is still one of the only methods using geochemical data available to test for isotopic
equilibrium.
In order to evaluate whether equilibrium conditions were achieved throughout the growth of
the M1 stalagmite, Hendy Tests were carried out on five layers up the M1 stalagmite, and the
δ18O and δ13C values from all the samples up the growth axis were plotted together (Figures
4.1a-f). Sampling was performed using a 1mm carbide drill tip in a hand-held dremel drill,
and 10 samples were drilled 0.5cm apart along a layer. This means the furthest samples were
5cm away from the centre of the growth axis. Some samples were discarded after technical
issues were found in some of the isotope analysis runs, but there are still at least five points
per layer. Lines 3 and 5 “pass” the Hendy Test, whereas lines 1, 2 and 4 show some positive
correlation between δ18O and δ13C values (Figure 4.1a-e). The slight positive co-variation up
the growth axis is not enough to be significant and may be accounted for by some probable
mixing of calcite from different layers (Figure 4.1f). If only the values up to 3-3.5cm (up to
sub-samples 6-7) away from the growth axis are considered, then all lines pass the Hendy
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Figure 4.1a: Hendy Test line 1, 87.5mm up from base

Figure 4.1b: Hendy Test line 2, 133mm up from base

Figure 4.1c: Hendy Test line 3, 158mm up from base

Figure 4.1d: Hendy Test line 4, 220mm up from base

Figure 4.1e: Hendy Test line 5, 250mm up from base

Figure 4.1f: Correlation of δ18O and δ13C up the
growth axis of the M1 stalagmite
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Test. All the sampling of calcite up the growth axis was carried out within this zone close to
the growth axis.
The Hendy Tests indicate that isotopic equilibrium between the drip water and the
precipitating calcite was achieved in the zone of the growth axis. From about 3.5cm away
from the growth axis, the stable isotopic composition of nearly all the layers analysed indicate
that some positive co-variation occurred, suggesting that kinetic isotopic fractionation may
have affected the calcite precipitated down the sides of the stalagmite. By analysing a
‘moving window’ up the M1 stalagmite, we were able to evaluate the likelihood of
equilibrium conditions existing at regular intervals throughout the growth of the stalagmite.

Table 4.1
Sample ID

δD

δ 18O

δ 13C DIC

S1DT.01-06-10

-11.75

-2.67

-5.36

S1DT.16-06-10

-12.76

-2.96

-2.87

S1DT.14-07-10

-8.60

-2.62

-6.33

S1DT.27-07-10

-5.53

-2.05

-3.32

S2EH.01-06-10

-14.67

-2.96

-4.39

S2EH.16-06-10

-15.32

-3.11

S2EH.14-07-10

-15.78

-3.25

S2EH.27-07-10

-3.95

-1.88

Average

-11.05

-2.69

Cave Waterfall.01-06-10

-17.95

-3.64

S1DT.puddle.01-06-10

-10.47

-2.72

Nile River

-35.81

-5.19

Westport - May

-43.86

-5.41

Greymouth - May

-31.52

-4.28

Average

-37.69

-4.84

-8
-5.05

-3.09

Table 4.1: Shows the data analysed from the drip water gathered June-July 2010. The naming of the sites was
based on the order visited in the cave, so is slightly different to the naming of the stalagmites – M1 stalagmite
was collected from Site 2 (Eureka Hall), while M2 stalagmite was collected from Site 1 (Dragon’s Teeth). Data
on the isotopic composition of May precipitation from Westport and Greymouth were kindly passed on by
Joshua Blackstock (MSc candidate, UC).
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4.3 Drip water analyses
All the drip water collected from Metro cave was analysed for δD and δ18O composition at
the University of Canterbury, and the δ13C values of dissolved inorganic carbon (DIC) of
some samples were also measured (Table 4.1).
The drip water data indicate that even over the two-month period of water collection the
stable isotope composition of the water entering the cave was highly variable (Table 4.1,
Figure 4.2). It is also isotopically heavier than the average monthly precipitation in the region,
suggesting the residence time of the water in the soil and karst is long enough for
environmental processes to cause isotopic fractionation. This can also be seen in the
difference between the water analysed from the cave waterfall, which consists of water
flowing almost directly from the surface above the cave and the drip water measured in the
cave chambers where the live stalagmites were collected. Notably, the drip water δ18O values
have the same range as the modern calcite layers of the M1 stalagmite (Figure 4.2). The most
recent calcite from the M1 stalagmite (final 10 points) also has a very similar average δ18O
value (-2.87‰) to the δ18O value of the drip water (-2.80‰) from the same site. The large
variability in the drip water DIC values is also indicative of a large amount of natural
variability in the cave environment. Although the drip water δ13C values match the range of
the modern calcite δ13C values, the 5‰ range indicates the large variability in the modern
environment is being transferred to the calcite precipitating in the cave, and questions the
assumptions of environmental stability in caves on the West Coast of New Zealand.
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Figure 4.2: Plot of analysed stable isotope composition from Metro cave drip water, local rainwater and modern
calcite. Precipitation values indicate the local meteoric water line. Global Meteoric Water Line is from Craig
(1961). Recent calcite plotted on this graph is the raw data of the upper-most 10 points analysed.

4.4 Trace Element Analysis
Trace element data from speleothems can also contribute information about environmental
processes affecting stalagmites, and as such can be used to help in interpret changes in
climate. Knowledge of the concentrations of U and Th in a stalagmite can also used to pick
the cleanest calcite for dating. Determining the age of the M1 stalagmite is an important part
of establishing what kind of climate signals may have been preserved in the calcite. In order
to establish which areas of the M1 stalagmite would be most suitable for uranium-thorium
dating, trace element concentrations along the growth axis of the stalagmite were targeted. A
one centimetre thick section was cut off the face matching the one drilled for stable isotopic
analysis, and split into four for laser ablation trace element analysis and dating. The sections
were polished using a wet rotary disc sander and 1200 grit grinding paper at NIWA in
Auckland and digitally scanned in preparation for trace element analysis by Dr. Andrew
Lorrey. They were then sent to the University of Melbourne, Australia, for laser ablation
analysis which was done at a resolution of 27µm. The trace element data are courteously
provided by Dr. Russell Drysdale. In addition to 232Th and 238U, other trace elements analysed
were 25Mg, 57Fe, 65Cu, 66Zn, 88Sr, 89Y, 138Ba, 139La, and 208Pb (Appendix 1). These have been
graphed for the top and bottom sections of the M1 stalagmite (Figure 4.3a-d).
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Figure 4.3a: Graphs of trace element and stable isotopic values up the length of the basal section. Light grey line
is raw trace element concentration data, black line is the 5pt running mean of the raw data offset by +1 SD.
Intervals are marked where there is significant departure of raw trace element concentrations above the offset 5pt
running mean. Intervals are labelled A – D, with N representing “normal” intervals.
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Figure 4.3b: Graphs of trace element concentrations up the length of the basal section. Light grey line is raw
trace element concentration data, black line is the 5pt running mean of the raw data offset by +1 SD. Intervals
are marked where there is significant departure of raw trace element concentrations above the offset 5pt running
mean. Intervals are labelled A – D, with N representing “normal” intervals.
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Figure 4.3c: Graphs of trace element and stable isotopic values up the length of the top section. Light grey line is
raw trace element concentration data, black line is the 5pt running mean of the raw data offset by +1 SD.
Intervals are marked where there is significant departure of raw trace element concentrations above the offset 5pt
running mean. Intervals are labelled E – J, with N representing “normal” intervals.
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Figure 4.3d: Graphs of trace element concentrations up the length of the top section. Light grey line is raw trace
element concentration data, black line is the 5pt running mean of the raw data offset by +1 SD. Intervals are
marked where there is significant departure of raw trace element concentrations above the offset 5pt running
mean. Intervals are labelled E – J, with N representing “normal” intervals.
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The trace element concentrations up the base section show smaller, more regular fluctuations
than the top section (Figure 4.3a-d). The top section has several much larger spikes in the
concentration of some trace elements, with lower background levels. All the trace elements
and the δ13C values of the calcite show a large enrichment at the tip of the stalagmite (Figure
4.3c-d).
The intervals of significant trace element enrichment were selected where raw values increase
more than 1 σ from the 5-pt running mean. These intervals were looked at more closely to
assist in interpretation of environmental processes and climate variation.
The Th concentrations from the trace element scans were also used to pin-point the parts of
the M1 stalagmite most suitable for TIMS dating. Areas were marked with the lowest detrital
Th concentrations, and preference was placed on those that would provide the most useful
dates for an age model (Figure 4.4a-b). The increase in detrital Th at the tip of the stalagmite
matches the increase seen in the other trace elements. The location of the intervals was
marked against the figures below to determine if there was a pattern of trace element
enrichment and layer colour, as the colour and thickness of the stalagmite layers are directly
related to changes in hydrological balance in the cave (Figure 4.4a-b). It can be seen that
intervals C, E, G, I, and J occur where there are white bands of calcite, and intervals A, B, D,
F, and H generally occur where there are darker bands of calcite.
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Figure 4.4a: The base section of the M1 stalagmite analysed for trace element concentration and for dating. The
insert to the side shows the detrital Th concentration and the areas picked for dating. Points 1 and 2 are preferred
sites for dates. The intervals of above normal trace element concentration from figures 4.3a-d are also plotted.
Figure provided by Dr. Andrew Lorrey, NIWA.
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Figure 4.4b: The top section of the M1 stalagmite analysed for trace element concentration and for dating. The
inserted graph shows the detrital Th concentration for the section, and the areas picked for dating. Points 1, 2 and
3 are preferred sites for dates. The intervals of above normal trace element concentration from figures 4.3a-d are
also plotted. Figure provided by Dr. Andrew Lorrey, NIWA.

4.5 Stable Isotopic Analysis of calcite
To develop a continuous high-resolution record of paleoclimate from the M1 stalagmite,
calcite samples were drilled up the length of the growth axis (Figure 4.5). A resolution of
0.5mm was achieved using a hand-held Dremel drill with a 0.4mm carbide tip. Alternate
samples were staggered to ensure continuous sampling of the calcite along the growth axis
(Figure 4.5). This approach to sampling meant just over 550 samples were drilled. The calcite
samples were analysed for stable carbon and oxygen isotopic composition in the University of
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Canterbury Stable Isotope lab using a Thermo-Finnigan Gas Bench with a Thermo-Finnigan
Delta V continuous-flow mass spectrometer. CO2 was liberated from each sample by
acidification using 100% phosphoric acid in a He atmosphere through a Thermo-Finnigan
Gas Bench heated at 70°C (data included in Appendix 2). Precision (1σ) of δ18O and δ13C
values was better than ± 0.1‰.

Figure 4.5: High-resolution scan of Metro 1 stalagmite showing the placement of all the drill holes for stable
isotopic analysis of the calcite.

Figure 4.6: 557 data points of δ18O and δ13C values up the growth axis of the M1 stalagmite. Black lines indicate
positions where Y concentrations increase (from left to right, in intervals C, D, E, G, and I).

The stable oxygen and carbon isotopic data show considerable variation over the growth of
the M1 stalagmite, and there is a weak-moderate degree of correlation between them (r =
0.350). The raw oxygen isotope values range from -0.85‰ to -3.92‰, while raw carbon
values range from -3.0‰ to -9.14‰. Both stable isotopes show continuous small-scale
oscillations, as well as some larger shifts. Most of the significant shifts in the oxygen and
carbon records occur separately of each other, however, at 162mm up the stalagmite there is
synchronous positive shift of close to 2‰ in the raw oxygen and 2.5‰ in the raw carbon. The
δ18O values also show a positive increase at 135mm, and a negative shift at 250mm. The δ13C
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values are much more variable, however, significant positive and negative fluctuations occur
both at the base of the M1 stalagmite within a negative trend, broken at 100mm by a shift to
more positive values and a positive trend to 185mm, then large positive and negative
fluctuations to the tip where the values rise to their highest in the stalagmite.
4.6 Fluid Inclusion Extraction Method
4.6.1 Introduction
When using stalagmites as a proxy of paleoclimate and past temperature it is essential to have
an estimation of how the isotopic composition of the cave drip water has changed through
time. In some cases this has been inferred from the composition of the modern water, with
either some adjustment for past changes or a simple assumption that the composition has not
changed (Williams et al. 2004). However, fossil cave drip water remains trapped in
speleothems as fluid inclusions, so successful extraction and analysis of these would allow
more accurate reconstructions of past climate. The two methods currently in use for extracting
speleothem fluid inclusions both have advantages and disadvantages. In both, the minimum
sample size of calcite is large (>300mg) and not easily comparable to the resolution achieved
in the analysis of speleothem calcite (Vonhof et al. 2006; Verheyden et al. 2008).
Furthermore, there may be some isotopic fractionation associated with either incomplete
extraction of water from the sample through crushing, or through isotopic exchange with CO2
and/or anhydrous lime (CaO), which are by-products of high-temperature decrepitation
(Vonhof et al. 2006; Verheyden et al. 2008). Given these drawbacks with current methods we
have attempted to develop a new method to extract fluid inclusions that uses significantly
smaller sample sizes, can be run reasonably efficiently, and that accurately analyses fluid
inclusion δ18O and δD values.
The exploration of a new method to extract fluid inclusions from speleothems has occurred in
progressive stages for this project. The two overall aims for this method were to reduce the
sample size and the run time for speleothem calcite samples, and to produce consistent results
with a good degree of reproducibility. These aims required a decrepitation chamber, but one
that could be operated at temperatures that did not cause calcite to decompose. This would
remove the possibility of oxygen isotopic fractionation through reactions with CaO (Sharp
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1992). Removal of water from the samples by heating also presents the most effective way to
extract all the water from small samples (Verheyden et al. 2008).
To test the precision and accuracy of the set-up, a series of analyses on liquid water of a
known volume and isotopic composition were conducted to assess the water yield and quality
of the data.
4.6.2 Development Phase 1
The apparatus set-up initially designed for fluid inclusion extraction consisted of a tube
furnace and a cold trap connecting a continuous flow of ultra-pure helium to a hightemperature thermal combustion elemental analyser (TC-EA) via a six-way Valco switching
valve (Figure 4.7-A). The valve on top of the tube furnace could be changed to a septum to
allow a direct injection of liquid water.

Figure 4.7: A – sketch of the first set-up for fluid inclusion extraction. B – sketch of the second set-up for fluid
inclusion extraction.

61

A calcite sample could be placed in a ceramic tube, inside the tube furnace and heated
incrementally to >500°C under continuous ultra-high purity helium flow conditions (flow rate
>150ml/min) in order to liberate water trapped within the carbonate crystals. The tube
furnace was first held at 50°C for ~1 hour to bake out the sample and remove any atmospheric
water. After incremental heating the tube furnace was held at 500°C for an hour. During
heating, water was cryogenically focused onto a ~1m long 1/16” (o.d.) stainless steel cold trap
(dry ice + ethanol; -72°C) plumbed into a Valco six-way switching valve. This trapped the
water liberated from the sample, and any CO2 was vented to the room. To introduce the
trapped water to the TC-EA, the Valco valve was switched from “load” to “inject” mode, the
cold trap was dropped and the stainless steel coils flash-heated to rapidly thaw the sample for
standard continuous-flow pyrolysis isotope ratio determination (flow rate =100 ml/min.;
reactor=1450°C; GC=40°C) (Sharp et al. 2001).
With this configuration line blanks were run to check for leaks and any water inherent in the
system. Only very low background levels of water (>20mV) were found when cryo-trapping
for 10 minutes. The background water was inferred to be from 0.001% impurities in the
helium carrier flow. This was followed by direct injections of liquid water IAEA standards
(GISP, SMOW and SLAP). The results from these tests show values for the different
standards were both accurate and precise, although there were some skewed hydrogen peaks,
most likely due to minor delays in the thawing and release of water from the cold trap (Figure
4.8). Yield curves were also established using the three IAEA standards, which showed a very
strong correlation between water yield and sample size, suggesting water was not adsorbing
to surfaces anywhere in the set-up (Figure 4.9). These yield curves also suggested that a
minimum of 200 to 300 nanolitres of water was required to give a good signal.
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Figure 4.8: Samples of SMOW and GISP standard water analysed through the set-up for Method 1. All samples
analysed fall within the accepted variability for the standard.

Figure 4.9: Yield plot produced using Method 1. Aliquots of SMOW standard water were analysed through the
method described above, with increasing samples of water added.

63

Calcite samples were introduced from an undated Waitomo speleothem, and recorded water
yields of about 300 nanolitres from 20 mg chunks of calcite and about 40 mg of powdered
calcite. These samples were decrepitated at 500°C and multiple injections were made from
the cold trap to the TC-EA over several hours. After 2 hours of decrepitation the temperature
was raised to 1000ºC to fully extract all the water possible out of the sample, and small water
peaks persisted after 4.5 hours of decrepitation. In addition, the stable oxygen and hydrogen
isotopic composition of these runs showed considerable variation, and only produced an
average value near the local mean water line when all the water had been extracted (Figure
4.10).

Figure 4.10: Plot of fluid inclusion data from one calcite sample from the Waitomo stalagmite. The fluid
inclusion data from periodic cold trap injections are blue and red points (data provided by Kurt Joy, UC). The
orange point is the average isotopic composition of all the water extracted from the sample over the total
decrepitation time (about 4 hours). The global mean water line is plotted as a comparison to the Waitomo data.

Some of the large variability in our initial data is suspected to have been due to the production
of lime, which starts to occur around 600°C, and also by the release of significant amounts of
CO2 which occurs above 400°C (Dennis et al. 2001; Rodriguez-Navarro et al. 2009). Also
there can be fractionation of oxygen isotopes between CO2 and the released water, which at
higher temperatures can have an effect on the isotopic composition over enough time (Sharp
1992; Lecuyer & O'Neil 1994).
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These tests confirmed the need to decrepitate at lower temperatures and suggested the
processesing set up in this study had the capability of producing accurate data from sample
sizes about 10 times smaller than those previously reported in the literature. However, for this
method to be usefully applied to cave speleothems a method of greatly reducing the run time
per sample was needed.
4.6.3 Development Phase 2
The second method expanded on previous tests, with the aims of reducing the run time per
sample and to produce consistent results. The results of the calcite chips trialled in Method
One suggested that at least 5 – 6 hours of low-temperature decrepitation was required to
release all the water from ~20 mg sample sizes. In order to provide this time it was decided to
switch to a system where individual samples could be placed in a sample-chamber, dried, and
sealed with a He atmosphere. The sample chamber could then be detached and placed in an
oven off-line to decrepitate overnight. This way several samples could be prepared, left to
decrepitate, and then run consecutively.
The new set-up consisted of a detachable sample chamber made of a Swage-lock ball-valve
with a stainless steel fitting and end cap (Figure 4.7-B). The end cap is large enough to take
calcite chips up to ~50 mg in size and when sealed, is leak tight. The chamber can be flushed
with He using a two-way needle, which later can be used as the sampling needle. The sample
chamber can be easily heated to 300°C – 400°C, and left at these temperatures for at least 12
hours.
After decrepitation individual sample chambers can be re-attached to a continuous flow of He
through fittings containing a heat-resistant septum. Any gas in the sample chamber is pushed
out using the two-way sampling needle via a continuous flow of ultra-pure He and through to
a cold trap consisting of a ~1m long 1/16” (o.d.) stainless steel coils immersed in a dry ice +
ethanol slushy (-72°C). The cold trap is plumbed into the Valco six-way switching valve, and
from there the water can be introduced to the TC-EA and mass spectrometer by switching the
Valco-valve and flash heating the cold trap.
Testing showed this set-up was leak-tight with only low background levels (>20mV) from
slight impurities in the He carrier (0.001%), and had a high-sensitivity to water. The time to
65

run a 30 mg calcite chip after decrepitation overnight took about 15 minutes. A draw-back to
this set-up was that liquid water samples could not be injected into the sample chamber, as the
needle could not pass through the Swage-lock ball-valve. Consequently, the tests for yield and
accuracy of water standards could not be carried out. However, two calcite chips from the
younger, upper part of the Metro 1 stalagmite were analysed and compared to the stable
isotopic composition of the same calcite layers, and to the measured drip water from the cave.
Once decrepitation had been carried out overnight, the run time of the sample when it was
reconnected to the continuous-flow system was 15 minutes. Even though the volume of water
extracted from the sample was close to the expected, the fluid inclusion results were found to
be very isotopically different from the calcite and the cave drip water, suggesting some
isotopic fractionation was taking place during extraction (Figure 4.11). Peak heights recorded
by the mass spectrometer suggested all the water was being extracted, however, there may
have been issues with the temperature of the cold trap, or with the extraction of the sample
gas through the two-way needle.

Figure 4.11: Fluid inclusion data (δD and δ18O) from two 30mg calcite chips taken 270mm (F1) and 155mm
(F2) from the base of the M1 stalagmite. The 10 points of calcite isotope data (δ18O and δ13C) around these
locations are also graphed, as are the modern cave drip water δ18O and δD for comparison. The GMWL and the
LMWL from figure 4.2 are also shown.
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4.6.4 Summary
The exploration of a new method for extracting fluid inclusions from speleothem calcite has
shown that a significant amount of testing is still required. The first set-up showed that
injected liquid water samples could be fully recovered from the system, and accurately
analysed for both hydrogen and oxygen stable isotopic composition. However, the release of
water from decrepitated calcite chips is not straightforward, and contributes to inaccurate
results from samples in the tests conducted so far. The future steps to be taken in the
development of this method will be to alter the equipment to allow the injection and analysis
of liquid water samples in a detachable sample chamber. Following a similar method to the
second version, the samples could be sealed in a He atmosphere and left to decrepitate
overnight at temperatures around 300°C and then reconnected to the on-line system. Ideally,
the sample chamber could also be used as the cold trap, to reduce the possibility of isotopic
fractionation occurring through a sampling needle. A variation could be to have two cold
traps, one at liquid nitrogen temperatures and one ethanol-dry ice temperature, to ensure all
water is frozen and passed through to the TC-EA. However, due to delays caused by the
earthquakes in Canterbury during 2010 and 2011 these experiments will likely take place
outside the time-frame of this thesis.
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Chapter 5 – Age Model for the M1 Stalagmite
5.1 Introduction
The development of an age model for the M1 stalagmite enables interpretation of possible
climate history for the central West Coast, South Island. Radiometric dating facilitates
determination of the rates of calcite precipitation over time. The growth rate of the stalagmite
determines the temporal resolution of the climate change events possibly recorded by the
carbonate chemistry (Baker et al. 1998). Because the growth rate is linked to the rate of drip
water flow, changes in growth rate can also assist in identifying changes in karst hydrology
(Baker et al. 1998; Genty et al. 2001).
Samples of the M1 stalagmite were sent to labs at both the University of Queensland,
Australia, and Stanford University, California, USA, for radiometric dating. However, due to
unforeseen circumstances, and measured low concentrations of radiogenic U and Th in the
M1 calcite, sample analyses have been delayed for more than 6 months and dates are
unavailable at the time of thesis submission. Once these dates become available the age model
for the M1 stalagmite, presented below, will be refined and presented in a forthcoming
manuscript.
5.2 Experimental Age Estimate
In the absence of radiometric dates, it is desirable to have a rough estimate of the age range
over which the M1 stalagmite grew. As the stalagmite was still active at the time of
collection, it is reasonable to assume the upper layers of calcite were deposited in the recent
past. It may also be possible to gain a rough estimate of the growth rate of the M1 stalagmite
by assessing the growth rates of other stalagmites collected in the region. It is likely that caves
within the same rock units, in the same climate, and environmental conditions, will produce
similar average stalagmite growth rates, although the variation about the average may be high
due to the complex hydrology of caves and the heterogeneity of drip water flow paths.
Fortuitously, considerable work by Dr. Andrew Lorrey has involved age model construction
for speleothems from caves in Punakaiki, West Coast, South Island. Punakaiki is only 30km
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south of Metro cave, and the same rock units in which Metro cave has formed are found there.
Like Metro cave, the caves around Punakaiki are within 10km of the coast, are surrounded by
the same native New Zealand forest, and experience the same climatic conditions.
Consequently, the growth conditions of stalagmites in these caves is likely to be very similar
to those in Metro cave. Given these assumptions the average growth rate of Punakaiki
stalagmites was used to model the approximate growth rate for the M1 stalagmite. This is the
best case scenario at the time of thesis submission.
Dr. Andrew Lorrey (co-supervisor to this thesis) kindly provided the average growth rate of
six stalagmites in Punakaiki caves, based on the ages and growth models of a number of
stalagmites. The deposition rate of each stalagmite was normalised relative to its length, to
enable stalagmites with different growth rates and age ranges to be compared. The average
growth rate of all the stalagmites (83 years per 1mm calcite) was then applied to the
continuous stable isotope record from the M1 stalagmite to calculate the approximate age of
each point (Figures 5.1-5.2).

M1 calcite δ18O values have been adjusted for ice volume following the record of global sea
level change presented in the ICE-5G (VM2) model of global isostatic change following the
LGM glaciation (Figure 5.1). This correction allows for changes in ocean stable isotope
composition during the LGM and the late glacial/interglacial transition to be removed from
the record (Figure 5.1) (Peltier 2004). The record has also been normalised to the LateHolocene (4Ka) modern climate, to allow any departures from this in the recent part of the
stalagmite record to be identified (Lorrey et al. 2008). The recently published stable isotope

Figure 5.1: Plot of ice volume corrected (dark blue) M1 calcite δ18O values with uncorrected (light blue) δ18O
values (Peltier 2004).
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Figure 5.2: Experimental age model for the M1 stalagmite, based on the growth rates of stalagmites in Punakaiki
caves 30km south of Metro cave. M1 Stable isotope record is normalised to the Late Holocene (4 Ka), and ice
volume corrected following adjustments made according to the global ICE-5G (VM2) model (Peltier 2004).
Holocene HW3 stable carbon and oxygen data were kindly provided by Dr. Tom Whittaker, and the age data
from this stalagmite were not used in the average growth rate model to enable comparison with an independent
time series (Whittaker et al. 2011). Grey bars mark cold periods in the Southern Alps identified through
cosmogenic and 10Be dating (Schaefer et al. 2009; Kaplan et al. 2010; Putnam et al. 2010).

data from a Punakaiki stalagmite have been plotted for comparison to the M1 stable isotope
data (Figure 5.2) (Whittaker et al. 2011).
Several recently published studies have helped to define periods of cooler climate in the
South Island using cosmogenic and 10Be dating techniques (Schaefer et al. 2009; Kaplan et al.
2010; Putnam et al. 2010). Of note in the M1 stable isotope data are the links between
also correspond with negative carbon peaks (Figure 5.2). The timing of negative peaks in both
the HW3 δ18O values and the M1 δ18O values (as far as they overlap) is reasonably close
(based on visual inspection), supporting the idea that the average growth rate of Punakaiki
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stalagmites can be used for an experimental growth model for the M1 stalagmite (Figure 5.2).
The general consistency of the negative stable isotope peaks with cold periods in the Southern
Alps suggest the experimental age model may be a fairly good approximation of the age of
the M1 stalagmite, although, as expected, the line-up is not exact in some places (Figure 5.2).
A more conclusive analysis must remain pending radiometric age determination on M1.
The basal age of the M1 stalagmite potentially allows some additional insights into cave
breakdown processes. The M1 stalagmite was growing on the rubble from a cave collapse, so
theoretically the basal age of the stalagmite should give the minimum age for the collapse
event. As the basal age of the M1 stalagmite is likely to be close to 14 Ka, this indicates the
collapse event forming the rubble in Eureka Hall in Metro cave happened prior to this.
However, because the processes of cave collapse are ongoing and are not necessarily linked to
seismic events, the collapse in Eureka Hall could have occurred at any time after the
formation of the chamber but before 14 Ka. Given the through flowing hydrology of the
Metro cave system, it will be difficult to confidently ascribe the timing of cave collapse to
paleoseismic events rather than cave instability associated with carbonate dissolution by
surface waters.
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Chapter 6: Interpretation and Discussion

6.1 Introduction
Interpretation of the geochemical signals recorded by speleothems can be carried out in many
different ways. Studies from many locations around the world have shown that processes in
the local area exert a strong control on the preservation of climate information in a stalagmite.
Two stalagmites from different locations may show similar signals, but may be influenced by
spatial or temporal dependent processes in different ways, leading to distinct interpretations of
past climate change (Mattey et al. 2010). Stable oxygen isotopes, with or without stable
carbon isotopes, have been used as paleo-temperature proxies, while carbon isotopes have
also been used to infer past vegetation changes and further linked to periodic wet/dry changes
in precipitation (McDermott 2004; Williams et al. 2005; Lachniet 2009; Whittaker et al.
2011). Changes in trace element concentration have also been linked to temperature change,
and elemental ratios of trace elements have been used to infer changes in processes such as
prior calcite precipitation, changing partial pressure of CO2 (pCO2) in cave air, and changing
water sources (Borsato et al. 2007; Cruz et al. 2007; Fairchild & Treble 2009). In light of the
many variables affecting stalagmite geochemistry it is beneficial to gain an understanding of
the local environment around the cave, and to use as many different proxies as possible when
using a single stalagmite for paleoclimate interpretations. Ultimately, the most robust
interpretations will result from compilations, or stacks, of multiple high-quality speleothem
proxy records.
This thesis combines the use of modern cave “environment” data with high-resolution
stalagmite trace element and stable carbon and oxygen isotopic composition data to
investigate intervals of change in the M1 stalagmite.
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6.2 Interpreting Stable Isotopic Composition
6.2.1 Stable Oxygen Isotopes
A variety of environmental processes and conditions influence the stable isotopic composition
of stalagmites. Processes outside the cave, including biological, pedospheric, and
climatic/weather, cause fractionation of isotopes in the water before it percolates
underground. Inside the cave several more processes further alter the isotopic composition of
the water prior to carbonate formation. The processes influencing the stable oxygen isotope
composition of a stalagmite can be summarised into three effects – the cave temperature
effect, the precipitation effect, and the ocean source/ice volume effect.
The cave temperature effect describes the temperature related fractionation of oxygen
isotopes that occurs when calcite is precipitated in a cave (McDermott 2004; Lachniet 2009).
When this occurs under conditions of isotopic equilibrium between the drip water and the
calcite, 18O is preferentially incorporated into the CaCO3 (Lachniet 2009). Several
experimental studies have proposed fractionation factors describing the relationship for
synthetic calcite, with the most commonly used one stating the dδ18Oct/dT = -0.24 at 10ºC
(O'Neil et al. 1969; Kim & O'Neil 1997). Because the slope of the cave temperature effect is
negative, when there is a decrease in cave temperature, relatively more 18O is incorporated
into the calcite resulting in more positive calcite δ18O values (Kim & O'Neil 1997).
Calcite may also precipitate out of isotopic equilibrium with the drip water, due to rapid
kinetic fractionations of the oxygen and carbon isotopes (Hendy 1971). The most important
variables that can lead to kinetic fractionation are the drip rate and the rate of CO2 degassing
from the drip water (Lachniet 2009; Dreybrodt & Scholz 2011). CO2 naturally degasses from
the drip water because cave air generally has relatively low pCO2 values, whereas the water
has high pCO2 values due to critical zone processes above the cave. This carbon concentration
gradient allows CO2 to degas from the water causing super-saturation of calcite due to
elevated Ca2+ in the drip water (Fairchild et al. 2006a; Baldini et al. 2008). If there is a high
pCO2 gradient, calcite precipitation occurs faster, and may sometimes result in calcite being
formed before the drip water oxygen and carbon isotopes have equilibrated, leading to more
positive δ18O and δ13C values in the speleothem (Baldini et al. 2008). A similar situation can
occur if the rate at which drip water seeps through the karst is very fast, not allowing enough
time for the oxygen isotopes to equilibrate with those from the dissolved limestone before
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reaching the cave (Dreybrodt & Scholz 2011). Conversely if the drip rate is very slow, and
each drop sits stagnant on top of the stalagmite for close to an hour or more, further CO2
exchange with the cave air can cause stable isotope disequilibrium in the water (Dreybrodt &
Scholz 2011). Consequently, the drip rate, the ventilation of the cave, and the residence time
of water in the karst must all be favourable for the isotopic composition of rainwater and the
climate signals it contains to be preserved in a stalagmite.
The δ18O value of unmodified rainwater entering the cave is the primary climate proxy
recorded in stalagmites. These values are influenced by the isotopic composition of the ocean
where the moisture was sourced, the amount of precipitation, the extent to which the
precipitating air mass has moved across land, and how much elevation has been gained. Other
important variables include the track path the air mass has followed before prior to rainfall,
and the atmospheric temperature at the elevation from which the rain precipitated, both of
which alter through time with changing circulation patterns. The temperature effect describes
how changing the temperature at which water precipitates also changes the δ18O value of the
rain. The global relationship between the δ18O value of rainfall and the temperature at which
it precipitated at was described by Dansgaard in 1964, with a linear equation δ18O =
0.69(MAT) – 13.6‰ (SMOW) (Dansgaard 1964). However, while the global slope is
0.69‰/ºC many local regions depart significantly from this. Proposed New Zealand values
for the precipitation effect (Δδ18Op/dT) have varied considerably. A study of stalagmites from
two caves at a higher altitude site (Mt Arthur, North-west South Island) suggested that the
slope of Δδ18Op/dT was 0.19‰/ºC (Hellstrom et al. 1998), whereas two other studies
compared the weighted δ18O of precipitation and mean annual temperatures from the far north
(Kaitaia) and far south (Invercargill) with the result of Δδ18Op/dT = 0.35‰/ºC (Williams et al.
2005) and Δδ18Op/dT = 0.42‰/ºC (Whittaker 2008). The key issue with the variability in the
rainfall temperature effect is whether the difference between the rainfall temperature effect
and the cave temperature effect of carbonate formation is positive or negative (McDermott
2004). This is because the rainfall temperature effect acts in the opposite direction to the cave
temperature effect. Thus, depending on the magnitude of the rainfall temperature effect
stalagmite δ18O values could be interpreted in different ways (McDermott 2004). In the study
from Mt Arthur the cave temperature – rainfall temperature effect difference was negative, so
more negative calcite δ18O values were interpreted as warmer; while the studies from other
South Island caves had a positive difference, so lower δ18O values were interpreted as cooler
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(Hellstrom et al. 1998; Williams et al. 2005; Whittaker 2008). These study-specific
differences highlight the complexity, and need for extreme care and caution, when
interpreting temperature trends from speleothem δ18O values alone.
Another factor influencing meteoric water δ18O values over time are changes in global ice
volume. The formation of continental ice during a glacial period requires the evaporation of
water from the ocean, which is then deposited as snow contributing to ice caps. This leaves
the ocean relatively enriched in 18O (Lachniet 2009). The opposite occurs in global
greenhouse conditions with less ice at the poles, ultimately leading to increases in the δ18O
value of global oceans due to ice melting. This is an important effect to consider when
studying stalagmites that span the LGM and other cold periods, as the moisture delivered
from the sea will have more positive δ18O values during periods of continental ice growth and
preservation, resulting in 18O enriched water reaching the cave, relative to warm periods
where ice volumes are lower (Williams et al. 2005). Estimating the degree to which ocean
δ18O values increased during cold periods allows stalagmite δ18O values to be adjusted by the
same amount to remove ice volume effects from the record (Williams et al. 2004, 2005).
6.2.2 Temperature reconstructions from the M1 stalagmite
A simple reconstruction of temperature from the M1 stable oxygen isotopes was carried out in
order to evaluate the relative importance of temperature and other environmental processes.
The commonly used equation from Kim & O’Neil (1997) was used, as was a new calcitewater fractionation equation proposed by Demeny et al. (2010) from stable isotopic analysis
of naturally occurring calcite and travertine from various caves and deposits.
1000lnα(calcite-H2O) = 18.03(103T-1) – 32.42

(Kim & O'Neil 1997)

1000lnα = 17500/T – 29.89

(Demeny et al. 2010)

As both these equations require that the value of drip water δ18O is known, the measured
average drip water δ18O value from the M1 stalagmite feeder drip was used (-2.80‰ SMOW,
n=4, σ=0.62). For the purposes of this reconstruction, it was further assumed that the average
isotopic composition of the drip water had not changed over the time of stalagmite growth.
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This is a dubious assumption as the drip water δ18O was shown to vary by 12.9% from the
average over fortnightly timescales. Thus, the reconstruction gives only an estimate of the
amount of temperature change necessary to cause the observed M1 δ18O record. The results
produced a total temperature change over the growth period of the stalagmite of 8-9ºC (Figure
6.1).

Figure 6.1: Temperature reconstruction using two different calcite-water fractionation equations (Kim & O'Neil
1997; Demeny et al. 2010) and the stable oxygen isotope data from the M1 stalagmite.

The suggestion that around 8ºC of temperature change has occurred in the last 14-15 Ka is
very unrealistic, as even at the height of the LGM in New Zealand temperatures are not
thought to have dropped more than 4-6ºC relative to today (Anderson & Mackintosh 2006;
Barrows et al. 2007; Drost et al. 2007). This means that the assumption that cave drip water
has remained at a constant average does not hold true, and it is also likely that temperature
alone cannot account for all the variation in the stable oxygen isotope record. The likelihood
of past variable cave drip water composition is enhanced by considering the high variability
in the modern drip water collected from the cave during this study (Figure 4.2). The
implication of past variation in cave drip water is that until there can be some quantification
of these changes through time, it is very difficult to produce a realistic record of temperature
from stalagmite oxygen isotope records alone.
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6.2.3 Stable Carbon Isotopes
The changes in the stable carbon isotope composition of a stalagmite are also related to
environmental and climatic changes. Above the cave, rainwater interacts with the vegetation
and soil microbes, changing the dissolved carbon content of infiltrating waters. The exchange
of CO2 through decomposition of organic material results in the carbon in the water
isotopically equilibrating with the local vegetation. The majority of carbon is present in the
water as dissolved inorganic carbon (DIC), and depending on the pCO2 of soil water is
generally in the range of -14‰ to -18‰ in a C3 forest (McDermott et al. 2005). In times of
dryness and water stress plants cause a fractionation of carbon isotopes through conserving
and recycling water (Warren et al. 2001; Lambert & Aharon 2011). As such there can often be
a seasonal change of δ13C – DIC values due to changing biomass productivity. Drier
conditions put plants under stress and reduce productivity, leading to more positive DIC δ13C
values, while wetter than normal conditions result in 13C depletion and more negative DIC
δ13C values (Lambert & Aharon 2011).
Similarly, large changes in water δ13C values can occur when climate changes cause shifts in
the type of vegetation growing in an area. In some areas changing climate allows a shift from
C3 pathway dominated vegetation to C4 pathway dominated vegetation. The C4
photosynthetic pathway results in heavier carbon values being incorporated into the
vegetation, typically in the range of -16 to -10‰ (McDermott et al. 2005). However, this is
not likely to have occurred in New Zealand as the vegetation around Metro cave is dense
native forest completely made up of C3 pathway plants, and C4 plants have almost certainly
never grown in the area as there are only two rare native C4 pathway species which are both
dune dwelling (Whittaker et al. 2011).
Despite the lack of C4 plants in New Zealand, the δ13C values (-9.14‰ to -3‰) from M1
calcite are significantly more positive than would be expected of water that has interacted
with C3 plants. Some of this is likely due to the addition of carbon through the dissolution of
local limestone, which equilibrates with the water as it seeps downwards. The degassing of
CO2 when the drip water enters the cave also increases the δ13C value by preferentially
removing the lighter 12C isotopes (Frisia et al. 2011). Further degassing and equilibration to
cave air occurs on the top of the stalagmite, again causing an increase in the δ13C values of
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the calcite-forming water (Frisia et al. 2011). Consequently, the temporal changes in cave
ventilation and pCO2 which affect the δ18O value of the water, also affect the δ13C
composition (Dreybrodt & Scholz 2011; Frisia et al. 2011). In drier periods degassing of CO2
and prior precipitation can occur before the drip water enters the cave where the stalagmite is
forming. This would result in water with more positive δ13C and δ18O values precipitating
calcite on the stalagmite. Thus, it is possible that the co-variation of calcite δ13C and δ18O
values across various growth periods may be used as a proxy for wet/dry periods of climate.
Consequently, in different scenarios of climate change (drier/warmer, wetter/cooler) there are
competing processes driving both the δ13C and δ18O values of the stalagmite in different
directions. Therefore it is necessary to work out which processes are dominating the stable
carbon and oxygen isotope composition of the stalagmite in the local region (Quigley et al.
2010). For example, in dry conditions the temperature is usually warmer and there is more
evaporation, which if the precipitation effect is dominant, where Δδ18Op/dT = 0.35‰/ºC
(Williams et al. 2005), results in more positive δ18O values in rainfall; whereas the warmer
temperatures in the cave could result in more negative δ18O values through the cave
temperature effect (Quigley et al. 2010).
6.3 Interpreting Trace Element Composition
Speleothem trace element concentrations can be used as proxies for cave hydrological
changes through time (Fairchild & Treble 2009). Trace elements and rare earth elements
(REE) are incorporated into cave feed waters, and hence are affected by the many processes
that modify cave drip water as it percolates through a karst system. Thus climatic changes
causing relatively wetter and drier environmental conditions affect the concentrations of
particular trace elements (Fairchild & Treble 2009). Hence, measuring trace element
concentrations in a stalagmite can give insights into environmental controls such as
temperature, trace element source and transport changes, vegetation changes, and rainfall
amounts, independent of stable isotope compositions. Consequently, the trace element data
from the top and bottom sections of the M1 stalagmite can be used to help interpret the stable
isotope record and infer changes in climate affecting the local region around Metro cave
through time.
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In cave environments, aqueous trace element concentrations are influenced by inputs from
atmospheric, bedrock, and detrital sediment sources, and also by the redox and pH state of the
water. Dissolution and weathering of local bedrock and detrital sediment liberate trace
element species into the soil and water (Borsato et al. 2007). Around Metro cave, Mg and Sr
and other alkali earth elements (Ca, Ba) are most likely derived from dissolution of the
limestone bedrock. However, aeolian inputs blown across the Tasman Sea from Australia can
also be a significant source of aqueous phases (Marx et al. 2005; Fairchild & Treble 2009).
Additionally, some elements can be leached from soil organics, while others are bound to
various colloids which can be flushed from the soil and stream water depending on aqueous
geochemical conditions, such as pH and redox state (Fairchild & Treble 2009). Colloids can
be formed by many different particles such as clays, mineral precipitates, organic complexes,
and even viruses and bacteria; while the charged surfaces of these particles allow other trace
elements to bond to them (Kretzschmar & Schäfer 2005). Iron-rich colloids are often
associated with trace elements such as Pb, Th and U, while other elements such as Zn, Cu and
Yttrium (Y) are associated with inorganic and organic complexes (Pokrovsky & Schott 2002;
Borsato et al. 2007). Some studies have found that the close association of Y with organic
complexes means it is often found in higher concentrations in stalagmite calcite bands with
higher UV-fluorescent properties (Borsato et al. 2007). Colloids are sensitive to high and low
water flow and some, such as Fe-Ca rich colloids in particular, can be strongly retained in
karst fractures (Mavrocordatos et al. 2000). Periods of high precipitation tend to wash more
colloids into karstic systems where they can be incorporated into stalagmites (Fairchild &
Treble 2009).
Increases in concentration and co-variation of particular trace elements in a stalagmite can be
used as indicators for certain processes and climate conditions. For example, when prior
calcite precipitation occurs, the proportion of trace element cations relative to Ca2+ in the
remaining solution increases. Thus, when more carbonate is precipitated at the stalagmite
there can be a strong enrichment and co-variation of Mg and Sr (Fairchild & Treble 2009).
Prior carbonate precipitation can occur when seeping drip water encounters air with lower
pCO2 than the soil, and tends to be enhanced during dry periods when there are more aerated
zones in the karst, as the drip water can degas and become supersaturated with calcite ions
prior to reaching the stalagmite (Tooth & Fairchild 2003). Sr concentrations in stalagmite
calcite have been shown to be linked with stalagmite growth rates under certain conditions,
with more Sr incorporated during times of increased calcite precipitation, and less when
79

growth rates are slower; although at lower overall growth rates this pattern is less obvious
(Borsato et al. 2007). Speleothem Mg has been used as a paleo-rainfall proxy, and some
studies have used Mg concentrations to reconstruct changes in ENSO severity and associated
shifts in water balance (Treble et al. 2003; Treble et al. 2005). The co-variation of Mg
concentration with changes in speleothem δ13C and/or δ18O values can indicate that the calcite
geochemistry has been strongly influenced by changes in water balance, allowing
interpretation of a stalagmite record in terms of cave hydrological change (Hellstrom &
McCulloch 2000; Verheyden et al. 2000; Cruz et al. 2007).
Changes in cave hydrology can also be inferred from changing Fe concentration in
stalagmites. The concentration of Fe in the M1 stalagmite shows a regular cyclical pattern up
the growth axis (Figure 6.2). Compared to the bottom section, the average concentration of Fe
is much lower, and the peaks much higher in the top section of the stalagmite (Figure 6.2).
The influx of Fe into the cave environment is through the entrainment of dissolved Fe and Febearing sediment and colloids into the groundwater. Fe in river water is mainly present as
dissolved species such as colloids and trace element complexes with dissolved organic and
inorganic ligands, other suspended particulates in the form of Fe-oxides, clays, and high
molecular weight organic compounds (Sholkovitz & Copland 1981; Bergquist & Boyle
2006). Colloids and small detrital particles are easily mobilised from soil, and the weathering
of bedrock in the watershed also contributes to the Fe load in the streams contributing to
Metro cave and the groundwater of the karst aquifer. Another possible source of Fe is from
airborne dust (Marx 2005). Although the total concentration of Fe in rainfall in more remote
areas of New Zealand is low, due to the lack of significant anthropogenic inputs, the majority
of rainwater Fe is present as particulates, suggesting it has a solid crustal source (Halstead et
al. 2000). This is supported by the Australian provenance of airborne dust deposited on West
Coast alpine glaciers in the Southern Alps (Marx et al. 2005). Australian dust differs from
New Zealand sourced loess and dust in that the higher concentrations of heavy trace metals
such as Pb and Cu reflect higher anthropogenic contamination (Marx 2005; Marx et al. 2005).
The long distances between Australia and New Zealand allows scavenging of these metals
and others (Zn, Sb, and Cd), resulting in higher trace metal concentrations (Marx et al. 2005).
The frequent occurrence of Australian dust storms over New Zealand suggests this has been
an important source of trace metals in West Coast systems throughout the Quaternary
(McTainsh 1989; McTainsh & Lynch 1996). Thus it is possible that the periods with higher
Fe concentration in the M1 stalagmite relate to increased westerly wind strength.
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Figure 6.2: Fe concentration in the base (left) and top (right) sections of the M1 stalagmite. Note the log-scale in
the top section (right). There has clearly been a shift between the base and top sections from larger magnitude
oscillations to smaller scale oscillations, lower concentration, and larger peak spikes.

6.4 M1 Trace Element Dilution/Enrichment Models
The M1 trace element record exhibits periods where concentrations are well above
background levels. These intervals are clearest in the conservative elements Y and La, but are
also observable in Cu, Pb, Zn, U, and Th concentrations, and to a lesser extent in Fe, Sr, Ba,
and Mg. The periods with marked increases in trace element concentration is shown in the
graphs where the raw data increases more than 1 standard deviation above the 5pt running
mean of the data (indicated by the thin black line) (Figure 4.3a-d). To explore
dilution/enrichment patterns, trace element concentrations were plotted against concentrations
of the conservative tracer, Y (Figure 6.3a-b). Several intervals have been shown on the graphs
with different symbols to highlight the similarities and differences between intervals of
growth in the M1 stalagmite. Intervals B, C, H, and I were chosen for plotting because they
are not at the very top or bottom of the stalagmite where there may be some distortion of the
stalagmite layers, but they include intervals of growth from both analysed sections of the
stalagmite. All the trace element species measured show a large increase in concentration at
the very tip of the stalagmite, so interval J (the tip) was also plotted to compare with other
intervals. Intervals considered “normal”, where peaks do not significantly increase above
background levels, were plotted as part of the overall data on each dilution/enrichment plot.
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Figure 6.3a: Dilution/enrichment plots of trace elements against Y concentration in ppm. Five separate intervals
are plotted over all the data from the top and bottom sections of the M1 stalagmite. Intervals B and C are from
the base of the M1 stalagmite and intervals H, I, and J are from the top section.
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Figure 6.3b: Dilution/enrichment plots of stable oxygen and carbon isotopes and trace elements (Sr) against Y
concentration in ppm. Five separate intervals are plotted over all the data from the top and bottom sections of the
M1 stalagmite. Intervals B and C are from the base of the M1 stalagmite and intervals H, I, and J are from the
top section.

Figures 6.3a-b present the concentrations of these trace elements at the growth intervals
indicated (B, C, H, I, J). Intervals B and H occupy very similar areas in all graphs for all the
trace elements, and in most graphs interval B is obscured by interval H. These two intervals
are characterised by an increase only in the various trace element concentrations, with little
variation in Y. This suggests that during these periods of stalagmite growth processes were
occurring that increased the concentrations of most trace elements, but not of the conservative
elements Y and La. Intervals C and I are similar in that they both show large increases of Y in
all the plots. The increase in the other trace element concentrations is usually more than that
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observed in intervals B and H. However, interval I tends to show higher trace element
concentrations than interval C. The very tip of the M1 stalagmite (interval J) most often
shows a simultaneous increase in y-axis and x-axis trace elements. Whereas intervals C and I
suggest that Y and the other trace elements are both increasing during the period of growth,
but not simultaneously.
The general patterns observed in the graphs presented in Figures 6.3a-b include:
1. When the stable isotope composition is plotted against Y the intervals (B, C, H, I, J) all
overlap more than the in the trace element plots in Figure 6.3a.
2. In the plots of stable isotope composition against Y, the only interval to show increases in
Y is interval J – the very tip of the M1 stalagmite.
3. Intervals C and I have more negative stable isotope values than intervals B and H (from
the bottom and top sections of the M1 stalagmite).
4. Interval J differs between the two stable isotope plots in that it occupies the most positive
δ13C values, but the most negative δ18O values.
5. Intervals B and H show changes in Sr concentration, but little increase in Y, while
intervals C and I and J show considerable increases in Y.
6. Interval J is the only period of growth in the M1 stalagmite that shows simultaneous
increases in trace element and Y concentrations in any of the plots.
7. In all the plots, intervals B and H consistently show increases in trace element/stable
isotope concentrations, but not Y concentrations, while intervals C and I show increases in
both trace element/stable isotope concentrations and Y concentrations.
Overall the plots in Figures 6.3a-b indicate that growth intervals in the M1 stalagmite similar
to B and H are characterised by increases in some trace element concentrations, but not in the
conservative Y and La, and by more positive stable isotope values. Growth intervals similar
to C and I are characterised by significant increases in Y as well as other trace element
concentrations, and by more negative stable isotope values. Interval J is the only interval to
show simultaneous increases in both trace element concentrations and Y concentrations.
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6.5 Paleoclimate from the M1 Stalagmite
As trace element concentrations in a stalagmite are derived, in a large part, from their aqueous
concentration in cave drip waters, interpretation of trace element profiles centre on changes in
hydro-climatic conditions. At the most basic level, wetter periods could decrease elemental
concentrations by dilution, whereas the converse would occur during drier periods.
Alternatively, wetter conditions might introduce larger quantities of mobile elements and
colloids through pulses of water entering the cave system, or increased weathering of bedrock
and mobilised sediment.
Despite the more intuitive interpretation that trace element concentrations are diluted during
wet conditions and enriched during dry conditions, the literature supports the alternative
explanation of increased mobilisation of dissolved and particulate bound trace elements and
REE during wetter than normal conditions (Kretzschmar & Schäfer 2005; Borsato et al. 2007;
Zhou et al. 2008a). Consequently, the intervals where all the trace element concentrations
increase in the M1 stalagmite could be driven by shifts to wetter climate. A period of time
with more intense rainfall would cause more colloids to be washed through the soil into the
cave system (Ingri et al. 2000; Borsato et al. 2007). As Y and other REE readily form
complexes with carbonate in slightly acidic to basic water conditions, these elements are very
mobile and the aqueous concentration of such complexes in river water can be increased five
to twentyfold during weathering (Wood 1990; Sholkovitz & Shen 1995). Other particulate
bound and dissolved trace elements would also be expected to increase as pulses of water and
wetter than normal conditions increase the sediment load into the cave system (Pokrovsky &
Schott 2002; Treble et al. 2003; Kretzschmar & Schäfer 2005). This would promote higher
concentrations of dissolved, colloid, and organically bound elements (particularly Y) in the
precipitating calcite (Zhou et al. 2008a). These periods of carbonate formation should also be
associated with higher growth rates and thicker layers in the stalagmite, as more water
entering the cave generally means drip rates are faster. Intervals C, E, G, I, and J mostly
correspond with the white layers of calcite, although D does not (Figures 4.4a-b). In addition,
these intervals all mostly correspond with negative peaks in both the oxygen and carbon
isotope record in the M1 calcite. The negative peaks in the M1 stable carbon and oxygen
isotope values are interpreted to represent wetter and colder conditions. Increased annual
precipitation increases the water balance and input of organic material to the cave, producing
more negative calcite δ13C values. Also, a colder, wetter climate produces more negative
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oxygen stable isotope values when the precipitation effect is more dominant than the cave
temperature effect.
Conversely, the intervals where Y and La do not increase may be the result of drier climate.
This would result in slower seepage of water through to the cave, promoting more mixing of
water in the karst, and a higher likelihood of prior calcite precipitation (Fairchild & Treble
2009). The removal of Ca2+ ions through the precipitation of calcite prior to the drip water
reaching the stalagmite would result in water relatively enriched in some of the trace element
species reaching the stalagmite. The evaporation of stream water and cave seepage water
would also increase the relative concentrations of some trace elements. The slower seepage
flow through to the cave would lead to a slower drip rate at the stalagmite. Intervals A, B, F,
and H tend to correspond with thinner, darker layers of calcite. These intervals also generally
correspond with more positive peaks in the calcite stable carbon and oxygen isotope record.
The more positive peaks in the stable isotope composition of the M1 calcite are interpreted to
represent warmer, drier conditions in the Metro cave region. Drier conditions increase the
water stress on local vegetation, resulting in carbon entering the cave system with more
positive δ13C values. In addition, there is also usually more evaporation in warm, dry periods
promoting more positive water δ18O values.
These interpretations of the M1 stable isotope record suggest that cooler, wetter conditions
occurred on the West Coast around 14.5 Ka, with the most negative oxygen isotope values
occurring at 14 Ka. This time period coincides with the Antarctic Cold Reversal (ACR), and
the same negative peaks can be seen in the HW3 record (Figure 6.4). The M1 stable isotope
values increase by ~1‰ after 13.8 Ka, but another prominent negative peak in both the
carbon and oxygen isotope values close to 12 Ka indicates a return to cooler, wetter
conditions. The peak at 12 Ka is also present in the HW3 record (Figure 6.4). From 12 Ka to
10 Ka the M1 oxygen isotope values show a warming trend, however, the carbon isotope
values indicate steadily wetter conditions prevailed until 9 Ka. Just after 9 Ka the oxygen
isotope values indicate another cold, wet point was reached, and for close to a further 4000
years the oxygen isotope values are highly variable, with several oscillations between more
positive and more negative values. Although the M1 carbon isotope values remain relatively
positive during this period, suggesting drier conditions, it seems likely that temperature may
have varied somewhat, and imply the glacial advances recorded in the Southern Alps 6.6 Ka
to 6.2 Ka may have been more pronounced on the West Coast (Alloway et al. 2007; Schaefer
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et al. 2009). From 4 Ka to the present the M1 stable isotope record indicates several cold, wet
periods occurred, most of which correspond well with dated glacial advances (Figure 6.4).
Although the absolute timing and duration of the cold periods recorded throughout the M1
calcite stable isotope record cannot yet be determined, the sequence of climatic changes is
similar to those proposed from other proxy records (Suggate 1990; Mayewski et al. 2004;
Williams et al. 2005; Whittaker et al. 2011). The large positive increase in calcite carbon
isotope values at the very tip of the M1 stalagmite likely reflects a shift to relatively drier
conditions, but may also indicate increased disturbances to the forest over the past few
centuries.
This interpretation of the M1 stalagmite stable isotope record corroborates those drawn from
other recently published stalagmite records, which suggest that changes in annual
precipitation and the atmospheric temperature of rainfall precipitation are the most important
controls of West Coast stalagmite geochemistry (Williams et al. 2010; Whittaker et al. 2011).
Furthermore, the interpretation of periodic changes in precipitation on the West Coast are
linked to changes in atmospheric westerly circulation patterns and strength, as it is
through changes in westerly wind strength that changes in precipitation on the West Coast
occur (Clare et al. 2002; Lorrey et al. 2007; Whittaker et al. 2011). Increases in westerly wind
flow over the South Island of New Zealand are primarily driven through the northward
migration of both the Subtropical and Sub-polar Fronts over millennial timescales, which both
increase the annual precipitation on the West Coast, and are associated with cooler
temperatures (Vandergoes & Fitzsimons 2003; Carter et al. 2008; Whittaker et al. 2011).
Annual precipitation is also affected on shorter timescales by changes in IPO mode and
ENSO (Salinger & Mullan 1999; Salinger et al. 2001; Lorrey et al. 2007). However, these
more detailed interpretations are precluded by the current lack of absolute age dates for the
M1 stalagmite.
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Figure 6.4: Comparison of the M1 stable oxygen and carbon isotope record with stable isotope records from a
Punakaiki stalagmite (HW3) and the North West South Island Master speleothem record (PW NWSI) (Williams
et al. 2010; Whittaker et al. 2011). Data were kindly provided by Dr. Tom Whittaker for HW3, and by Prof. Paul
Williams for the NWSI Master record. Grey bars represent periods of known Holocene glacial advances in the
Southern Alps (Schaefer et al. 2009; Kaplan et al. 2010; Putnam et al. 2010).
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6.6 Discussion of M1 Paleoclimate
6.6.1 Comparison with Two South Island Stalagmite Records
Temperature and precipitation are both key controls on climate in the West Coast region.
These are heavily influenced by the ocean and atmospheric circulation patterns occurring to
the west of New Zealand, as the West Coast of the South Island lies directly in the Southern
Hemisphere westerly wind path. In determining which has the stronger effect on stalagmite
stable isotope geochemistry, it is necessary to consider the time period over which the
stalagmite has grown. The M1 stalagmite most likely started forming around 14 Ka, and its
continuous laminated texture suggests it has grown continuously since then. This period of
time follows the warming that occurred post-LGM, and was generally equitable compared to
the LGM, however, several significant climate reversals are also known to have occurred,
both in the Southern Hemisphere, and in the Northern Hemisphere (McGlone et al. 2004;
Vandergoes et al. 2005; Thackray 2008). Although radiometric dates for the M1 stalagmite
and the growth rate of the stalagmite are still unknown, the experimental age model presented
in Chapter 5 compares favourably with other published stalagmite records from the same
region (Whittaker et al. 2011), supporting the estimated maximum age of 14 Ka (Figure 6.4).
Changes in climate (temperature and precipitation) cause competing changes in calcite stable
oxygen isotope composition through the cave temperature effect, the rainfall precipitation
effect, and the changes to annual precipitation amounts. Although temperature has an
important effect on stalagmite geochemistry, it cannot be the dominant control, as the amount
of variation observed in the M1 calcite stable oxygen isotope values is too high to be
accounted for by temperature alone (Figure 6.1). In addition, the estimated change in
temperature over the last 14 Ka is between -1ºC to -4ºC (Singer et al. 1998; Anderson &
Mackintosh 2006; Carter et al. 2008), which is not enough to account for all the variation
observed in the M1 oxygen isotope record. Therefore, changes in: precipitation amount; the
atmospheric temperature at which rain is precipitating; and, the balance between precipitation
and evaporation (P/E) in the region are the most likely primary controls on the variation of
M1 stalagmite geochemistry.
The impact of precipitation and water balance changes on the West Coast is supported by the
patterns of dilution/enrichment in the calcite trace element concentrations (Figures 6.3a-b).
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The negative peaks in the M1 oxygen isotope record, especially in the recent calcite near the
tip of the stalagmite where the age is more certain, agree well with the suggested periods of
glacial advances in the Southern Alps (Schaefer et al. 2009; Kaplan et al. 2010). The oldest
part of the M1 stable oxygen isotope record fits well with the negative peaks recorded in the
HW3 stalagmite from Punakaiki (Figure 6.4) (Whittaker et al. 2011), which also suggests that
the base of the stalagmite is close to 14 Ka in age.
Large portions of the M1 and HW3 oxygen isotope records overlap, with prominent negative
peaks occurring at close to the same time (Figure 6.4). In the HW3 record, the negative
oxygen and carbon isotope peaks are interpreted as representing cooler, wetter periods, with
precipitation effects dominating cave temperature effects (Whittaker et al. 2011), and the
similarity between the two records suggests the M1 stalagmite contains similar responses to
environmental and climatic changes in the region. The carbon isotope records from the two
stalagmites are more distinct than the oxygen isotope records, however, several negative and
positive peaks occur about the same time (Figure 6.4). This suggests that local processes
particular to the cave systems are contributing to differences in δ13C DIC values, but also that
the two stalagmites are influenced by regional drivers of climate change. The two records also
show similar amounts of variation in the calcite stable isotope composition. This is likely to
proceed from the fact that these are both records from single stalagmites, which capture the
variability of hydrological processes through the epikarst in their respective cave systems.
While the M1 and HW3 stable isotope records are largely similar, there are some notable
differences as well. These likely stem from the variability in drip water flow paths and
differences in particular local environmental conditions in the two cave systems, despite only
~30km distance between the caves.
In contrast to the HW3 record, the M1 stable isotope record has fewer similarities with the
master record from Williams et al. (2010), which is a composite series of 8 stalagmites from
North West Nelson (Figure 6.4). Although the timing of some cold periods in both records is
similar, especially at 12 Ka and 2 Ka (Figure 6.4), others do not line up quite so closely.
There are also significant differences in the amount of variation in the two stable isotope
records, particularly in the oxygen isotope values. The M1 stalagmite oxygen isotope values
vary over close to 7‰ (after ice volume corrections) while the NWSI record varies over
~1.4‰, with the master series showing smaller scale changes. This reflects the differences
between single stalagmite records and records compiled from several stalagmites. The M1
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stalagmite shows much more of the natural variation present in the local area, while the
composite master record indicates the more general trends in larger-scale regional climate.
Because the M1 stable isotope record is from a single stalagmite, the isotopic variation
present in the record allows local climatic changes, particularly during the Late Holocene, to
appear more pronounced. As a result single stalagmite records may show more clearly the
smaller-scale climatic changes that have occurred in the local region of their cave, allowing
more detailed investigations of local climate.
6.6.2 Modern Geochemical Variability versus Past Variability
Most paleoclimate research/proxies report on changes relative to the modern environment.
While the average modern climate is well known for all the regions of New Zealand, the
details of modern climatic variability in cave systems are not so well understood. It is well
known that variations in processes in the modern cave environment have a strong impact on
the geochemical signal recorded in stalagmite calcite (Mickler et al. 2004; McDermott et al.
2005; Fairchild et al. 2006b), and that this variability in the cave region must be understood in
order to reach the best possible interpretations from a stalagmite climate proxy record.
However, in general many studies of stalagmite records have assumed the modern cave
environment is relatively stable, reflecting the annual average climate, and that this has also
been in the case in the past (McDermott 2004; Williams et al. 2005). However, data gathered
during this study suggests that there is significantly more variability in the modern
environment than previously assumed. This is a key contribution of this research.
The large variation observed in the modern stable isotope composition of local rainwater,
cave drip water, DIC, and modern calcite, suggest the modern cave environment in New
Zealand can be extremely dynamic. The general assumption that the δ18O value of drip water
from which a stalagmite precipitates is close to the mean annual δ18O value of rainfall in the
region applied by others (Williams 2005), is called into question by this research. The drip
water collected from Metro cave during this study over two months in the winter showed
there can be significant fractionation of stable oxygen isotope values as water filters down
into the cave. Not only was there close to 2‰ difference between the average rainfall oxygen
isotope value and the average cave drip water oxygen isotope value, but over the two month
period the cave drip water varied by ~1.4‰ (Figure 4.2). There was an even larger variation
(~5‰) in the drip water DIC carbon isotope values, as well a large range of carbon and
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oxygen values in the top 5 samples from the stalagmite tip (calcite carbon range ~3‰, calcite
oxygen range ~1.6‰). These large variations suggest that in any one year there is
considerable variability in the annual average rainfall and drip water stable isotope values,
and that this is transferred through to the stalagmite. This suggests that there may be some
doubt as to a single stalagmite preserving the annual average rainfall δ18O value in recently
formed calcite.
The large stable isotope variation in the modern environment implies that there has been
considerable variation in the past. Furthermore, this suggests that climate change events can
only be easily discerned from a stalagmite record where the normal variability has been
accounted for. The large isotopic variability associated with the dynamic nature of processes
in Metro cave raises questions about whether equilibrium conditions can have occurred during
the formation of the M1 stalagmite. Nevertheless, the Metro cave environment has been
conducive to forming a highly laminated stalagmite, with growth axis calcite that passes
Hendy Tests. This implies that there is still significantly more to be learnt about the formation
of speleothems and the influence of climate in temperate, mid-latitude cave systems.
6.7 Summary
Considering the results discussed in this study, the methods of simplifying the complex
processes affecting stalagmite formation and geochemistry by making assumptions of cave
environment stability and isotopic equilibrium only serve to reduce the scope of information
that can be extracted from a stalagmite. Our understanding of cave environmental conditions
and processes is still incomplete, hence interpretations of stalagmite records still tend to carry
high uncertainty and should be read with extreme caution. Therefore, in order to understand
climatic changes in one particular region, from a single stalagmite, records must be used in
conjunction with considerable local modern environmental data. A record of the δ18O value of
local precipitation, along with the δ18O value of cave drip water, DIC stable isotope
composition, cave temperature and humidity changes over a year or more (depending on the
growth rate of the stalagmite) would be the ideal method for assisting interpretations of
climate in a local area from a stalagmite record. Data of cave air and soil pCO2, and their δ13C
values, would also assist in determining changes in stalagmite growth caused by changes in
degassing rates and cave air circulation. These data would not only allow the modern
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variability and cave system processes to be better understood, but would also enhance our
understanding of geochemical variation in older calcite, and would contribute to more
detailed interpretations of past climatic change.
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Chapter 7: Conclusions and Future Opportunities
This thesis presents a new high-resolution stable isotope and trace element record for a single
stalagmite from Metro cave, West Coast, New Zealand. This research was undertaken in order
to advance our understanding of both regional climatic changes during the Late Quaternary on
the West Coast, South Island, New Zealand, and to elucidate the climate signals preserved in
stalagmites. Importantly, this study demonstrates the utility of using multiple proxies of
environmental conditions through combined use of trace element concentrations and
carbonate stable isotopic compositions (the second such study in New Zealand; (Hellstrom &
McCulloch 2000). Additional novel contributions of this research include an investigation of
new stalagmite fluid inclusion analytical approaches.
The combined M1 calcite stable isotope and trace element record shows that precipitation and
water balance changes are the primary drivers of changes in calcite geochemistry of
stalagmites on the West Coast of the South Island. The M1 stalagmite record suggests that
environmental change in the South Island through the Late Quaternary was strongly
controlled by changes in atmospheric circulation and westerly wind strength. The South
Island of New Zealand is sensitive to the position of the Subtropical and Subpolar Fronts, and
the north/south migration of these during colder and warmer periods in the Southern
Hemisphere leads to strengthening and weakening of westerly wind flow over the Southern
Alps of the South Island. In turn, this affects not only the amount of rainfall in the West Coast
region, but also the air temperature at which condensation occurs. In colder periods, stronger
westerly winds bring more cool moist air over the South Island. The cooler temperature of
rainfall precipitation and the higher annual rainfall amounts are recorded in stalagmite calcite
stable isotope composition as negative shifts in both stable oxygen and carbon δ-values. The
calcite trace element concentrations reinforce these shifts in cave water balance through
increases of specific trace elements during wetter and drier periods depending on mobility and
source. Yttrium concentrations in stalagmite calcite are conservative, and only increase when
water borne colloids containing Yttrium (and other trace elements) are flushed through the
cave system during relatively wet periods. During dry periods, Yttrium concentrations do not
increase. However, some other trace elements do, in particular the trace metals. These metals
most likely increase through evaporation of water and precipitation of calcite during seepage,
which leads to relative enrichment of trace metal concentration in the drip water. Warmer,
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drier periods also result in more positive calcite δ18O and δ13C values through higher levels of
evaporation, warmer temperatures, and increased water stress on local vegetation, and
changes in soil respiration rates.
Although the stable isotope and trace element records from the M1 stalagmite indicate several
different periods of abrupt climate change, the reliance of the age model on an average growth
rate calculated from other stalagmites in nearby cave systems precludes high levels of
confidence in the timing of these events. While the occurrence of negative stable isotope
peaks with known periods of glacial advance suggests the age model applied is reasonably
appropriate, the uncertainty is too large to compare the timing of events in the M1 stalagmite
to other records. Samples of the M1 stalagmite are still being worked on, and hopefully U-Th
dates or calibrated 14C ages will be available in the near future.
The interpretation of stalagmite stable isotope and trace element concentrations is complex.
Cave environments are sensitive to multiple processes in the local area. Each of the processes
will affect stalagmite geochemistry to certain degrees. As is the case with all proxy methods,
key assumptions must be made regarding cave conditions at the time of speleothem
formation. These include the widely held assumption that the cave environment is relatively
stable and that drip water represent the annual rainfall stable oxygen isotope composition.
Additionally, it is often assumed that isotopic equilibrium between the drip water and the
precipitating calcite was achieved, despite the well-known occurrence of disequilibrium
effects on some speleothems. When estimates of past changes in temperature are sought, a
further assumption that the isotopic composition of the water entering the cave has not
changed substantially over time generally has to be made. In order to assess these
assumptions data including cave temperature, relative humidity, cave drip water stable isotope
composition and DIC isotope composition, and local precipitation stable isotope composition
were gathered and analysed, and compared with modern calcite stable isotope composition.
The modern data gathered from Metro cave demonstrate that there is high variability in the
modern environment. This variability is manifest in the M1 records. Importantly, such highly
variable cave drip water stable isotope values question the validity of the assumption that
local rainfall isotope compositions are recorded in calcite geochemistry, as well as whether
isotopic equilibrium between the drip water and precipitating calcite is ever achieved.
However, despite these concerns, the environmental conditions in Metro cave have still
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produced the highly laminated M1 stalagmite, and growth axis calcite from the M1 stalagmite
passes Hendy Test criteria, suggesting it can still be used for paleoclimate interpretations
under current conventions of interpretation. The two-month monitoring of modern conditions
in Metro cave in this thesis is the first such analysis for a New Zealand system (to my
knowledge), and has raised many questions that perhaps could be addressed by a longer-term
monitoring study.
In attempting to determine if the high variability observed in modern stable isotopes in the
cave system has also occurred in the past, a new method for extracting and analysing calcite
fluid inclusions was explored. Other current methods use large samples of calcite, 300mg and
more, that average the stable oxygen and hydrogen isotope composition of fluid inclusions
over many layers of calcite. Also, if samples of this size are crushed or heated to decrepitation
temperatures, they are likely to bias measurements of fluid inclusion water to larger
inclusions, and inclusions that can escape the solid sample relatively quickly. In order for a
reasonable comparison between calcite stable isotope composition and fluid inclusion stable
isotope composition to be made, the fluid inclusions must be extracted and analysed at a
resolution much closer to that of the calcite samples (0.5mm). In this study we succeeded in
extracting and analysing the stable oxygen and hydrogen composition of fluid inclusions from
calcite samples as small as 30mg. However, while the injected test samples of liquid IAEA
water standards GISP and SMOW returned stable isotope values that were both accurate and
precise, the calcite chips analysed from the M1 stalagmite returned highly negative isotope
values. This was most likely due to some isotopic fractionation occurring during release of the
fluid inclusion water from the calcite chip, and further isotopic fractionation may also have
occurred through the use of a two-way sampling needle, or problems with the temperature of
the cold trap. These methods will be explored further in subsequent research, as the potential
of a method for extracting higher resolution fluid inclusion samples from speleothem calcite
will not only allow investigations into past isotopic variation in source drip water, but will
also allow more quantitative reconstructions of past temperature. By using fluid inclusion
oxygen isotope values a more detailed record of past changes in cave drip water isotope
composition can be formed, allowing a quantitative solution to the temperature equations of
Kim & O’Neil (1997) and Demeny et al. (2010).
In summary, this thesis presents an original high-resolution multi-proxy stalagmite record that
most likely spans the last 14 Ka to the present. The exploratory work on a new method to
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extract and analyse fluid inclusions from speleothem calcite has produced highly encouraging
preliminary results, and will hopefully lead to new insights into past drip water variability and
the processes of equilibrium and kinetic stable isotope fractionation in stalagmite calcite.
Ultimately, the use of single stalagmite records allows for more detailed interpretation of
local paleoenvironmental changes when they are complimented by a thorough understanding
of the geochemical variation in the modern environment through extensive site monitoring.
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