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Abstract
Palaeoclimatic reconstructions are key to understanding and quantifying nature,
rates, and drivers of palaeoclimatic changes and fundamental to predictions of
future climate change. A holistic picture of past changes and their drivers requires
wide spatial and temporal coverage of palaeo-climate archives but few suitable
mid-latitude terrestrial records from the SW Pacific exist. In this context, the
Orakei maar sediment sequence (Auckland, New Zealand) provides a continuous
and high-resolution archive of palaeoclimatic and -environmental changes in the
region. Nevertheless, without a robust composite stratigraphy and chronology,
multi-proxy changes recorded in the sediment sequence cannot be interpreted in a
regional, let alone global, palaeo-climate context.
This thesis aims to develop a composite stratigraphy, robust chronology and detailed
chemo-stratigraphy with which to assess palaeo-environmental change from Orakei
maar.
As part of this study, the Orakei eruption age has been constrained to >139 200 ±
820 yr and thereby constrains the sedimentation onset in Orakei maar to marine
isotope stage (MIS) 6. The sequence contains a continuous lake sediment archive
until ca. 9750 cal. yr BP when post-glacial sea-level rise breached the crater rim.
For the first time, this study demonstrated that µ-XRF core scanning allows rapid
tephra identification in sediment cores. However, an extensive reference µ-XRF
database is necessary for future applications using this approach to identify tephra
in sediment cores.
Tephrochronology, radiocarbon dating and correlation of relative palaeointensity
variations of the Earth’s magnetic field were successful for chronology development
whereas luminescence dating and 10Be radionuclide variations could not improve
the Orakei chronology due to rapid influx of detrital sediment. The chronology
allows the placement of the Orakei palaeoclimatic change in a robust temporal
framework. Based on µ-XRF elemental variability, no MIS 5 sub-stages could be
differentiated, MIS 4 is an environmentally homogeneous, cool interval, whereas
MIS 3 displayed considerable geochemical variability signifying increased climatic
instability.
This study produced the first long, high-resolution and complete lake sediment
record from the Southern Hemisphere mid-latitudes anchored in a robust chronology
extending beyond the radiocarbon dating limit and offers unique possibilities for
detailed palaeoclimatic reconstructions based on the µ-XRF-inferred evolution of
Orakei maar.
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1 Introduction
Ecosystem responses to past climatic changes are a key to enhanced insight into
the future behaviour of terrestrial ecosystems and identification of the mechanisms
and events associated with abrupt climate change (Fischer et al. 2018). Despite
improvements in understanding and quantification of the nature, rates, and drivers
of past climatic changes, questions pertaining to the generation and transmission
of these climatic events in a global context remain unanswered (Alley et al. 2003;
Broecker 2003).
The Quaternary global warming (interglacial/-stadial) and cooling (glacial/stadial)
cycles were largely driven by insolation rhythms (Lisiecki and Raymo 2005). How-
ever, episodes of rapid change are known to have occurred in Greenland ice cores
and Eifel maar lake sediments during the Last Glacial Interval (LGI) (past 117,000
years). These episodes involve repeated, rapid warm (Dansgaard-Oeschger (D-O))
and cool (Heinrich) events that are best expressed and studied in the North Atlantic
region (e.g. Bard et al. 2000; Alley et al. 2003; Broecker 2003; NGRIP Members
2004; Vandergoes et al. 2005; Seelos et al. 2009; Shanahan et al. 2009). It has not
yet been resolved whether these are global climate phenomena (Broecker 2003)
although high-resolution Antarctic ice cores (EPICA Community Members 2006;
Stenni et al. 2010; Bereiter et al. 2012) and Southern Ocean sediment records (Ahn
and Brook 2008; Anderson et al. 2009; Bereiter et al. 2012) hint at a possible onset
of warming events in the south and transmission to the north (Ahn and Brook 2008;
Anderson et al. 2009; Denton et al. 2010; Bereiter et al. 2012). The drivers were
inferred to involve disruption of the Meridional Overturning Circulation (MOC),
shifts of the Inter-Tropical Convergence Zone (ITCZ) and southern westerly wind
position driving Southern Ocean upwelling events and CO2 release leading to
warming (Ahn and Brook 2008; Anderson et al. 2009; Denton et al. 2010; Bereiter
et al. 2012). It is likely that, but unclear in detail how, this mechanism has also
operated throughout the LGI (Ahn and Brook 2008; Anderson et al. 2009; Denton
et al. 2010). Furthermore, the existence and nature of the teleconnections to polar
and tropical climate systems to the mid-latitudes of the SW Pacific are poorly
understood although northern New Zealand displays evidence of the existence of
tropical as well as polar climate system influence over the last ca. 30 000 yr (e.g.,
Augustinus et al. 2011; Newnham et al. 2012).
Two factors are central to this incomplete picture of past global climate change of
the time-span of the LGI: 1) the paucity of multi-proxy and well-dated terrestrial
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palaeoenvironmental datasets from the Southern Hemisphere mid-latitudes, a part
of the world sparse in land masses (Shulmeister et al. 2001; Alloway et al. 2007;
Augustinus 2007; Newnham et al. 2007; Zolitschka et al. 2013). 2) Most terrestrial
palaeo-climate records from New Zealand with a good chronological framework span
only the Holocene and thus do not provide a window into interglacial conditions
with sustained warmer temperatures than at present.
Indication of southern polar control on past temperatures is contained in last
deglaciation terrestrial climate records from southern New Zealand (Vandergoes
et al. 2008; Putnam et al. 2010; Newnham et al. 2012). However, a dominance
of tropical signals in northern New Zealand (Newnham et al. 2012), as well as a
mixed response to polar and tropical climate signals since MIS 3 has been recorded
in some Auckland maar lakes (Augustinus et al. 2011; Augustinus et al. 2012;
Stephens et al. 2012a). However, none of these records are high-resolution and
well-dated beyond the limit of radiocarbon dating (ca. 50 000 yr, see chapter 3) so
that the identification of rapid climate events in the lake sediment stratigraphy is
problematic.

1.1 Scientific rationale and objectives of the wider
LGI Auckland maar project

The wider LGI Auckland maars project addresses the influence of tropical and
polar climate systems on northern New Zealand as well as rapid climatic change
and its drivers. A multi-proxy approach using long, complete, high-resolution,
laminated sediment records spanning the LGI from Auckland maar lakes allows
the reconstruction of past climate conditions and change. Consequently, a major
component of this thesis is the development of robust, multi-method chronologies
that extend past the radiocarbon method limit of ca. 50 000 yr.
This approach will eventually enable the development of a robust high-resolution
model of LGI climate changes in the Southern Hemisphere mid-latitudes. The
nature, synchrony/asynchrony, magnitude, duration and drivers of climate events
transmitted between the Northern and Southern Hemisphere will be investigated
here.

1.2 Objectives of this thesis
1. Development of the composite stratigraphy of three finely lami-

nated sediment cores from Orakei maar palaeo-lake.
Can a composite stratigraphy be achieved from the three cores so that all
core breaks or gaps from coring disturbances are covered by one or two other
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cores? How long is the composite stratigraphy and which sediment facies
types occur?

2. Refine the approaches used to fingerprint tephra contained in sed-
iment sequences through non-destructive µ-XRF core scanning.
Can tephra layers be identified with this technique? Which possible problems
exist and how can the technique be made available for the tephrochronological
community?

3. Development of a multi-method master chronology for the lake
sediment sequence extracted from Orakei maar.
How old is the Orakei maar crater? How did the sedimentation rate evolve
over time since the maar-forming eruption until the post-glacial sea-level rise
and crater rim breach?

4. Identification of important components of the evolution of Orakei
maar lake and events that impacted the Auckland region as recorded
in the Orakei sediment sequence spanning the Last Glacial Inter-
val.
Does the µ-XRF core scanning dataset of the Orakei maar sediment sequence
contain a climatic signal? Does it record climatic changes consistent with
global and regional changes? For example, are sub-phases of MIS 5 recorded?
Is an early onset of Last Glacial Maximum (LGM) conditions recorded in
Orakei maar?

1.3 Thesis structure
Chapter 2 introduces the climatological background of New Zealand, the Auckland
Volcanic Field (AVF) and the study site, Orakei Basin.
Chapter 3 describes the background of all used methods and their relation to the
objectives of this thesis.
Chapter 4 presents the composite stratigraphy and sedimentological description of
the Orakei maar sediment sequence.
Chapter 5 presents developments towards the application of µ-XRF core scanning
for tephra identification followed by a case study from the Auckland maar lakes and
testing of the consistency and repeatability of the developed technique in chapter
6.
Chapter 7 presents the development of the multi-method age model for the Orakei
sediment sequence.
Chapter 8 describes a µ-XRF-based chemostratigraphic framework and depositional
evolution of the Orakei sediment sequence.
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Chapter 9 summarises the scientific advances achieved by this thesis, followed by
conclusions drawn from the thesis in chapter 10 and chapter 11 identifies possibilities
for future research.
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2 Study site: New Zealand, the
Auckland Volcanic Field and
Orakei Basin

New Zealand is located in the Southern Hemisphere mid-latitudes at about 34° to
47 °S, in the South-West part of the Pacific (Fig. 2.1). It is long (∼1500 km) and
narrow (typically ∼200 km to 300 km wide) consisting of two major (North and
South) and many small islands. New Zealand is dominated by roughly S-N trending
mountain ranges in the South Island a series of lower, SW-NE trending mountain
ranges in the southern half of the North Island (Brenstrum 1998; Vandergoes and
Fitzsimons 2003; Alloway et al. 2007; Barrell et al. 2013) with significant influence
on the local climatic conditions (Figs. 2.2, 2.3).

Figure 2.1: Map of New Zealand (A), the North Island of New Zealand with large
volcanic centres (B) and the Auckland area including Orakei Basin (C).

2.1 Modern climatic setting of New Zealand
Persistent westerly circulation generally dominates New Zealand (Hessell 1988;
Vandergoes and Fitzsimons 2003; Shulmeister et al. 2006a; Sturman and Tapper
2006; Lorrey et al. 2012; Vandergoes et al. 2013b) but the northern parts are
at least seasonally-influenced by the subtropical anticyclonic belt (Alloway et al.
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2007; Barrell et al. 2013). New Zealand’s regional weather and climate variability
is influenced by these humid, moisture-laden maritime air masses sourced from
sub-tropical to sub-Antarctic latitudes dependent on changes in prevailing wind
direction and strength (Salinger et al. 2004; Lorrey et al. 2007). New Zealand is
aligned roughly perpendicular to the westerly winds (Fig. 2.1). Together with the
axial mountain rages in the South Island and the central North Island volcanoes, this
results in strong climatic differences between the west and east side of the islands
(Barrell et al. 2013) with the West Coast showing much increased precipitation
(Vandergoes and Fitzsimons 2003; Lorrey et al. 2012). Kidson (2000) described
six regional climate zones in New Zealand (Fig. 2.2) which can show strongly
different climate due to factors like wind/pressure patterns, latitude, topography,
and proximity to the sea (Lorrey et al. 2007; Stephens et al. 2012a; Barrell et al.
2013).

Additional influences on New Zealand’s climate come from teleconnections to
global climate phenomena originating outside of the Southern Hemisphere mid-
latitudes such as the El Niño-Southern Oscillation (ENSO), the inter-decadal pacific
oscillation (IPO), and the southern annular mode (SAM) (Alloway et al. 2007;
Lorrey et al. 2007). ENSO originates in the Pacific region and dominates seasonal
to inter-annual climate variability but influences regions far outside the equatorial
Pacific through climatic teleconnections. Regional precipitation and temperature
are changed by ENSO teleconnections through changes in zonal circulation with
enhanced south-westerly airflow across the country causing drier conditions in
NE and wetter conditions in SW New Zealand as well as slightly lower annual
temperature for the entire country (Salinger and Mullan 1999; Salinger et al. 2004;
Lorrey et al. 2007). IPO acts as ENSO-like conditions in the climate system on
decadal and multi-decadal time scales prominent in the extra-tropical SW Pacific
(Salinger et al. 2001). The SAM operates on shorter time scales and influences
regional westerly circulation strength over the southern oceans with implications
for temperature and precipitation mostly over the south of New Zealand (Renwick
and Thompson 2006).
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Figure 2.2: Six climate zones in New Zealand of Kidson (2000). Redrawn from
Kidson (2000).
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2.2 Auckland and the Auckland Volcanic Field
Auckland is located in northern New Zealand (Fig. 2.1) and dominated by warm
temperate to sub-tropical climate (Hurnard 1979; Hessell 1988; Chappell 2013) with
a mean summer temperature of 19 °C, mean winter temperature of 12 °C (Hurnard
1979) and a mean annual temperature of 15 °C (Hessell 1988; Chappell 2013). The
mean annual rainfall is 1000mm to 1400mm, with the summer months being drier
(average of 90mm per month) and the winter months being wetter (average of
140mm per month) (Hurnard 1979; Hessell 1988; Chappell 2013). The modern
landscape and vegetation of Auckland have been heavily modified by human activity
(Shane and Sandiford 2003).
Auckland’s geology can be summarised as the basement consisting mainly of
greywackes overlain by much younger, predominantly deep marine sediments of the
early Miocene Waitemata Group. Submarine and subaerial volcanics of the Plio-
and Pleistocene, young basaltic volcanics and unconsolidated, soft Late Quaternary
sediment with weathered, rolling hills form the contemporary landscape (Ballance
1979; Ballance 1993; Hull et al. 1995; Edbrooke et al. 2003; Cassata et al. 2008;
Cassidy and Locke 2010). The most distinctive features of Auckland’s landscape
are the many small basaltic volcanic cones of the Auckland Volcanic Field (AVF)
that stand out from the rolling hills (Ballance 1979; Kermode 1992; Ballance 1993;
Allen and Smith 1994). Auckland is located approximately 400 km NW of the
active plate boundary between the Indo-Australian and Pacific plates (Smith 1989;
Huang et al. 1997; Spörli and Eastwood 1997; Edbrooke et al. 2003; Cassidy and
Locke 2010) resulting in very low earthquake activity in Auckland in stark contrast
to most of the country (Hull et al. 1995).
The Auckland Volcanic Field (AVF) covers most of the urban area of Auckland
including Rangitoto Island east of the city (Fig. 2.1). About 50 monogenetic,
basaltic volcanic centres are known in the intraplate AVF spanning 360 km2. De-
pending on the eruption style and history, lava fields, scoria cones, tuff rings, ash
and lapilli can be found within the AVF (e.g., Searle 1964; Allen and Smith 1994;
Edbrooke et al. 2003; Lindsay et al. 2011). Whilst the age of the AVF is not
unambiguously established, best age estimates consider the eruption history to
have started about 193 000 ± 2800 yr ago followed by temporally highly irregular
(but also insufficiently dated) eruptions until the last AVF eruption at only 600 yr
of Rangitoto Island (Lindsay et al. 2011; Leonard et al. 2017).

2.2.1 Maar lakes in the Auckland Volcanic Field
Phreatomagmatic eruptions, during which magma interacts with (ground)water
resulting in very explosive eruption styles, have created numerous maar craters in
the AVF (Cas 1989; Smith 1989; Kermode 1992; Allen and Smith 1994; Edbrooke
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et al. 2003). These craters filled with water and hosted a lake at some stage in
their history resulting in at least partial in-fill with lacustrine sediments in response
to changes in the climatic and environmental conditions (Cas 1989; Hägg and
Augustinus 2003; Augustinus 2007). Due to Auckland’s location beyond ice sheets
during the Quaternary, sedimentation in the maars continued throughout the glacial
cold phases resulting in a continuous record of climatic variability extending back
to the Last Interglacial and beyond (Augustinus et al. 2011; Augustinus 2016).
Most of the maars have been breached due to post-glacial sea-level rise resulting in
rapid sedimentation of marine and estuarine muds within most of the craters with
Lake Pupuke being the only maar still a lake through to the present (Fig. 2.1C;
Hayward et al. 2002; Augustinus et al. 2011; Augustinus et al. 2012; Stephens et al.
2012a). Maar lakes are ideal sites for palaeoclimatic reconstructions as their small
and isolated catchment (essentially restricted to the crater rim) results in continuous
lacustrine sedimentation under quiescent conditions in response to climatic change
undisturbed by broader landscape evolution processes and fluvial input of sediments
from distant catchments (Hägg and Augustinus 2003; Pepper et al. 2004; Alloway
et al. 2007; Augustinus 2007; Striewski et al. 2013). Auckland maar lake sediments
are often laminated and record changes sometimes on annual to decadal resolution
and thereby allow identification of short-duration climate change events as well as
long-term trends of intra- and inter-hemispheric climate teleconnections (Pepper
et al. 2004; Shulmeister et al. 2006a; Augustinus 2007; Kattel and Augustinus 2007;
Augustinus et al. 2011; Augustinus et al. 2012; Stephens et al. 2012a; Stephens
et al. 2012b).
Whilst Lake Pupuke is 193 200 ± 2800 yr old (Leonard et al. 2017) and should thus
provide a sediment record in its crater lake from the beginning of the penultimate
glacial (MIS 6) until today, it has never been drilled to its base. Aprat from Orakei
maar (see below), the only other maar lake in the AVF that spans at least the LGI
and has been drilled to its base is Onepoto. Its age is assumed to be >150 000 yr
based on an unpublished 40Ar/39Ar age cited in Leonard et al. (2017).
Onepoto is a circular, flat-floored, basaltic explosion crater maar located at the
North Shore of Auckland. The maar is surrounded by a 30 m-high tuff ring of
juvenile and accidental ejecta resulting from the phreatomagmatic formation (e.g.,
Hayward et al. 2002; Shane and Hoverd 2002; Shane and Sandiford 2003). Onepoto
maar has been drilled with a mobile drill rig and a 60.5 m-long core has been
recovered (Kattel and Augustinus 2010; Augustinus et al. 2011; Augustinus et
al. 2012). The topmost ∼36 m consist of marine/eustarine clayey/silty, massive
sediments reflecting the post-glacial time span when the rising sea-level ∼8.5 cal ka
breached the crater wall (Hayward et al. 2002; Shane and Hoverd 2002; Shane and
Sandiford 2003; Hägg and Augustinus 2003; Augustinus et al. 2011; Augustinus
et al. 2012) and Onepoto was a tidal basin (Hayward et al. 2002; Augustinus et al.
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2012). However, below the marine sediments are ∼24.5 m of organic-rich, variably
well laminated dark (mineralogical) and light (diatom/algae-dominated) lacustrine
sediments with interbedded tephra layers from various sources and therefore with
various composition (Hayward et al. 2002; Shane and Hoverd 2002; Pepper et al.
2004; Shane 2005; Molloy et al. 2009; Kattel and Augustinus 2010; Venuti and
Verosub 2010; Augustinus et al. 2011; Augustinus et al. 2012). The lithological
uniformity of the lacustrine sequences throughout most of the core indicates a
lack of post-depositional bioturbation or hiatuses (Shane and Sandiford 2003)
highlighting the high value of the Onepoto core for palaeoclimatic studies. Below
60 m depth, basaltic lapilli has been found and attributed to the eruption which
formed Onepoto (Shane and Sandiford 2003; Kattel and Augustinus 2010). As most
studies, Augustinus et al. (2011) and Augustinus et al. (2012) focus on the ∼2.7 m
below the marine-freshwater transition representing approximately the timespan
30 ka BP to 9 ka BP. The older age of Onepoto maar and shorter length of the
lacustrine sediments results in much slower sedimentation rates than in Orakei
maar (see below) and thus Orakei is preferred in this study.

Orakei Basin (Orakei maar palaeo-lake)

Orakei Basin is located in the central part of the AVF, nearly symmetrical, ∼1 km
wide and situated near modern sea-level (Figs. 2.1, 2.4; Augustinus 2016). A first
core was drilled from a floating barge in 2007, revealing 23.5m of estuarine mud,
1m of dark brown peat and 56.5m, of grey and brown, finely laminated lacustrine
sediments with well-preserved laminations and tephra layers (Molloy et al. 2009;
Hopkins et al. 2015). The crater base was not reached in 2007 but extrapolation
of the sedimentation rate to the base of this core suggested an age of the crater
>85 000 yr (Molloy et al. 2009). Through tephrochronology of the basaltic AVF
tephra layers, an age for the Orakei maar of ca. 126 000 yr was suggested by Hopkins
et al. (2015) and Hopkins et al. (2017) which inferred great coverage of the LGI.
Thus, two overlapping cores were drilled from holes at ∼10m apart (Fig. 2.4) and
with 50 cm vertical offset using a drilling rig mounted on a floating barge in 2016.
No bathymetric or seismic surveys are available. The first core location in 2016
was chosen to be roughly in the middle of the basin, considered to be the deepest
part. For logistical reasons the second location was then chosen by a 180 deg turn
of the drilling platform as the fastest option to reconvene drilling.
Chapter 4 is devoted to the detailed description and explanation of the composite
stratigraphy of the Orakei cores.
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Figure 2.4: Coring locations of two cores retrieved in 2016 and immediate surround-
ings of Orakei Basin

2.3 Climatic and environmental change over the
Last Glacial Interval in northern New Zealand
(Auckland)

The Australasian region, particularly New Zealand, is most suitable for palaeocli-
matic reconstructions due to its sensitivity to changes in dominating atmospheric
and oceanic circulation patterns, its remoteness in the SW Pacific and late hu-
man arrival (e.g., Shulmeister et al. 2006b; Alloway et al. 2007; Augustinus 2007;
Augustinus et al. 2012; Lorrey et al. 2012; Barrell et al. 2013; Vandergoes et al.
2013a).
As part of the NZ- and AUS-INTIMATE projects, Auckland maar lakes have
been studied with a focus on the last 30 000 yr to develop a New Zealand-based
climatostratigraphy of the LGI in comparison to its Northern Hemisphere equiva-
lent (Alloway et al. 2007). This section summarises the findings of palaeoclimatic
and palaeoenvironmental conditions in the Auckland area obtained from previous
studies. Due to sparsity of records beyond 30 000 yrBP and for country-wide com-
parison, findings from important sites (Lake Omapere, Kaipo and Otamangakau
wetlands, and Okarito Pakihi) and speleothems are also mentioned (Figs. 2.1,
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2.3). The Orakei maar lacustrine sequence was terminated at ca. 9500 cal. yr BP by
post-glacial sea-level rise and overtopping of the crater sill (Hayward et al. 2008)
so that this summary excludes the Holocene.

2.3.1 MIS 5 in New Zealand
A long-term overall mean temperature decline has been observed during marine
isotope stage (MIS) 5 in New Zealand from the warmer-than-today MIS 5e to
MIS 5a, which was approximately 2 °C cooler than today on average but displayed
strong temperature variations over multi-millennial timescales (Lorrey and Bostock
2013; Williams et al. 2015).

MIS 5e in New Zealand

The integrated summer insolation at 45 ° S reached the maximum value of the entire
Last Interglacial – Glacial Cycle around 127 000 yr which coincides with peaks in
δ18Oc and δ13Cc in speleothems (at 128 000, 125 000, and 121 000 yr) and a peak in
tall tree forest (podocarp/hardwood) pollen in Okarito around 126 000 yr (Williams
et al. 2015). Temperatures as warm or even warmer than present are inferred from
Okarito (Moar and Suggate 1996) (Fig. 2.1) and from TAN0513-14 core off the
west coast of the South Island from 128 000 yr to 117 000 yr (Ryan et al. 2012).
Much wetter and possibly warmer conditions than today are concluded from pollen
assemblages at Ohawe East (south Taranaki, western North Island) by Bussell
(1990). Warmer summer and winter temperatures during MIS 5, likely MIS 5e,
inferred from beetle fauna have been interpreted from Wairarapa (southern North
Island) by Marra (2003).

MIS 5d in New Zealand

Reduced summer insolation leading to cool conditions are reflected in lowered tree
pollen percentage around 110 000 yr at Okarito (Vandergoes et al. 2005) and glacial
advances on the South Island at about 105 000 yr to 90 000 yr (Shulmeister et al.
2010).

MIS 5c in New Zealand

The mid-MIS 5 mild phase, MIS 5c, caused by high summer insolation values at
103 000 yr and observed in high relative abundance of forest pollen at Okarito at
ca. 104 000 yr (Vandergoes et al. 2005; Ryan et al. 2012; Williams et al. 2015).
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MIS 5b in New Zealand

Just like MIS 5d, this following cool episode MIS 5b, was also caused by reduced
summer insolation and is manifested in lower tree pollen percentage at Okarito at
about 91 000 yr to 89 000 yr (Vandergoes et al. 2005; Newnham et al. 2007; Ryan
et al. 2012) and a negative δ18O excursion in the EPICA DML ice core at 89 000 yr
(EPICA Community Members 2006).

MIS 5a in New Zealand

Although mild but a little cooler than present, temperatures during MIS 5a reached
to within 2 °C of present in the central North Island (McGlone and Topping
1983). Speleothem δ18Oc values indicated mild conditions and δ13Cc values showed
increased wetness at about 83 000 yr to 73 000 yr (Williams et al. 2015) with for-
est pollen reaching a maximum at 84 000 yr at Okarito (Vandergoes et al. 2005;
Newnham et al. 2007; Ryan et al. 2012).

2.3.2 MIS 4 in New Zealand
The onset of MIS 4 is marked by rapid climate deterioration during decreased
summer insolation with a marked minimum at 72 000 yr to 68 000 yr and a rapid
reduction of forest pollen at Okarito after 82 000 yr lasting until 74 000 yr with
continued low forest representation for the next sixty thousand year at this site
(Ryan et al. 2012; Williams et al. 2015). Major glacial advances have been shown
by moraines in northern Westland, the Southern Alps and Fiordland (South Island)
suggesting maximum extent in MIS 4 unlike the global situation where the Last
Glacial Maximum (gLGM) with maximum ice extent was reached during MIS 2
(Preusser et al. 2005). Hence, this interval in MIS 4 is considered the New Zealand
Last Glacial Maximum (nzLGM) by Williams et al. (2015). However, Shulmeister
et al. (2019) summarises spatio-temporal dissimilarity in greatest glacial extent
in the LGI across New Zealand: The southern South Island saw greatest glacial
extent during MIS 4 with other regions in New Zealand showing smaller or equal
glacial extent in MIS 4, MIS 3/2, and the LGM. More forest persisted further
north (McGlone et al. 2010; Newnham et al. 2013) and continuous growth of a
speleothem until the Holocene (Whittaker et al. 2011) indicating relatively mild
and humid conditions along western coasts despite of mountain glaciations further
inland (Williams et al. 2015).
Summer insolation at about 70 000 yr was just as low as during the global LGM
and isotopic data from New Zealand speleothems as well as Antarctic ice cores
indicate that similar temperatures prevailed during the coldest phases of MIS 4 and
MIS 2 (nzLGM and gLGM). Pollen data from the AVF Onepoto maar indicate
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a marked thermal minimum in MIS 4 from 64 400 yr to 60 500 yr but of smaller
extent than during MIS 2 with the forest canopy significantly opening but never
reaching the forest-shrubland mosaic of MIS 2 (Shane and Sandiford 2003).

2.3.3 MIS 3 in Auckland
MIS 3 in New Zealand encompasses the widespread and well-dated Rotoehu tephra
at ca. 45 000 yr (Danišik et al. 2012) whilst also serving as a good limit to for
the radiocarbon dating technique (see section 3.3.2). Since (parts of) MIS 3 can
be dated with this well-established approach more records including MIS 3 and
younger intervals have been studied and henceforth this summary focusses more on
palaeoclimate reconstructions from Auckland.
The onset of MIS 3 at Onepoto maar was recorded at 60 000 yr to 57 000 yr with
an abrupt change in the pollen assemblage (Fig. 2.1) expressed as a dramatic
expansion of conifer-hardwood forest dominated by Dacrydium cupressinum, an
indicator of wetter environments (Shane and Sandiford 2003). Speleothem δ18Oc

values indicated relatively warm conditions (relatively positive values) between
ca. 60 000 and 50 000 yr (Williams et al. 2015). A long-term temperature decline
started at ca. 50 000 yr indicated by the rapid expansion of Nothofagus (Fuscospora)
forest, typical of upland regions and high latitudes in New Zealand (Shane and
Sandiford 2003). Glacial advances on the South Island occurred around 47 500
± 3000 yr , 385 000 ± 2000 yr, and 31 500 ± 3000 yr (Shulmeister et al. 2019).
A short-term climatic amelioriation between ca. 37 000 and 35 000 yr has been
inferred by Williams et al. (2015) from resumed speleothem growth in Aurora Cave
(Fiordland) as well as an increase in D. cupressinum in Onepoto maar (Shane and
Sandiford 2003) indicating milder and moister conditions in Auckland before a
continued thermal decline. Shane and Sandiford (2003) suggest further cooling
post-35 000 yrBP based on an increase in N. menziesii pollen in Onepoto maar.

2.3.4 MIS 2 and the LGM in Auckland
Rapidly falling global temperatures marked the MIS 3 to MIS 2 transition at
29 000 yr (Lisiecki and Raymo 2005). However, regional terrestrial ice maxima
(including global ice-sheets and mountain glaciers, also in New Zealand) occurred as
early as 33 000 yr to 26 500 yr and generally remained at these maximum positions
until 19 000 yr to 20 000 yr (Clark et al. 2009; Williams et al. 2015).
Coldest temperatures in New Zealand have been reconstructed from pollen records
from ca. 28 800 yr to 18 000 yr (Barrell et al. 2013) well before the LGM defined by
the marine isotope record (ca. 21 000 yr to 19 000 yr) with the global sea-level about
120m to 130m lower than today (Fig. 2.3; Clark and Mix 2002). Rapid cooling in
Auckland has occurred as early as 29 000 yr (Newnham et al. 2007) followed by cold,
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dry and windy conditions until 18 000 yr (Augustinus et al. 2012). Temperatures
around 6 °C cooler than today have been reconstructed from pollen in the Onepoto
(Sikes et al. 2013) and Pukaki maar sediment records (Newnham et al. 2012) and
around 4 °C to 5 °C cooler at the LGM onset from pollen at Mt Richmond by
Sandiford et al. (2002).
Coincident with this significant temperature depression, the grassland and herb
taxa replaced trees with tall trees significantly contracting their geographical range
and likely only surviving in small patches and reduced numbers (McGlone 1985;
McGlone et al. 2010). Overall cool, even frosty (McGlone et al. 1993), dry and
windy conditions with more polar wind outbreaks allowing more non-volcanic
burning observed in the Pukaki and Onepoto maars, were all common features of
the LGM in New Zealand with significant impact on the vegetation (McGlone 2002;
Shane and Sandiford 2003; McGlone et al. 2010; Augustinus et al. 2011; Augustinus
et al. 2012).
However, notable millennial-scale variability has been demonstrated for the LGM in
New Zealand and excursions with temperatures close to today may have occurred
(Marra et al. 2006; Alloway et al. 2007; Woodward and Shulmeister 2007). An
interstadial with warmer temperatures around 25 000 yr to 23 000 yr at Onepoto
maar (Augustinus et al. 2011; Augustinus et al. 2012) likely aligns with a mild
phase directly following the deposition of the Kawakawa/Oruanui tephra (25 360 ±
160 cal. yr BP; Vandergoes et al. 2013a) inferred from higher variability of grassland
pollen (Newnham et al. 2007). Subtle millennial-scale climate variations during
the LGM at Pupuke maar suggest slight amelioration between coldest intervals at
27 800 to 26 000 yr and 22 000 to 19 000 yr (Stephens et al. 2012a).

2.3.5 Termination I
The most recent deglaciation, consistently dated to ca. 18 000 cal. yr BP across New
Zealand, was characterized by a rapid reorganization of climate states (Newnham
et al. 2003). Temperatures at the conclusion of the extended LGM were about 5 °C
colder than present before rapidly and significantly increasing around Termination
I (Vandergoes and Fitzsimons 2003; Alloway et al. 2007). Expanding forest during
Termination I in the Auckland area was inferred from the pollen assemblage from
Pukaki maar crater (Sandiford et al. 2003).
Temperature fluctuations and climate reversals have been recorded since Termina-
tion I (Alloway et al. 2007). However, local, potentially-climatically independent,
sedimentological control is dominant in this interval in the Orakei sediment se-
quence, which is dominated by a peat swamp deposit at its top just below the
marine/freshwater boundary at ca. 9500 cal. yr BP (see details in chapter 4). For
this reason, the presented summary does not include climatic events following
Termination I or the Holocene.
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Summary In the context of New Zealand-wide but also global climatic variations
over the Last Glacial Interval, the absence of a coherent NZ-wide picture becomes
obvious. Over 40 000 yr of environmental change during MIS 5 are poorly docu-
mented; Maximal ice extent on parts of the South Island during MIS 4 does not
correspond to coldest temperatures as reconstructed by pollen assemblages from
Auckland (Shane and Sandiford 2003); MIS 3 climate in Auckland was evidently
very variable and characterized by short-term fluctuations in temperature and
precipitation, varying regionally; an early LGM onset in the Southern Hemisphere
is clear but variable with intervals of climate amelioration less well constrained
in-terms of timing and geographical extent.
In light of these unknowns, detailed multi-proxy reconstruction of climatic and
environmental change from the high-resolution Orakei sediment sequence, with
a robust chronology, promises a significant step towards the development of a
coherent picture of the climatic evolution over the LGI from the SW Pacific. Con-
sequently, the focus of the rest of this thesis involves the process of the development
of a complete composite stratigraphy and chronology thereof for the Orakei maar
lake sediment sequence. In-so-doing a high-resolution sedimentation framework is
constructed that will enable the identification of climate change events and allow
identification of polar to tropical teleconnections that span the hemispheres.
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3 Methods

All employed methods are summarised in figure 3.1 and described in the following
chapter. Further details and possible limitations are given in appendix A.

3.1 Background of µ-XRF core scanning

Non-destructive µ-XRF core scanning is an increasingly commonly used tech-
nique for rapid and high-resolution measurements of downcore elemental variation
(Croudace et al. 2006; Rothwell and Rack 2006; Francus et al. 2009; Croudace
and Rothwell 2010; Croudace and Rothwell 2015; Kylander et al. 2012; Rodríguez-
Germade et al. 2015; Bloemsma et al. 2018). The Itrax µ-XRF core scanner (Cox
Analytical Systems, Gothenburg Sweden) employs the XRF principle (see below) in
combination with high-resolution optical and X-ray imaging and magnetic suscepti-
bility (MS) measurements. The practical application to core scanning is described
in detail in appendix section A.1.4.
The Itrax consists of a motorized split-core transport bed, which moves through the
central measuring tower hosting an optical-line camera, a laser topographic scanner,
X-ray-line camera, the X-ray tube, X-ray focusing unit, and a high count-rate
XRF detector. A precise screw controls the movement of the transport bed in
steps as small as 200 µm allowing defined measurements (Croudace et al. 2006;
Croudace and Rothwell 2010), facilitating the investigation of thin laminae (often
to annual-resolution) and thin event horizons, e.g., ash layers (Boyle et al. 2015;
Rothwell and Croudace 2015). A flat X-ray beam records slices of the radiographic
image (2 cm wide) as the core moves under the beam which are then assembled
to the final radiograph (Croudace et al. 2006; Francus et al. 2009). Elements in
the range from aluminium (Al) (atomic number (Z) = 13) to uranium (U) (Z =
92) can be measured. Light elements such as Si and Al are difficult to measure
realibly (see below section 3.1.2) and elements Z<13 are too light to be recorded
properly (Francus et al. 2009). Under favourable conditions (high concentration,
high atomic number) the detection limits can be just several parts per million (ppm)
(St-Onge et al. 2007; Francus et al. 2009; Croudace and Rothwell 2010; Rothwell
and Croudace 2015).
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Figure 3.1: Overview of the methods used for the Orakei core age model develop-
ment
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3.1.1 The XRF principle
X-Ray fluorescence (Fig. 3.2) is a common, well-established and precise method
to estimate the composition of rocks and sediments (Weltje and Tjallingii 2008).
X-rays are generated in the tube by acceleration of electrons towards the target.
These X-rays then irradiate the sediment surface which excites electrons in the
atoms present in the sample. Electrons are ejected from inner atomic shells creating
vacancies, which are then filled by electrons falling inwards from the outer shells.
This produces surplus energy, which is emitted as a pulse of secondary X-radiation.
The energy and wavelength spectra of emitted fluorescence generated through this
process are characteristic for the atoms of present element(s) allowing estimation
of their relative abundances. The rate of emission depends on the concentration
of the element(s) and the absorption of outgoing X-rays by the sample (Rollinson
1993; Boyle 2002; St-Onge et al. 2007; Weltje and Tjallingii 2008).

Scattering

incoherent scattering from XRF (inc) (also called Compton) scatter transfers some
of the energy of the incident photons to electrons in the sample leading to a partial
energy loss of the photons (Zolitschka et al. 2001; Boyle et al. 2015). Incoherent
scattering is more important in samples containing elements with low atomic
numbers (Jouve et al. 2013). coherent scattering from XRF (coh) (also called
Rayleigh) scattering does not influence the photon energy (Boyle et al. 2015).
Coherent scatter is of higher significance for samples containing more elements
with high atomic numbers.
The amount and relative proportions of the two scattering mechanisms varies with
the atomic number (Duvauchelle et al. 1999). Consequently, the inc/coh ratio is
inversely proportional to the atomic weight. Due to this relationship, the inc/coh
ratio can be used as an indicator of organic matter content (see below, appendix
section A.1.1, and Guyard et al. (2007)) or porosity and water content (see below,
appendix section A.1.1 and Fortin et al. (2013)).

3.1.2 µ-XRF core scanning specific challenges
Throughout the scanning process, the core is exposed to the surrounding air which
leads to sample desiccation with potential core shrinkage and influence on the XRF
intensities through changes in the moisture content (Jarvis et al. 2015; Rodríguez-
Germade et al. 2015). The water content of sediment cores influences the X-ray
mass attenuation which changes throughout the core, especially at facies changes
(i.e., Tjallingii et al. 2007; Jarvis et al. 2015). Changes of the organic matter content
throughout the sediment core influence the density which in turn influences the
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Figure 3.2: Basic principle of µ-XRF core scanning. The X-ray beam from the
anode (X-ray tube) irradiates the split sediment core surface. Inside
the element-specific atoms the beam excites these electrons which are
ejected. An electron from a higher shell fills the space and ejects X-
Ray fluorescence (XRF) energy. This ejected energy is specific to the
chemical element. The detector records the incoming electrons with
their energy and hence, relative elemental abundances can be derived.

X-ray attenuation. The organic matter content can be estimated with the inc/coh
ratio (Burnett et al. 2011; Rodríguez-Germade et al. 2015). Changes in grain size
influence XRF results through shadowing effects of larger grains (Criss 1976) or
absorption of fluorescence from larger grains by small grains in the immediate
vicinity (Finkelshtein and Brjansky 2009).
The described influences from variations in density, organic matter, water content
and grain size can largely be eliminated when considering elemental ratios instead
of pure elemental intensities (in counts or counts per second) (i.e., Thomson et al.
2006; Tjallingii et al. 2007; Fortin et al. 2013; Weltje et al. 2015).

3.1.3 Technical considerations
The need for careful choice of scanning parameters is underlined by the fact that
the elements Al and Si are difficult to measure reliably with the Itrax due to their
low atomic number. However, they are of great importance in palaeoenvironmental
studies (Rodríguez-Germade et al. 2015). Careful choice of scanning parameters
can greatly enhance the signal-to-noise ratio.
The Itrax sensitivity to elemental concentrations is directly related to the atomic
mass of the measured element (Dulski et al. 2015), i.e., measurements for light
elements (Z = <12) cannot be obtained. Intensity measurements of Al (Z = 13)
must be considered carefully. The element Al emits only low energy X-rays due to
its low atomic number. These X-rays are easily absorbed by air which is present
between the sample and the XRF detector (Rothwell and Rack 2006). Changes in
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the scanning conditions can have a large influence on the recorded data quality,
especially on low abundance and/or low atomic number elements. For example,
Huang et al. (2016) show a much better performance of the Itrax regarding Al
intensity with increased exposure time.
Detailed technical considerations are listed in appendix A section A.1.1. In summary,
the anode of the X-ray tube is usually made of molybdenum (Mo) or chromium (Cr)
with the latter having a higher detection sensitivity of light elements and the Mo
tube providing the excitation of the full range of detectable elements by the XRF
methods (Francus et al. 2009; Jarvis et al. 2015). For this study, the Mo tube
has been chosen but to allow insights into similarities and differences in elemental
variability depending on the tube choice, selected core segments from the Orakei
maar sequence representing different facies have been µ-XRF scanned with the Cr
tube as well as the Mo tube. Increasing the exposure time results in higher scanning
elemental counts reducing the uncertainties, decreasing the number of zero-counts
and increasing the signal-to-noise ratio linearly (Jarvis et al. 2015; Rodríguez-
Germade et al. 2015; Huang et al. 2016). A common compromise between quality
and time-efficiency is an exposure time of 10 s per measurement step, as chosen for
this study. Scanning resolution is the second parameter strongly influencing the
overall measurement time describing the distance interval for each measurement.
The lowest possible choice with the Itrax core scanner is 200 µm. In the present
study, scans at a resolution of 1mm were performed.

3.1.4 Data processing and interpretation
COX Analytical Systems provide the spectral analysis software Q-Spec. This soft-
ware uses standard fitting procedures to optimise the fit for each measured spectra
and to extract individual elemental peak areas from the entire spectrum which are
either automated or partly user-controlled. The general spectral background is
described by a multi-parameter function with polynomial and exponential terms.
Each energy peak in the dispersive energy spectrum can be described by a Gaussian
function with exponential tailing on the low energy side with a step-like background
function (Croudace et al. 2006; St-Onge et al. 2007; Kylander et al. 2012).
The goodness of fit of each measured spectra to the theoretical spectra is described
by the mean squared error (MSE) which should be decreased as much as possible
by the user applying the adjustments during the spectral fitting procedure.

Data normalisation

Effect of variations in water content, grain size, organic matter content, porosity,
crystallinity, sample topography and the effect of tube ageing all underline the
need for normalisation of element counts (St-Onge et al. 2007; Weltje and Tjallingii
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2008; Francus et al. 2009; Kylander et al. 2012; Rodríguez-Germade et al. 2015;
Rothwell and Croudace 2015). Therefore, it is highly recommended to present
normalised data as "element" divided by:

• Another (detrital) element

• The incoherent scattering or the sum of incoherent and coherent scattering
(Guyard et al. 2007; Kylander et al. 2011; Kylander et al. 2012; Marshall
et al. 2011; Berntsson et al. 2014; Shala et al. 2014)

• The total counts at each depth interval (Cuven et al. 2011; Jouve et al. 2013).

The magnitude of X-ray attenuation by the presence of water varies with the photon
energy, i.e., with the atomic number. Therefore, the use of element ratios does not
entirely avoid the water content artefact (Hennekam and de Lange 2012).

Compositional data

Elemental µ-XRF data are highly constrained compositional data (Aitchison 1986;
Aitchison and Egozcue 2005; Weltje and Tjallingii 2008; Weltje et al. 2015).
Standard multivariate statistical analysis only proves useful for unconstrained
vectors and thus introduce spurious correlations in highly constrained compositional
datasets (Pearson 1897). Compositions are constrained by the constant-sum and
thus provide information only about relative, not absolute, values of components,
e.g., an observed increase in Si may result from a decrease in any other element not by
an actual increase in Si. Statements about compositions can be expressed as ratios
of components, which, however, suffer from asymmetry, i.e., a statement based on
the ratio A/B does not directly imply an equivalent statement about the ratio B/A.
The log-ratio transformation allows the use of standard unconstrained multivariate
statistics as it provides a one-to-one mapping onto a real space with inferences
translatable back into compositional statements (Aitchison 1986; Aitchison and
Egozcue 2005; Weltje and Tjallingii 2008; Weltje et al. 2015).

Important elements and ratios

The interpretation of the large datasets obtained from Itrax µ-XRF core scanning
requires careful consideration of the depositional environment and specific charac-
terization of the sediment investigated. The literature provides many tables offering
potential sedimentological and lithological indications for frequently used output
parameters. A summary for lake studies is given in Appendix A, table A.1.
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3.2 Magnetic susceptibility
magnetic susceptibility (MS) defines the susceptibility of a material to become
magnetized as a reversible magnetisation is induced by a weak magnetic field
(Williams et al. 1993). The magnitude of magnetic susceptibility (κ) is linked to
the amount/ concentration of magnetic grains but also influenced by grain size,
mineral composition and oxidation state (Creer et al. 1990; Haverkamp and Beuker
1993; Williams et al. 1993; Alvisi and Vigliotti 1996).
Magnetic susceptibility is frequently used for inter-core correlation and as a proxy
record of climatic change (Creer et al. 1990; Haverkamp and Beuker 1993; Turton
1993; Williams et al. 1993). In a simplified interpretation, detritus-rich layers
(usually deposited during cold climates) result in high κ values whereas κ is low in
more organic sediments often deposited during warm conditions (Haverkamp and
Beuker 1993; Williams et al. 1993).
The Itrax µ-XRF core scanner is equipped with a Bartington Magnetic Susceptibility
MS2e1 surface scanning sensor which records κ at the chosen step size controlled
by the motorized scan bed.

3.3 Background of dating techniques
Accurate and precise dating of sediment cores is fundamentally important for
palaeoclimatic studies (Buck and Millard 2004; Gebhardt et al. 2008; Kiefer and
Kull 2008; Denton et al. 2010; Davies et al. 2012; Vandergoes et al. 2013a).
Without a reliable core chronology, it is impossible to investigate whether inferred
climatic events happened synchronously or not, nor can the duration of climatic
events and their rate of change be determined. Age control on pre-Holocene (Last
Glacial Interval) sediment sequences is limited due to the ca. 50 000 yr-limit of the
commonly used radiocarbon dating technique (see section 3.3.2) and the commonly
low abundance of organic material in glacial sediment.
Obtaining a robust age model for the Orakei maar lake sediment core is the focus
of this PhD project and several dating methods complement each other in this
regard.

3.3.1 Tephrochronology
In the context of this PhD project, the main application of tephra layers lies in their
use for core stratigraphy and chronology. The high value and therefore, frequent
use, of tephra horizons as stratigraphic markers is a result of their wide distribution
and presence in many sediment records (e.g., Shane 2000; Lowe and Hunt 2001;
Turney and Lowe 2001; Dugmore et al. 2004; Walker 2005; Alloway et al. 2007;
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Figure 3.3: Major ash-producing volcanoes active in the late Quaternary in New
Zealand. Modified from Shane and Hoverd (2002).

Lowe 2008; Lowe 2011; Lowe et al. 2013; Lowe et al. 2017; Lane et al. 2017).
To be of use, tephra deposits have to be fingerprinted, whereby the physical,
chemical and petrographic properties of the tephra have to be determined to allow
assignment of the tephra to not only its source but often to the specific eruption
event (Dugmore et al. 2004; Walker 2005; Lowe 2008). The greatest utility of a
tephra deposit is reached when the tephra can be dated directly by fission track
dating, thermoluminescence, 40K/40Ar- or 40Ar/39Ar-dating, U-Th/He-dating or
layers directly above or below the deposit allow an age assignment (by radiocarbon
dating of organic material, 137Cs- or 210Pb-dating) (Turney and Lowe 2001). A
numeric age can then be transferred from a tephra from one site to a tephra deposit
at another location and with the same chemical properties, thus inferring that
they are from the same eruptive event. This age assignation based on dating of
distal tephra is valid because primary tephra are essentially isochronous, normally
accumulating within 1 year of the eruption often as far away from the vent as
1000 km (Shane 2000; Dugmore et al. 2004; Lowe 2011), or, as cryptotephra (not
visible with the naked eye) even up to 1500 km (Hunt and Hill 2001; Kylander et al.
2012). The most widely dispersed tephra tend to result from silicic eruptions and
tend to have the most distinctive chemistry (Dugmore et al. 2004) underscoring
their use for tephrochronology.
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Tephrochronology is widely used in northern New Zealand thanks to its many
North Island volcanic centres (Fig. 3.3; Shane 2000; Alloway et al. 2007; Lowe
2011; Lowe et al. 2013). Widespread volcanism in New Zealand and previously
documented tephra layers in the AVF sediment cores (Sandiford et al. 2001; Molloy
et al. 2009; Hopkins et al. 2015) underline the excellent potential for dated tephra
layers in the Orakei sediment sequence to offer reliable age markers and correlation
tie points to other records of palaeoenvironmental change from New Zealand (see
chapters 4 to 8).

3.3.2 Radiocarbon dating
Radiocarbon dating is based on the principal that carbon (C) consists of three
isotopes, thereof two stable (12C, 13C) and one unstable (14C, also called radio-
carbon). 14C is constantly produced in the upper atmosphere by neutrons from
cosmic rays bombarding nitrogen. The 14N atom captures a neutron and evicts
a proton to transmute to 14C (Libby et al. 1949; Bronk Ramsey 2008b). Under
oxygen (O) uptake, the 14C atom combines to 14CO2, which becomes part of the
global carbon cycle. It is taken into the plant tissue during photosynthesis and
subsequently becomes incorporated into the food chain, e.g., by browsing herbivores.
Throughout the life of an organism, carbon in its tissue is in isotopic equilibrium
with the atmosphere but the uptake of 14C ceases with the death of the organism.
The 14C concentration decreases due to the radioactive decay of 14C to stable 14N
under emission of a beta particle (electron) (Libby et al. 1949; Rollinson 1993;
Walker 2005; Bronk Ramsey 2008b).
The half-life of 14C is 5730 years (Stuiver and Polach 1977). The decay of 14C occurs
exponentially, generally reaching the practical measurement limits at approximately
10 half-lives (50 000 yr to 60 000 yr).
Generally, radiocarbon dating can be performed on all biogenic material. The
most common method to obtain ages by radiocarbon dating is accelerator mass
spectrometry (AMS)-14C dating where the remaining 14C content is measured
relative to 12C and 13C present. C from the sample is accelerated to very high
speeds in the AMS allowing the discrimination of the 14C from other isotopes with
similar masses even on very small samples (Walker 2005; Bronk Ramsey 2008b;
Murray-Wallace and Woodroffe 2014).
It is preferable to date terrestrial material washed into the lake after its death which
has incorporated carbon only from the well-mixed atmosphere. Ideal dating targets
are seeds, twigs and leaves as these would have grown and died in a short amount
of time during which the 14C concentration in the atmosphere can be considered
constant. Less ideal dating targets are pieces of wood, especially from the trunk as
the long lifetime of a tree results in growth under different 14C concentrations for
older and younger parts of the tree.
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The younger (approximately) upper half of the Orakei sediment sequence of this
study can generally be dated by the radiocarbon technique depending on availabil-
ity of carbon-bearing remains. Terrestrial samples are preferred but not always
available and/or transported from older deposits by fluvial influx and hence, bulk
sediment also had to be dated whilst cognisant of the above-mentioned complica-
tions. Double-dating of a terrestrial plant component and bulk sediment sample of
the same stratigraphic position allows a constraint on the necessary correction for
bulk sample ages (see details in chapter 7).

3.3.3 Luminescence dating
optically stimulated luminescence (OSL) dating measures the number of electrons
which were trapped in the crystal lattice of quartz or feldspar and freed by exposure
to a light source in the laboratory. This time-dependent signal accumulates over
the period since the last exposure to light, which is (under normal circumstances
in the natural environment) the time of deposition (e.g., Aitken 1994; Aitken
1998; Walker 2005; Roberts 2008; Roberts et al. 2018). Good agreement with
independent age control has been shown in the range from 101 yr to 105 yr for
quartz OSL ages (Murray and Olley 2002; Rittenour 2008) leading to quartz to be
the long-time preferred choice for OSL dating (Roberts et al. 2018). Furthermore,
quartz is not subject to ‘anomalous fading’ (Wintle 1973) which involves the
loss of some trapped charge over time which has limited the use of feldspar
(Roberts 2008; Roberts et al. 2018). However, using feldspar for OSL dating
could extend the luminescence age range beyond that achieved by quartz and thus,
correction for anomalous fading has been attempted (Kars et al. 2008), although
with mixed success (e.g., Kars and Wallinga 2009; King et al. 2018). For this reason,
alternative measurement conditions have been investigated and Thomsen et al.
(2008) found minimised fading rates by using an elevated temperature (225 °C)
infra-red stimulated luminescence (IRSL) signal obtained following prior infra-
red (IR) stimulation at the frequently used low temperature of 50 °C. The electron
traps stimulated by the array of LEDs in the case of IRSL dating are very sensitive
to light and thus even sediments with a very short exposure times may be dated
more precisely (Walker 2005, p. 98).
During transport, until burial of the sediment, exposure to light constantly resets
the luminescence clock to zero – called bleaching. Throughout this time, the
electron traps are emptied but during the following time of burial, electrons are
progressively trapped again. While the sediment of interest is buried, it is subject to
low levels of radiation. Naturally radioactive isotopes 40K, 232Th, 238U are usually
present in and around the sample (Lian and Roberts 2006). The radiation from
their decay leads to the ionisation of atoms in the host material during which
the electrons are freed from their host atoms. The freed electrons then become
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lodged at structural defects or impurities in the crystal lattice, so-called ‘electron
traps’. If the traps are deep enough, the electrons stay in them indefinitely until
light exposure. The longer the time of exposure to radiation, hence a greater age,
and/or the stronger the radiation, the larger is the number of trapped electrons.
Light exposure in the laboratory empties the electron traps and measures the freed
electrons. The stronger this luminescence signal, the more time has elapsed since
first burial of the sample (Aitken 1994; Aitken 1998; Lian and Huntley 2001; Walker
2005; Roberts 2008).
The measured luminescence signal is recorded and compared to radiation doses
given to aliquots of the same sample necessary to produce the same signal strength,
hence called De or ‘palaeodose’. The dose rate describes the amount of radiation
from 40K, 232Th, and 238U per time unit experienced by the sample during the
time of burial influencing the number of electrons freed from the traps in the
crystal lattice. K, Th, and U concentrations have to be determined through XRF
or ICP-OES/ICP-MS and taken into account when calculating the dose rate. The
age of the sample is then determined based on Equation 1 (Aitken 1994; Aitken
1998; Lian and Huntley 2001; Walker 2005; Roberts 2008; Roberts et al. 2018).

Age (yr) = Equivalent Dose (De), (Gy)
Dose rate (Gy/yr) (3.1)

3.3.4 Palaeomagnetism
The Earth’s magnetic field is a vector field with three components describing it
fully: declination, inclination and intensity. Declination is the angle of deviation in
the horizontal plane between geographic north and magnetic north. Inclination is
the dip angle of the magnetic vector below the horizontal plane. The intensity is
the magnitude or strength of the field (King and Peck 2001, p. 371). The origin
of the Earth’s magnetic field is likely in its molten Fe-Ni outer core where the
flow pattern acts as an electrical conductor with largely global, but in parts also
regionally specific influence (King and Peck 2001, p. 371). Changes of this magnetic
field can be generalized on timescales of 10 000 yr and more and can simplified as
a dipole or bar magnet located along the rotation axis of the Earth – this model
is called the geocentric axial dipole (GAD) model of the Earth’s magnetic field
(King and Peck 2001, p. 371). During normal (positive) polarity intervals (like
presently), the inclination is 0° near the equator, 90° at the North magnetic pole
and −90° at the South magnetic pole. The declination averages to 0° at all points
on long timescales of 10 000 yr and above and the intensity has minimum values at
the equator and maximum values at the poles (King and Peck 2001, p. 371).
Changes of the Earth’s magnetic field in the past can be used for correlation
and dating of marine and lacustrine sediments due to their predominantly global
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character. The most pronounced and well-known changes are reversals of the
polarity where the magnetic poles change polarity. Since magnetic grains in
sediment and rocks align in the polarity present at the time of deposition, the past
polarity can be reconstructed from the samples and the reversal can be located
between samples of different polarity. The magnetostratigraphic timescale is well
established for the last 160Ma (King and Peck 2001, p. 373). However, the
last polarity reversal (Brunhes-Matuyama boundary) occurred at ca. 773 000 yr
(Valet et al. 2019) and is hence of no help for development of the Orakei sequence
chronology in this study.
Relevant on shorter timescales are geomagnetic field excursions. These are a brief
(of ca. 1000 yr duration) but significant divergence from the GAD configuration
and can approach polarity transitions without fully reaching reversed polarity.
Excursions, as well as polarity reversals, are accompanied by low field intensity
(King and Peck 2001, p. 373). One of the most prominent, and globally recorded,
excursion is the Laschamp Excursion dated to 41 100 ± 350 yr (Lascu et al. 2016;
Channell et al. 2017). Locating the Laschamp Excursion in the Orakei sediment
sequence serves as a precise age marker and correlation tie point on a global scale.
Reversals and excursions are sudden events on geological timescales, but the Earth’s
magnetic field undergoes constant change over time, called geomagnetic secular
variation (SV). The temporal pattern of these changes has proven to be very
similar globally over time scales of a few ka (e.g., Channell et al. 2000; Laj et al.
2004), and can thus be used for correlation and relative dating (King and Peck
2001, p. 373; Stoner and St-Onge 2007, p. 123). The palaeomagnetic field intensity
is most commonly used for correlation as it is independent of latitude or longitude
(e.g., Guyodo and Valet 1996; Guyodo and Valet 1999; Laj et al. 2004). Channell
et al. (2009) stacked 13 records for the last 1.5Myr (PISO-1500) of the relative
palaeointensity (RPI) which provides a stratigraphic template to which the RPI
variations of the Orakei sequence can be correlated and the age model can be
transferred from the PISO-1500 stack.
Many iron-rich minerals are strongly magnetic but only grains of magnetite (Fe3O4)
are able to carry a remanent magnetisation over geological timescales (Glaßmeier
et al. 2009, p. 10). The most common way for sediment to acquire this natural
remanent magnetisation (NRM) is by mechanical rotation of already magnetised
minerals in the direction of the present magnetic field before sediment compaction
(post-depositional remanence (pDRM)) with the recorded remanence in proportion
to the magnetic field strength at the time of deposition (Fabian and Leonhardt
2009, p. 66; Glaßmeier et al. 2009, p. 10). The specific depth (below sediment
surface) at which free rotation of the magnetic grains is not possible anymore
is called ‘lock-in depth’. The depth, and hence, the possible time-delay between
deposition and ‘lock-in’ of the NRM has been estimated to be between 2 and 30 cm
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(Boudreau 1994; Boudreau 1998).

3.3.5 Meteoric Beryllium-10
Cosmogenic radionuclides, such as 10Be, are produced in the atmosphere by bom-
bardment of the present atoms with cosmic rays (Prescott and Hutton 1988;
McHargue and Damon 1991; Aldahan et al. 2008; Heikkilä et al. 2009; Vogt et al.
2009; Nilsson et al. 2011). The majority is produced in the stratosphere and
later transferred to the troposphere. After their production, 10Be atoms attach
to aerosols and are evenly distributed in the troposphere and deposited mainly
via precipitation (McHargue and Damon 1991; Aldahan et al. 2008). Latitude-
dependence of atmospheric circulation patterns and precipitation can lead to very
different 10Be concentrations which is generally compensated when expressing 10Be
records as fluxes or ratios (Nilsson et al. 2011).
The Earth’s magnetic field has a shielding effect on cosmic rays. However, when the
geomagnetic field intensity is low, the shielding effect is reduced and the radionuclide
production increased considering constant cosmic ray intensity (Stoner and St-Onge
2007; Glaßmeier et al. 2009; Vogt et al. 2009; Nilsson et al. 2011). The underlying
relationship is well understood and can be determined quantitatively (Masarik and
Beer 1999; Masarik and Beer 2009; Stoner and St-Onge 2007). This relationship
between recorded cosmogenic nuclide flux and geomagnetic field intensity allows
correlation of records from different archives on a global scale. 10Be production
peaks, occurring during geomagnetic field excursions with low field intensity such
as the Laschamp Excursion, have been reported in ice cores (Wagner et al. 2000;
Muscheler et al. 2005; Raisbeck et al. 2007), in marine sediment (McHargue et al.
1995; Frank et al. 1997; Aldahan et al. 1999; Leduc et al. 2006), and in lake sediment
(Aldahan et al. 1999; Ljung et al. 2007; Berggren et al. 2010; Nilsson et al. 2011).
As a maar lake, Orakei palaeo-lake is well suited for 10Be-reconstruction. Together
with the RPI signal (see section 3.3.4), the 10Be variation in the Orakei sediment
sequence should allow correlation to 10Be variation in polar ice cores (Antarctica
and Greenland), and in low- and mid-latitude sediment records and thus facilitate
the study of inter-hemispheric climate teleconnections.

3.4 Development of the chronology
3.4.1 Age-depth models (with absolute chronological

information)
Reliable, precise and accurate absolute chronologies are an essential prerequisite
for most comparisons and correlations of Late Quaternary records of palaeoen-
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vironmental and –climatic change (Blockley et al. 2008; Trachsel and Telford
2017; Blaauw et al. 2018). In the absence of annual increments of deposition or
growth (varved sediments, ice cores, tree rings), chronologies are based on the
statistically-based estimation of ages between a finite number of directly dated
depths. This construction of the age-depth model is a ‘non-trivial task’ (Telford
et al. 2004) in which the relationship between sediment depth and its age is inferred
through the modelling of the sedimentation history of the basin (Bennett 1994;
Bronk Ramsey 2008a; Blaauw 2010; Blaauw and Christen 2011). The most basic
underlying assumption in age-modelling is that the age increases with increasing
depth in the core, i.e., the absolute dates are in stratigraphic order and no age
reversals are present (Blockley et al. 2008).

Goal

The goal in age-modelling is to obtain a relationship between depth and age
that is: a) as precise as possible, i.e., as close to the truth as possible without
knowing the actual truth, and b) as accurate as possible, i.e., attach the smallest
possible uncertainties to the age model so that the true age-model is still inside
the uncertainties (usually a 95 % confidence range).
This PhD project makes use of the Bayesian age-model software ‘Bacon’ (rpackage:
rBacon; (Blaauw and Christen 2019)). See section A.8 in Appendix A for a detailed
description of ‘Bacon’.

Bayesian age-models

Bayesian statistical models actually model the sedimentation rate (accumulation
processes) based on assumptions about the sedimentary archive, radiocarbon dates,
and radiocarbon calibration curve (Blockley et al. 2007; Blaauw and Christen 2011;
Trachsel and Telford 2017).
In Bayesian statistics, probabilities are used to express the uncertainty about the
unknown parameters before and after seeing the data. In the Bayesian framework,
the posterior uncertainty is computed from the prior uncertainty and the data (like-
lihood) via the defined model (Christen et al. 1995). The prior is the information
about the parameters known apart from the data/measurements. This information
is, for example, the assumption that the sedimentation process follows stratigraphic
ordering, that certain extremes are extremely unlikely and that changes in sedimen-
tation rate are smooth unless accompanied by visible breaks in the sedimentary
sequence (see section A.8 in Appendix Afor details of the assumptions, specifically
for ‘Bacon’). The likelihood describes the information obtained from the measure-
ments (e.g., radiocarbon dating), which essentially describes the likelihood that any
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one sample at this dated depth has a particular age (Bronk Ramsey 2008a; Bronk
Ramsey 2009). After applying the prior to the likelihood, the result is termed the
posterior probability describing a representative set of possible ages for each depth
in a sedimentary sequence with the most likely range being the highest probability
density function (hpdf) (Blockley et al. 2008; Bronk Ramsey 2008a; Bronk Ramsey
2009).
The practical calculation of the posterior probability density functions is usually
impossible to perform analytically and Markov-Chain Monte-Carlo (MCMC) sam-
pling is employed to sample over all possible solutions from the product of the prior
and likelihood probabilities (Bronk Ramsey 2008a).
The resulting probability distributions from Bayesian models (for likelihoods and
marginal posterior distributions) are usually quoted at 68 % and 95 % confidence
ranges for compatibility with standard deviations in normal distributions. How-
ever, it is important to remember that the probability distributions are usually
non-normal and should not be reported as 1σ or 2σ. A quoted range of 95 % is
the shortest range including 95 % of the probability (Bronk Ramsey 2009).

Uncertainties

The need for quantifying and reporting uncertainties, or the frequent omission
there-of, has been recognised and stressed early in the application of this approach
(Bennett 1994) but continues to be ignored despite advances in the estimation of
realistic age-depth models and their uncertainties (Blaauw 2010; Blaauw et al. 2018).
Blaauw (2010) urges consideration of uncertainties for both the calibrated dates as
well as the entire sequence. Every dating technique has its inevitable uncertainty
and the need for calibration of radiocarbon ages complicates the uncertainties
resulting in non-symmetric, non-Gaussian distributions of calendar ages to which
most statistical methods cannot be applied (Bronk Ramsey 2008a). Bayesian age
modelling techniques have proven successful in producing reliable age models for
a variety of records (Blockley et al. 2008). Opposed to ‘traditional’ linear age
modelling, in Bayesian models, the age uncertainties increase between the directly
dated levels, which is significantly more realistic and intuitive than decreasing
uncertainty far from dated depths in linear models, and decrease with more dated
depths (Trachsel and Telford 2017; Blaauw et al. 2018). Bayesian models simulate
many alternative ways of sediment deposition of the site in-between the directly
dated depths and thus increasingly diverge from the linear interpolation model
(Blaauw et al. 2018).
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Testing

The goodness-of-fit to the true sedimentation history can only be assessed in an-
nually laminated records, which allow independent knowledge of the true history,
or in simulated records and ages (Telford et al. 2004; Bronk Ramsey 2009; Tra-
chsel and Telford 2017) to test the model behaviour in comparison with the true
ages. Assessment of the performance of an age model at specific depths can be
obtained in the presence of stratigraphic marker layers (e.g., tephra deposits) with
independent age control and/or by the ‘leaving-one-out-strategy’. In that case,
the age model would be constructed leaving one date out and comparing the age
models performance at the depth of that specific date with its measured age. Both
techniques result in a finite (and possibly small) number of test cases (Telford et al.
2004; Trachsel and Telford 2017).

3.4.2 Age-depth models (with relative chronological
information)

Relative age information can be derived from the cross-core correlation between
records giving information on the deposition rates for chronology development.
While absolute ages (used in described models above in section 3.4.1) relate to the
age of single samples, relative date information has a more complex relationship
with the timing of events (Bronk Ramsey 2009).
One approach to relative age model development – ‘climatostratigraphic alignment’
– tunes physical, chemical or biological proxy data to pronounced climatic changes
in reference records such as Greenland ice core (NGRIP Members 2004) or the
marine benthic isotope stack (Lisiecki and Raymo 2005).
However, it is important to avoid the introduction of circularity by assuming
synchroneity in climatic signals when that is often one of the questions investigated
(Bronk Ramsey 2008a; Blaauw 2012) and evidence for the existence of significant
lags exist (Lang and Wolff 2011).
At least at millennial (probably not at centennial) timescales, the RPI of the
Earth’s magnetic field (see above section 3.3.4) is considered a global signal and
thus could be considered the prime candidate for correlation and tuning to an
established and dated record (PISO-1500 stack (Channell et al. 2009)). Alignment
of RPI minima in the record from Lake Van (Turkey) and the PISO-1500 stack has
successfully been used for chronology development and cross-validation of other
techniques further supported by high 10Be-fluxes during the Laschamp Excursion
(Stockhecke et al. 2014, see also above section 3.3.5).
Inspired by ‘wiggle matching’ of radiocarbon data and the successful use of the RPI
and 10Be data (Stockhecke et al. 2014), a ‘wiggle matching’ of the reconstructed
relative strength of the palaeomagnetic field to the PISO-1500 stack supported
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by meteoric Beryllium-10 variations and postIR-IRSL ages (see section 3.3.3) will
form the basis of the Orakei sediment sequence chronology beyond the limit of
radiocarbon dating of ca. 50 000 yrBP.
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4 Stratigraphy and sedimentology of
the Orakei maar lake sediment
sequence (Auckland Volcanic
Field, New Zealand)

4.1 Preface to chapter 4
Chapter 4 addresses objective 1 of this thesis, to develop the composite stratigraphy
of three high-quality, finely laminated sediment cores from Orakei maar. The two
cores recovered in 2016 were successfully aligned based on visual marker layers
supplemented with high-resolution µ-XRF results and gaps were filled with the
core drilled in 2007 to produce a detailed composite stratigraphy of the Orakei
sediment sequence. Predominantly finely laminated sediment sections are easy to
align visually up to mm-scale but units with more siliciclastic influx (e.g., sand
bands) remain slightly uncertain in their overlap. The facies unit framework of the
Orakei sediment sequence is presented in 16 facies units, 14 of which are lacustrine
and peat units.
Chapter 4 represents a progress report published in Scientific Drilling, 25, 47–56,
2019. doi.org/10.5194/sd-25-47-2019 together with co-author Paul C. Augustinus.
Only stylistic modifications have been applied to the manuscript text and the
abstract and reference section have been removed for consistency throughout this
thesis. Supplementary files can be found in Appendix B.1.

4.2 Introduction
Lake sediments are important archives for Quaternary palaeoenvironmental and
palaeoclimatic reconstruction, particularly when sedimentation has been continuous
and sedimentation rates high, as they offer a variety of high-resolution proxy records
of environmental change. In the context of the location of New Zealand in the
Southern Hemisphere mid-latitudes, lakes act as important recorders of past climate
in the South-West (SW) Pacific (Alloway et al. 2007). Furthermore, Auckland is
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situated at an ecological and climatic boundary between the sub-tropical north
and the south of New Zealand influenced by sub-polar climatic and oceanographic
systems (Augustinus 2007). Consequently, the up to 250 000 yr duration and high-
resolution laminated sediment cores retrieved from maar lakes in the Auckland
Volcanic Field (AVF) constitute ideal recorders of past regional climatic variability
over the last two glacial cycles.
Due to their low diameter-to-depth ratio and limited catchment area (dominated
by the lake itself), allochthonous sedimentation is a minor component of the infill
so that maar lake sediment is largely a direct archive of regional climatic signals
(e.g. Augustinus et al. 2011; Brauer et al. 1999; Horrocks et al. 2005; Sandiford et al.
2003; Zolitschka et al. 2013). AVF maar lakes also preserve complete archives of
eruptions of the local basaltic volcanoes as well as rhyolitic and andesitic volcanic
systems situated in the Taupo Volcanic Zone (TVZ) and Egmont Volcano (Eg)
(Fig. 4.1) to the south of Auckland (Hopkins et al. 2015; Molloy et al. 2009; Shane
2005; Shane and Hoverd 2002). This is of importance as the City of Auckland,
with >1.5 million inhabitants, is situated on a potentially active volcanic field for
which eruption frequencies cannot be derived from the historical record (Edbrooke
et al. 2003; Molloy et al. 2009; Newnham et al. 1999). Many basaltic tephra
layers have been recorded in the AVF maar sediment cores, but age estimates rely
on sedimentation rate inter- and extrapolation and correlation with the source
volcanoes, which mostly have not been dated unambiguously (Hopkins et al. 2015;
Hopkins et al. 2017; Leonard et al. 2017; Lindsay et al. 2011; Molloy et al. 2009).
Here, we focus on the Orakei maar palaeo-lake, which contains a finely laminated
sediment sequence with high sedimentation rates (average ∼ 0.7mm/yr) possibly
spanning the Eemian (MIS 5e) to the earliest Holocene. After an initial coring
campaign in 2007, which established the potential of the Orakei maar record
(Hopkins et al. 2015; Molloy et al. 2009), two overlapping cores were recovered in
2016 that reached the primary volcanic ejecta at the base of the crater at ca. 105m
depth below the sediment–water interface. Emphasis in the present study lies in
establishing a detailed composite stratigraphy by aligning the overlapping sediment
cores collected.
Many sediment records rely on one master record stitched together from two
or more cores from a sedimentary sequence, although it is often not explained
how these master records are derived. Nakagawa et al. (2012) summarised an
incomplete early sediment sequence retrieved from Lake Suigetsu (Japan) resulting
in potentially erroneous interpretations. Furthermore, they reported details of
aligned sediment core sections from the Lake Suigetsu (Japan) sequence drilled in
2006, which largely relied on visual identification of marker layers (i.e. tephra and
flood layers), as well as intervals of lower confidence in the alignment of the sediment
cores without abundant visual markers. A recent approach using core-scanning
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X-Ray fluorescence (XRF) by Mischke et al. (2017) aligned two cores using visually
distinct features in the down-core elemental variation but also noted the need to
delete a number of ’second order markers’ to avoid conflicting and likely incorrect
stratigraphic ordering.
Here we (1) provide details of the approach used for robust construction of a
composite stratigraphy from two (or more) overlapping cores based on visual
markers, and, if the latter are absent, guided by micro (µ)-XRF-based geochemical
variability; and (2) introduce and describe the Orakei maar palaeo-lake in a
lithostratigraphic framework. In so doing we highlight the outstanding potential of
the sequence for palaeoclimatic reconstructions from an under-studied region of
crucial importance to understanding the behaviour of the global climate system
over the Last Glacial Interval (LGI).

4.3 Regional setting
Auckland is located in the northern part of the North Island of New Zealand (4.1a).
The coring site, Orakei Basin, is a tidal lagoon with artificially controlled inflow
and outflow to maintain water levels for water sports and allow regular flushing
of pollutants. Subsequent to the highly explosive maar-forming phreatomagmatic
eruption, a lake filled the crater until ca. 9500 yr cal. BP, when post-glacial sea-level
rise breached the crater rim and connected the lake to the sea, allowing mass influx
of tidal mud (Hayward et al. 2008). The modern surroundings of Orakei Basin
are characterised by residential buildings to its south and the crater rim collapse
identifiable from active landslides (4.1d). Erosion and collapse of the steep crater
walls and successive crater widening have led to repeated pulses of recycled eruptive
material (juvenile clast and accidental ejecta/country rock) into the basin (Németh
et al. 2012). Figure 4.1d shows the location of the two cores retrieved in 2016. No
GPS position was recorded for the core retrieved in 2007, but the position was
noted as near the centre of the basin. No shallow seismic survey of the sediment
strata below the sediment–water interface has been undertaken. Hence, lateral
extent and distribution of strata remain speculative.

4.4 Methods
4.4.1 Coring
Initial coring of Orakei Basin was undertaken from a floating barge in 2007 using a
rotating barrel system, with a single core that penetrated to 81m depth below the
water–sediment interface. A further set of two overlapping cores with 50 cm vertical
offset between them was collected in 2016 from a barge using wireline drilling and
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Figure 4.1: Map of the Orakei maar study area. (a): New Zealand with insets
(b) and (c) marked. (b): New Zealand’s North Island with Auckland
(inset c) and the major volcanic source centres marked. (c): Auckland
area showing the position of Orakei Basin. Red shading in populated
areas; dark shading shows increased elevation. (d): Satellite image
(ESRI world imagery) show the coring locations with red dots and other
important features of the surroundings of the maar.
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core collection in 1m long sections. The lateral offset between the OB16A and
OB16B core was 8m.

4.4.2 Core description and visual facies identification
Split-core surfaces were described in detail for visually distinct changes in compo-
sition, qualitative grain size (clay, silt, very fine to coarse sand), colour (Munsell
Color, 1975), thickness and shape of laminations, signs of bioturbation (burrows),
(coring-induced and natural) disturbance of laminations and sedimentary features,
presence of macrofossils (pieces of wood/bark and small twigs), and tephra layers.
Each facies unit contains sediment of similar colour, composition, and laminae
structure (or absence of laminations). Subunits differentiate between intervals of
smaller differences, i.e. a change in lamination thickness or a slight colour change
with overall similar sediment type and appearance. Most facies units have sharp
contacts and are hence easily identified.

4.4.3 µ-XRF core scanning and magnetic susceptibility
The Orakei sediment cores were scanned using an Itrax µ-XRF core scanner (Cox
Analytical Systems (Gothenburg, Sweden) at the School of Environment, University
of Auckland, New Zealand. µ-XRF core scanning records downcore elemental
variation in the range Al to U (on the Mo X-ray tube) rapidly, non-destructively,
and with very little sample preparation (Croudace et al. 2006; Croudace and
Rothwell 2015). Here, µ-XRF data were acquired for all cores with the Mo X-ray
tube (at 30 kV, 55mA) at 1mm spatial resolution and 10 s/step exposure time.
High-resolution optical images (at 47 µm) and radiographic images (at 60 kV, 50mA
and 1mm resolution) were recorded during the same scanning process. magnetic
susceptibility (MS) was acquired automatically by the same Itrax core scanner
at 5mm resolution for all cores with a Bartington magnetic susceptibility MS2e1
surface scanning sensor.

4.4.4 Establishing the composite stratigraphy
The two cores retrieved in 2016 were drilled with at least 50 cm vertical offset
to allow for overlaps between both cores around core breaks. The alignment
of these overlapping sections is straightforward by visual means in the finely
laminated sediment sections of the core. However, it is more difficult to establish a
composite stratigraphy in the coarser sediment where clear marker layers are often
absent. Consequently, MS and µ-XRF data were used to aid the correlation of the
overlapping cores as described below.
Visually prominent marker layers allowed most of the correlation using tephra
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layers (Table B.2), thick mass movement deposits, and major sharp facies contacts
(e.g., onset of laminations, strong changes in grain size or colour) as outlined in
Figs. 4.2 and 4.3. Finely laminated sediment was aligned on a sub-cm scale visually
as highlighted by the high-resolution images in Fig. 4.2 (left). Coarse sediment
showing no clear features along which to align the cores is shown in Fig. 4.2 (right).
To obtain a complete composite stratigraphy, these intervals are correlated with
reduced certainty (marked yellow in Fig. 4.3). These intervals constitute ca. 15 %
of the entire sediment sequence and are confined by sharp upper and lower contacts.
K and Fe (normalised to incoherent scattering from XRF (inc)) have been identified
as showing the highest potential for cross-core correlation and have been used to
identify chemical changes where visual markers are absent. The feasibility of this
approach is underlined by the alignment of the finely laminated sediment where
XRF-based correlation is in agreement with visual correlation as shown in Fig. 4.2
(left). Prominent minima or maxima in the geochemical XRF curve (i.e., K/inc)
occur at sediment horizons different from sediment below and/or above, such as
event layers or facies changes. It is reasonable to assume that these horizons are
recorded in all sediment cores of the same depositional basin, which underlines their
potential as marker layers. In this way, the downcore elemental variability has been
used as an additional aid to establishing an overlapping composite stratigraphy.
Where no other constraint on correlation could be established, it was guided by
the common offset of the A-core usually showing distinct features ca. 1m higher
than the B-core (note the offset depth scales in Fig. 4.2 for visualisation purposes).
Horizons of instantaneous deposition such as tephra layers and mass movement
deposits were removed on the event corrected depth scale (ECD).

4.5 Results and discussion

4.5.1 Lithostratigraphic units
Figure 3 summarises the 16 major lithostratigraphic units (numbers) with 31
subunits (letters). Their differentiation is driven by visual changes in colour, grain
size, dominant structure, and lamination-thickness. Facies descriptions of the units
are provided in Table B.1 and are shown in Fig. 4.3, with example core photos in
Fig. 4.4.

4.5.2 Preliminary age model
The dated rhyolitic tephra marker layers and one radiocarbon date near the top of
the sequence from the 2007 core published in Hayward et al. (2008) (NZA28865:
9512 ± 19 cal. yr BP, calibrated with SHCal13 Hogg et al. (2013)) allow for the
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Figure 4.2: Examples of core photos from the Orakei maar palaeo-lake record and
their correlation. Left: Laminated facies easily correlated using visual
marker layers. Downcore µ-XRF variation can be used for correlation
but does not offer additional markers. Green bands along the depth
axis indicate the record of higher quality, which is adopted for the
composite µ-XRF and MS record. Right: Facies comprised of silt, sand
and large subfossil wood fragments which are very difficult to correlate
unambiguously. Visual correlation may be incorrect in large sections
but cannot be improved easily with µ-XRF variation either. Hence,
yellow bands alongside the depth axis indicate unsure correlation which
is carried forward in the master record.
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Figure 4.3: Orakei maar palaeo-lake composite stratigraphy, lithological description,
and rhyolitic marker tephra layers with ages (tephra layers from Peti
et al. (2019a).

44



Results and discussion

Figure 4.4: Example core photographs of the 16 facies units and subunits. Each
core photo graphed is ca. 1m long.
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Figure 4.5: Preliminary age model established from rhyolitic tephra marker layers
(Table B.2) and extrapolation of an assumed continuous sedimentation
rate to the core base compared with inferred ages in Hopkins et al.
(2017).
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construction of a preliminary, simplified age model (Fig. 4.5).The finely laminated
sediment between the Tahuna and Rotoehu tephra is largely representative for
most of the Orakei sediment sequence below 40m ECD. The thick sand bands of
facies units 9 and 11 have been removed on the ECD explaining the difference of
4.83m between Figs. 4.3 and 4.5. The sediment between those bands is mostly
laminated silt and we assume a similar sedimentation rate both above and below
for this preliminary age estimate for the core base (Fig. 4.5). Extrapolation of
the sedimentation rate between the Tahuna and Rotoehu tephras (2300 yr m−1) to
the base of the sequence (hence, eruption age of Orakei crater) produces an age
of ca. 123 600 yr (Fig. 4.5, age c). Using the same approach, the age for basaltic
tephra layer AVF1 is estimated to be ca. 80 400 yr, only slightly younger than
the 83 100 yr estimated by Molloy et al. (2009) and well within typical errors of
tephra ages pre-21 000 yr of ±1000 yr to 2000 yr (Molloy et al. 2009). Hopkins et al.
(2017) inferred an older age for AVF1 of 106 170 ± 4300 yr together with a basal
age of 126 150 ± 3320 yr (Fig. 4.5). Although the age estimate of the base of the
sequence (i.e., the Orakei eruption, correlated with the AVFa horizon in Hopkins
et al. (2017)) agrees very well with our estimates, the AVF1 age appears >20 000 yr
older compared to the estimate from the Orakei sediment accumulation rates (Fig.
4.5). This age–depth relationship would result in a low sedimentation rate between
Rotoehu and AVF1 and a marked increase between AVF1 and the sequence base.
Although it is possible that very thin mass movement deposits have not been
recognised which could cause this higher sedimentation rate, the same would be
true for facies units 8 and 10 above the AVF1 layer (Fig. 4.3). More rapid infilling
of the crater could be associated with facies units 9 and 11 despite removal of the
event layers. On the other hand, a slower observed sedimentation rate could also
be caused by periods of non-deposition during significantly lower lake levels. Sharp
facies contacts may indicate erosion and non-deposition. However, we consider this
to represent only short time durations since the clay and silt intervals between
the sand bands in facies units 9 and 11 show laminations indicating continuous
sedimentation under deep-lake conditions (Fig. 4.3). Consequently, the inferred
near-constant sedimentation rate model is preferred here. This model suggests that
the Orakei eruption occurred just after Termination II (ca. 130 000 yr (Lisiecki and
Raymo 2005)) early in the onset of the Last Interglacial (MIS 5e). Therefore, we
infer that the Orakei sediment sequence spans most of the Last Glacial Interval.
However, these are necessarily crude estimates based on linear interpolation and
extrapolation, and they are being refined (see section 4.6).
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4.6 Possible outcomes of the Orakei maar sediment
sequence

A high-resolution multi-method chronology is currently being established for the
Orakei sediment sequence based on radiocarbon dating, tephrochronology, post
infrared-infrared stimulated luminescence (postIR-IRSL) dating, relative palaeo-
intensity variation of the Earth’s magnetic field, and 10Be cosmogenic nuclide flux
into the lake. Coeval with this work, pollen and chironomid analyses are underway
to enable detailed reconstruction of changes in the palaeo-vegetation and climatic
conditions. Itrax µ-XRF core scanning alongside traditional measurements of loss
on ignition (LOI), carbon and nitrogen content, as well as stable oxygen and carbon
isotopes, will be combined to reconstruct the climatic development of the area over
the Last Glacial Interval (LGI). Micro-facies studies on resin-impregnated sediment
slabs and large-scale thin sections will allow identification of abrupt climate shifts
and events as well as identification of changes in seasonality recorded in the Orakei
composite sediment sequence.
The Orakei maar palaeo-lake sequence is expected to do the following:

1. Constrain the frequency and magnitude of eruptions of the Auckland Volcanic
Field (AVF) through provision of better age estimates for past basaltic
eruptions.

2. Constrain the nature, drivers, magnitude, and timing of climatic changes in
this part of the SW Pacific. In addition, accurate and precise dating of the age
markers and correlation with cosmogenic nuclide production variation (10Be)
may enable identification of climate leads and lags between the Northern and
Southern Hemisphere mid-latitudes including European maar lake and polar
ice core records.

3. Understand the role of the westerly winds in climate change on a millennial
to sub-decadal timescale in the SW Pacific over the LGI, with thick laminae
likely reflecting a response to strong south-westerly winds with increased pre-
cipitation over the region depositing wind-blown dust and, hence, controlling
biological productivity in the lake.

Conclusions
Even the most detailed observations and most sophisticated coring techniques
cannot produce a perfect sediment core composite stratigraphy. In the case of
finely laminated sediment and no to little coring disturbance, it is relatively
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straightforward to align overlapping cores along prominent sedimentary features,
such as mass movement deposits, unique alternations of laminations, sharp facies
contacts or tephra layers. In the case of coarse sand and macroscopic organic
detritus (e.g. facies units 9 and 11), core alignments prove to be more challenging.
Despite the close proximity of the two coring positions in Orakei maar (Fig. 4.1,
8m distance), the uneven distribution of mass movement deposits/slumps at the
lake bottom results in small differences of the sediment stratigraphy that reduce
confidence in the development of the composite stratigraphy over these intervals.
While it is important to be aware of this source of uncertainty, the affected interval
will reduce in relative thickness when the record is viewed against a time scale as
opposed to a depth scale (metres below the marine water–freshwater transition).
Overall, the Orakei maar palaeo-lake record constitutes an exceptional, continuous,
long, high-resolution sedimentary record that captures environmental and climatic
changes in the northern North Island of New Zealand over the Last Glacial Interval.
The history of the lake commenced with the maar-forming phreatomagmatic
eruption, through various stages of changing deep lacustrine conditions, minor mass
movement events associated with erosion/collapse of the crater rim, and deposition
of distal rhyolitic and locally derived basaltic tephra layers. The deep lake phase
was terminated by fluvial sediment influx at ca. 20 300 cal. yr BP (onset of facies
unit 3) and peat accumulation to infill the basin before an episodic breach of the
crater rim associated with rising post-glacial sea-level in the early Holocene drove
rapid marine sediment influx to create the modern tidal basin. Correlation of
the Orakei maar lake sediment sequence with those developed from Pupuke and
Onepoto maars (Fig. 4.1) will enable development of an AVF master stratigraphy
and robust reconstruction of environmental and climatic conditions spanning the
last two glacial cycles for the first time from subtropical northern New Zealand.
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5 Towards characterising rhyolitic
tephra layers from New Zealand
with rapid, non-destructive µ-XRF
core scanning

5.1 Preface to chapter 5
Chapter 5 addresses objective 2 of this thesis, the advancement of tephrochronology
with a novel rapid, non-destructive approach using µ-XRF core scanning. This
chapter is a proof of concept clearly showing that the XRF signal recorded by the
Itrax µ-XRF core scanner is significantly different for each rhyolitic tephra layer
encountered in the sediment cores. Thus, this opens the possibility of characterising
geochemical differences in rhyolitic tephra layers through a fast and non-destructive
approach to their identification in sediment cores. Whilst proving the concept,
this chapter also highlights difficulties in this approach when different scanning
parameters or different Itrax core scanners are used.
This chapter represents a research paper in the special issue Advances in Data
Quantification and Application of high resolution XRF Core Scanners published in
Quaternary International, 514, 161–172, 2019. 10.1016/j.quaint.2018.06.039 with
the co-authors Paul C. Augustinus, Patricia S. Gadd, and Sarah J. Davies.
Only stylistic modifications have been applied to the manuscript text and the
abstract and reference section have been removed for consistency throughout this
thesis. Supplementary files can be found in Appendix B.2.

5.2 Introduction
Lake sediment-based reconstructions of late-Quaternary environmental change are
only useful if based on reliable chronologies. Nevertheless, many of the changes in
climatic and environmental conditions of interest occurred more than 50 000 years
ago and/or cannot be dated by the radiocarbon technique. Fortunately, volcanic
eruptions produce tephra that are deposited as layers both proximal and distal to
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volcanic centres and serve as time markers that aid the development of reliable
chronologies (Shane 2000; Lowe 2011; Lane et al. 2017). This is the science of
tephrochronology which is an important method for dating late Quaternary lake
sediment sequences in northern New Zealand (Molloy et al. 2009).
Tephrochronology involves the unambiguous identification of tephra that are some-
times spread over large areas distal from the eruption site. Eruptions are effectively
instantaneous events where they are preserved in the geological record so that the
resulting tephra layers are isochrons. If the eruption has been dated by some means,
the same age can be attributed to the widely-distributed tephra layers produced
thereby underlining the importance of tephra to dating sediment-based records
of past environmental change, as well as in volcanic hazard analysis (Shane 2000;
Lowe 2008; Lowe 2011).
To be able to establish reliable correlations between tephra layers encountered
at different locations distal to the source and to proximal eruptive deposits, geo-
chemical characterisation of the tephra is necessary and termed “fingerprinting”.
Traditionally, tephra layers are fingerprinted geochemically and petrographically
based on electron probe microanalysis (EPMA) (for major element oxide composi-
tion), laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
(for minor and trace elements) of volcanic glass and microscopic investigation of
the diagnostic mineral assemblage (e.g. Shane 2000; Shane and Smith 2000; Shane
2005; Lowe 2008; Lowe et al. 2013; Dugmore and Newton 2012; Lane et al. 2017).
However, this process is destructive and time consuming, thereby complicating the
use of tephra as known-age isochrons in lake sediment sequences.
In contrast, µ-XRF scanning of sediment cores is fast, non-destructive and needs
virtually no sample preparation (e.g. Croudace et al. 2006; Thomson et al. 2006;
Croudace and Rothwell 2010). Sediment-based records of past environmental
change often routinely undergo µ-XRF scanning to obtain continuous time series
of geochemical data for elements with Z ≥ 13 (Al to U). The geochemical data
required for tephra recognition and identification/fingerprinting are collected auto-
matically in the µ-XRF process. Hence, the potential advantages of being able to
rapidly and reliably identify tephra using µ-XRF core scanners are clear.
Prior research into the potential of using µ-XRF core scanners as a tephrochronolog-
ical aid has focussed on the ability to locate cryptotephra invisible to the un-aided
eye (e.g., Balascio et al. 2015), or to identify tephra in lake sediment cores (Kylander
et al. 2012). The latter authors do not recommend the use of µ-XRF core scanning
data as a tool for tephra identification based on basaltic and low-concentration
rhyolitic tephra layers in sediment cores from the Faroe Islands. However, improve-
ments in the Itrax detector system and the abundance of macroscopic (visible)
tephra layers with distinctive chemistries in New Zealand (Lowe 2008) enable a
more thorough investigation of the potential of µ-XRF core scanning techniques
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for reliable tephra identification.
This study focuses on tephras in lake sediment cores retrieved from maars in the
Auckland Volcanic Field (AVF) (northern New Zealand) which unites outstanding
high-resolution and finely laminated records of late-Quaternary environmental
change with well-preserved tephra deposits from a wide variety of volcanic systems
(andesitic, basaltic, and rhyolitic).

5.3 The Auckland Volcanic Field (AVF)
The AVF consists of about 53 basaltic volcanoes (Lindsay et al. 2011). Thirteen of
these are explosion craters, called maars, formed by phreatomagmatic eruptions
(Cas and Wright 1988; Smith 1989). All maar craters referred to in this study (Fig.
5.1) have hosted a lake for varying durations over the past ca. 250 000 year(yr)
(Molloy et al. 2009). Lake Pupuke is the only maar in the AVF which has not
been in-filled and/or breached and contains an extant lake (Augustinus et al. 2006;
Augustinus et al. 2008; Newnham et al. 2018). The extant and in-filled maar lakes
mostly have steep crater rims combined with deep lacustrine basins with small
width to depth ratios resulting in excellent preservation potential of sediment and
tephra derived from both tephra fall and reworking from the steep sub-aqueous
crater rim slopes (Molloy et al. 2009; Zawalna-Geer et al. 2016). The AVF maar
lake sediment sequences often show pronounced fine laminations recording changes
in regional climate and environmental conditions, possibly even at annual to
decadal resolution (Pepper et al. 2004; Augustinus et al. 2006; Striewski et al.
2013). For the past ca. 46 000 yr, good age control was largely established based
on identification of geochemically-distinct, well-dated and well-preserved tephra
(volcanic ash) isochrons (Shane 2000; Molloy et al. 2009; Augustinus et al. 2011).
This dependence on tephra layers for AVF maar lake sediment sequence chronology
development highlights the need for fast and reliable identification of tephra in lake
sediment cores proximal or distal to tephra-producing volcanic zones.

5.3.1 Tephra records from the AVF maar crater lakes
The North Island volcanic centres (VCs) that contribute rhyolitic and andesitic
tephras to the Auckland maar lakes are located south of Auckland: the Okataina
Volcanic Centre (OVC), Taupo Volcanic Centre (TVC), Egmont Volcano (Eg) and
Tongariro Volcanic Centre (TgVC), as well as the smaller Tuhua volcanic centre,
also TUVC or MI (TU) to the South-East (SE). In addition, the ∼53 volcanoes in
the AVF produced basaltic tephra which are dispersed locally (Fig. 5.1). Rhyolitic,
basaltic and andesitic tephra from these centres have frequently reached the AVF
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TVC
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Pupuke
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Hopua

Pukaki

Panmure

Orakei
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AVF

Figure 5.1: Auckland Volcanic Field (left) with maar craters of this study high-
lighted in red and its position in New Zealand’s North Island (right)
in relation to the volcanic sources of the tephra layers found in the
Auckland maars and wider New Zealand area: Tuhua (TUVC, peralka-
line rhyolitic), Taupo (TVC, rhyolitic) and Okataina (OVC, rhyolitic),
Egmont (Eg volcano, andesitic), Tongariro (TgVC, andesitic) and Auck-
land Volcanic Field (AVF, basaltic). VC: volcanic centre.
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maar lakes (Molloy et al. 2009; Zawalna-Geer et al. 2016), highlighting their value
as known-age isochronous marker layers for both chronology development and
correlation of the sediment sequences between maars. Furthermore, volcanic hazard
assessment for the AVF basaltic volcanoes rely on identification of basaltic tephra
layers contained in the maar lake sequences although their timing has largely
been constrained by the bracketing known age rhyolitic tephra (Molloy et al. 2009;
Hopkins et al. 2015). However, new approaches using 40Ar/39Ar dating of the
basaltic lava flows from the source AVF volcanoes correlated to basaltic tephra
deposits (Hopkins et al. 2017; Leonard et al. 2017), zircon double-dating (Danišik
et al. 2012), and meteoric 10Be and magnetic paleointensity studies of the maar
lake sediments (Nilsson et al. 2011) have the ability to dramatically improve the
chronology of the sequences beyond the 14C dating method limit of ca. 60 000 cal. yr
under favourable conditions.
In this study, we investigate the scanning µ-XRF characteristics of rhyolite tephra
layers in sediment cores from five AVF maar palaeo-lakes: Onepoto Domain, Orakei
Basin, Panmure Basin, Hopua Crater, and Pukaki Lagoon; plus one extant lake,
Pupuke (Fig. 5.1). Only rhyolite tephra layers were used as they are the most
widely-dispersed and widely-used tephrochronological deposits in New Zealand.

5.4 Materials and methods
5.4.1 Rhyolitic tephra layers
The tephra records documented in sediment cores from Hopua maar, Lake Pupuke
and the Orakei Basin core collected in 2007, Pukaki and Onepoto maars are pre-
sented in Table 5.1. Figs. 2 and 3 in Molloy et al. (2009) present the studied
rhyolitic tephra layers in stratigraphic context of the AVF maar lake records. This
study focusses only on macroscopic rhyolitic tephra layers which have previously
been identified through EPMA glass chemical composition (Molloy et al. 2009, and
unpublished data by Zawalna-Geer). Table 5.1 summarises the names, source vol-
canic centres and dominant mineralogy of the 13 rhyolitic tephra layers investigated
in this study.

5.5 Methods
5.5.1 µ-XRF core scanning
The sediment cores were scanned with three different Itrax µ-XRF core scan-
ners (Cox Analytical Systems, Gothenburg, Sweden) at Aberystwyth University
(AU, UK), the Australian Nuclear and Science Technology Organisation (ANSTO,
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Table 5.1: Overview over investigated rhyolitic tephra layers in this
study following Lowe (2008) and Molloy et al. (2009).

Name Ferromagnesian mineralogy2 Centre1

Tuhua aegirine (aeg) > cpx >opx ±
aen ± rie ± hb ± olv(fa) ± tuh

TUVC

Mamaku hb > opx � ± cgt OVC
Rotoma cgt > hb OVC
Opepe opx � cpx TVC
Waiohau opx > hb OVC
Rotorua bio > opx > hb OVC
Okareka bio OVC
Kawakawa/Oruanui opx > hb TVC
Okaia opx > hb TVC
Hauparu hb, opx OVC
Maketu hb > opx OVC
Tahuna opx > hb TVC
Rotoehu bio = hb = cgt OVC

1 TUVC: Tuhua Volcanic Centre (Mayor Island); OVC: Okataina
Volcanic Centre; TVC: Taupo Volcanic Centre
2 aeg: aegirine; aen: aenigmatite; bio: biotite; cgt: cummingtonite;
cpx: clinopyroxene; hb: hornblende; olv(fa): olivine (fayalite); opx:
orthopyroxene; rie: riebeckite; tuh: tuhualite. ± indicates may or
may not be present.
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Table 5.2: Overview of µ-XRF scanning locations and conditions
used in this study.
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Pupuke AU1 2008 Mo 30 kV 20mA 10 s 200 µm
Hopua AU 2008 Mo 30 kV 45mA 10 s 200 µm
Panmure AU 2010 Mo 30 kV 45mA 10 s 200 µm

Onepoto ANSTO2 2013 Mo 30 to
55 kV 50 to

55mA
10 s 1000 µm

Orakei UOA3 2017 Mo 30 kV 55mA 10 s 1000 µm
Hopua UOA 2017 Mo 30 kV 55mA 10 s 1000 µm
Panmure UOA 2017 Mo 30 kV 55mA 10 s 1000 µm
Onepoto UOA 2017 Mo 30 kV 55mA 10 s 1000 µm

1 Aberystwyth University
2 Australian Nuclear Science and Technology Organisation
3 University of Auckland

Australia), and The University of Auckland (UOA, New Zealand) with settings
specified in Table 5.2. Each scan resulted in an optical image, a radiograph and
single dispersive energy spectra for each interval measured along the core profile.
Integrated peak area integrals for each element are calculated from the spectra
which are then output as X-Ray fluorescence (XRF) count data (Croudace et al.
2006; Thomson et al. 2006; Croudace and Rothwell 2010).

Data treatment

To correct for variability in sediment water, organic matter content and grain size,
as well as X-ray tube ageing, all elemental peak intensities have been normalised to
the sum of incoherent and coherent scattering (inc+coh; Löwemark et al. (2011) and
Kylander et al. (2012)). Unless otherwise stated, element “X” refers to elemental
peak areas normalised by inc+coh (Fig. 5.2).
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Figure 5.2: Caption on next page.57



Rapid, non-destructive µ-XRF core scanning for tephrochronology

Figure 5.2: Variation of ten normalised elemental counts from µ-XRF core scanning
across (A) six pre-KOT layers and (B) seven post-KOT layers alongside
their optical core images. Note the contrast in µ-XRF data between
enclosing sediment and rhyolite tephra layers.

As an initial step, we examined the kernel density estimation (KDE) of the
distribution of elemental counts of Al, Si, P, S, Cl, K, Ca, Ti, V, Mn, Fe, Ni, Zn,
Br, Rb, Sr, Zr (all normalised to inc+coh) and inc+coh (Fig. 5.3, 5.4). KDE
estimates the probability density function of the variable in question and can be
understood as a smoothed version of a histogram.
Most elements follow approximately log-normal distributions. Some elements
display bimodal distributions within the general shape of a log-normal distribution
(Fig. 5.3). The bimodality was largely preserved after log-ratio transformation with
many elements showing skewed distributions to various degrees (Fig. 5.3, 5.4). A
condition of the statistical tests described below is normal distribution of the data
(Zelterman 2015). To obtain roughly normally distributed data the normalised
counts have been log-ratio transformed.
The bimodality and skewed distributions (Fig. 5.3) partly result from mixing µ-XRF
scanning data from different Itrax scanners using different detector generations
(Fig. 5.4, Table 5.2). The maximum counts a new detector (i.e., the Itrax at
the University of Auckland) can record are several times higher than those of the
older detector (i.e., the Itrax at the Aberystwyth University in 2008). Despite
normalising the data by inc+coh, substantial differences in the numerical counts
remain (Fig. 5.4). These differences between detectors have a stronger influence on
the distribution shape than actual differences in element “X” between the tephra
layers, thereby causing a skewed or multimodal shape. Knorm, Canorm and Srnorm
are presented in Fig. 5.4 as an example separated by tephra layer (colour) and
Itrax scanner (line pattern). Although differences between the tephra layers can
generally be observed, differences between the Itrax scanners become apparent too.
For example, the distribution of the Tahuna tephra reaches its respective peaks of
Knorm (Fig. 5.4) in the lower end of the entire distribution in the µ-XRF data from
ANSTO and in the middle part in the data from University of Auckland (UOA).
However, the Mamaku tephra is consistently recorded with overlapping highest
density of the Canorm and Srnorm distribution in µ-XRF data from UOA and
Aberystwyth University (AU). Additionally, it becomes clear that different tephra
layers show distinct peaks in the density distribution of normalised µ-XRF counts,
thus pointing to the possibility of geochemical differentiation between tephra layers
based on µ-XRF counts.
For further analyses, the tephra layers have been split into pre-Kawakawa/Oruanui
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tephra (KOT, inclusive) layers and post-KOT layers. The KOT is the product
of a caldera-forming super eruption 25.360 ± 160 cal. yr BP (Pillans et al. 1993;
Vandergoes et al. 2013a) that produced widely-dispersed tephra.

Data from three different Itrax µ-XRF core scanners
Mixing µ-XRF scanning data from different Itrax scanners used with different de-
tector generations and different scanning settings cause complications for numerical
analyses which cannot be corrected for easily. Hence, we split the dataset by core
scanner location and only proceed with data from the ANSTO Itrax (for pre-KOT)
and the UOA Itrax (for post-KOT), separately for further multivariate statistical
analyses. The decision to exclude the data from the AU Itrax was motivated by
the smaller number of scanned tephra layers, the older detector1 used with lower
sensitivity for lighter elements and different scanning settings from the ANSTO
and UOA Itrax scans (see Table 5.2).
The logarithm of “0” is not defined. Hence, special care must be taken when
applying log-transformation to data including “0”. Only elements which have been
measured in all scanning routines are kept for interpretation to avoid introducing
artificial 0-values. Additionally, measurements of some elements of low abundance
and/or low detection limit in the µ-XRF technique (e.g., Al) result in “0” in many
measurements. Cuven et al. (2007) recommended removing all elements that in-
clude more than 30 % of 0-values. All measurements that still include one or more
0-values after this step must also be removed, resulting in the possible removal of
the thinner tephra layers that are represented by fewer µ-XRF data points. Hence,
we chose to remove all elements that include more than 10 % of 0-values and remove
the few remaining measurements including 0-values.

1Note that the Aberystwyth University Itrax detector has been upgraded in 2008 and 2015 with
improved sensitivity.
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Figure 5.3: Kernel density of normalised elemental counts of all 13 tephra layers analysed. Note how most elements
approximate a log-normal distribution.
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Figure 5.4: Kernel density of Knorm (up), Canorm (center), and Srnorm (bottom)
of all tephra µ-XRF core scanning data. Coloured lines differentiate
between pre-identified tephra layers. Line pattern differentiates between
Itrax lab locations of respective µ-XRF data. Note how, for example,
the Tahuna tephra shows very different peaks depending on the scanning
location whereas the Srnorm peaks of the Rotoma tephra from UOA
and AU almost overlap.

Data transformation
Elemental counts obtained from µ-XRF scanning are compositional data consisting
of proportions summing to a constant and are non-negative (Aitchison 1986).
Hence, the variation of one component of the total (i.e., an element “X” whether it
can be detected by the Itrax or not) influences the amount of all other elements.
This unit-sum constraint possibly results in incorrect inference when improperly
incorporated into the statistical analyses and is well known in the geostatistical
community (e.g., Lowe et al. 2017). Aitchison (1986) has developed a simple
approach to removing this constraint by applying log-ratio transformation where
the natural logarithm of ratios between two components of the sum are computed.
Note, however, that all the data presented here are ratios because they have been
normalised by inc+coh. Many authors favour log-ratio transformation (e.g., Weltje
and Tjallingii 2008; Weltje et al. 2015; Martin-Puertas et al. 2017) whereas others
question its use (e.g., Pearce et al. 2008; Feng et al. 2014). Lowe et al. (2017) point
out that any statistical analyses should ideally be performed on transformed and
un-transformed data and if transformation alters the results obtained caution has to
be taken with the use of the dataset. Hence, all the following statistical approaches
applied to the rhyolite tephra µ-XRF data involve log-ratio transformed and raw
(normalised) data to compare results. The results of both approaches are very
similar giving confidence to the presented µ-XRF-based geochemical fingerprinting
approach.

Principal component analysis
principal component analysis (PCA) finds the direction of highest variance within
the multivariate data and fits the first principal component (PC) along this direction.
Each subsequent component describes a subsequently smaller amount of variance
of the original dataset and is oriented orthogonally to the prior component (e.g.
Zelterman 2015). In the resulting biplot, the proximity of the data points to each
other suggests a strong similarity between the measurements, while proximity
between the elemental loadings and data points emphasises the correlation between
the respective type of material (sediment or certain tephra layer) and the measured
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elements (e.g. Zelterman 2015).
PCA has been applied to µ-XRF scanning results from the Onepoto core measured
at ANSTO (Fig. 5.5A), µ-XRF scanning results from the Hopua core measured
at the University of Auckland (Fig. 5.5B), pre-KOT rhyolitic tephra layers in the
Onepoto core (measured at ANSTO (Fig. 5.5A), and post-KOT rhyolitic tephra
layers in the Hopua and Panmure cores (measured at University of Auckland) (Fig.
5.5B).

Discriminant function analysis
linear discriminant analysis (LDA) is a subclass among discriminant function
analyses that determines a linear combination of independent variables (here
elemental intensities) leading to a single transformed variable by which a-priori
classified, mutually exclusive groups (here tephra layers classified by EPMA data)
may be discriminated (e.g., Zelterman 2015). The first linear discriminant (LD)
function achieves the largest separation between the pre-classified groups similar
to the 1st PC. LDA has been successfully applied to EPMA data of tephra layers
in New Zealand to discriminate between previously classified tephra layers and test
the applicability to identify subsequently encountered tephra layers (Stokes and
Lowe 1988; Stokes et al. 1992; Shane et al. 1994; Cronin et al. 1996).

5.6 Results and Discussion
5.6.1 Geochemical distinction between rhyolitic tephra layers

and sediment matrix
Variability in elemental counts obtained by µ-XRF scanning clearly shows the
rhyolitic tephra layers in sediment cores (Fig. 5.2), which works well when the in-
tervening sediment is organic matter-rich resulting in marked geochemical contrast
between lake sediment and tephra layers. Thinner tephra layers are more difficult
to locate by µ-XRF scanning than thicker tephra layers. Practically, there is no
clear minimum thickness for a tephra layer in order to be located and identified
by this technique. If a strong contrast in chemical composition to other tephra
layers exists even <200 µm tephra layers may be identified by this technique in the
future. However, a minimum thickness of ca. 1mm is favourable for this technique
to reach at least five data points per tephra layer.
PCA of normalised elemental counts highlights the power to differentiate between
lacustrine/marine sediment and rhyolitic tephra layers based on µ-XRF core scan-
ning data (Fig. 5.5). During µ-XRF scanning, Si, K and Ca are consistently
elevated in the rhyolitic tephras with respect to the sediment matrix. The high
counts of the former elements are consistent with the geochemistry of the rhyolitic
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tephra (Winter 2001; Lowe 2008). Furthermore, most rhyolitic tephra layers are
positively correlated to Mn, Rb and Sr as identified by PCA (Fig. 5.5). In contrast,
rhyolitic tephra layers are always relatively depleted in Br which is consistent with
Br being an indicator for organic rich sediment (Davies et al. 2015; Rothwell and
Croudace 2015, note the correlation of Br with lacustrine sediment in all PCA
results in Fig. 5.5). It is striking that Zn, Rb, Sr and Zr vary in their behaviour
between discrete tephra layers of different ages, e.g., Zr is high in the Maketu,
Hauparu and Tuhua layers compared to the amounts in the encapsulating sediment
whereas Sr is elevated in most tephra layers but depleted in the Tuhua layer (Fig.
5.2).
The presented µ-XRF data shows that tephra layers sourced from the TVC are
chemically distinct from those sourced from the OVC and from those erupted by
the TUVC as has been observed in conventional tephrochronological methods (e.g.
Lowe et al. 2017). This finding provides confidence that µ-XRF core scanners have
the potential to fingerprint rhyolitic tephra layers to their source volcanic centre.

Multivariate geochemical discrimination between the rhyolitic tephra layers

Most discrete rhyolitic tephra layers such as the Rotoehu, Tahuna, Maketu, Hauparu,
Okaia, Okareka, Waiohau, Rotoma and Tuhua tephra are strongly depleted in
Ti whereas the Kawakawa/Oruanui Tephra (KOT) and Rotorua tephra show no
discernible difference in levels of Ti compared with that of the sediment matrix.
Only the Mamaku and Tuhua tephra are enriched in Fe (Fig. 5.2B). Tahuna,
Maketu, Hauparu and Tuhua tephra are enriched in Zn compared to the amounts
in the sediment matrix and the rhyolite tephra layers, except for Okareka and
Mamaku tephra, are enriched in Rb (Fig. 5.2). Tuhua is the only tephra clearly
depleted in Sr while all other rhyolitic tephra layers examined are enriched in Sr to
various degrees. The Maketu, Hauparu, KOT, Rotorua, Waiohau and Tuhua tephra
layers are strongly enriched in Zr. All the other tephra layers show no or very minor
differences in Zr levels between the sediment and the tephra (Fig. 5.2). Comparing
only the tephra layers to one another indicates that the different layers form different
clusters in a biplot (Fig. 5.6) and linear discriminant analysis (Fig. 5.7). The thin
tephra layers (Okaia, Hauparu, Tahuna, Mamaku, Opepe and Waiohau) are not
easily identifiable due to the limited number of data points available due to their
thickness. High-resolution (200 µm) µ-XRF scans over multiple lateral positions of
thin tephra layers may increase the possibility of identifying the thin tephra layers.

Pre-KOT rhyolite tephra
PCA and LDA enabled identification of the largest difference between Rotoehu and
the four other pre-KOT rhyolitic tephra layers (Figs. 5.6A, 5.7A). Separation along
PC1 and LD1 is mostly achieved with Rotoehu tephra which is relatively enriched
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in Si, Sr, K and Rb, whilst displaying relative depletion in Ca, Zn, Fe, Cl and
Mn. PC2 and LD2 achieve a clear separation between the Maketu/Hauparu and
Tahuna/Okaia tephra, respectively, with the former being relatively enriched in Ca,
Rb, Si, Ti and Fe and the latter relatively enriched in Mn, Sr and K (Figs. 5.6A,
5.7A). Along LD2, the Maketu, Hauparu and Rotoehu tephra form one cluster
(Figs. 5.6A, 5.7A) corresponding to the OVC-source of these three tephra layers
(Table 5.1, Fig. 5.1). The other cluster along LD2 is formed by Okaia and Tahuna
tephra and corresponds to their TVC source (Figs. 5.1, 5.7A). Fig. 5.6A shows
scattered outliers, especially in the lower left corner where Tahuna and Okaia
tephra chemistries mix. The observed wide scatter of data points emphasizes the
need for more elemental data points, especially for the thinner tephra layers to
better constrain the tephra-source defined clusters and remove outliers.
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Results and Discussion

Figure 5.5: Principal component analysis of (A) log-ratio-transformed µ-XRF scan-
ning results from the Onepoto core (pre-KOT) measured at ANSTO;
(B) log-ratio-transformed µ-XRF scanning results from the Hopua
core (post-KOT) measured at the University of Auckland; (C) and
non-transformed µ-XRF scanning results as in B. Note how the log-
transformed data plots in clusters with a larger spread of the datapoints
than not transformed data. The log-transformed data also does not
capture a cluster of the Tuhua tephra whereas not transformed data
results in narrower clusters and captures clearly separated clusters for
the Tuhua and Rotoma tephras.

Post-KOT rhyolite tephra
PCA and LDA plots show clear elemental differentiation between the Tuhua and
all other post-KOT tephra (Figs. 5.2B, 5.6B, 5.7B) which is consistent with it
being the only tephra from the TUVC examined in this study and its contrasting
composition to the others as noted in earlier studies based on glass shard EPMA
data (e.g., Lowe 2008). Tuhua tephra is relatively enriched in Fe, Zn, Zr, Y, and
Mn and depleted in Sr (Fig. 5.2B). Hence, PC1 and LD1 allow separation of the
Mayor Island-sourced tephra from the remaining post-KOT rhyolitic tephra layers.
Rotoma, Rotorua and Opepe tephra each have sufficient data points to produce
well-defined clusters in the PCA biplot (Fig. 5.6B). PC2 largely allows elemental
discrimination between Rotorua (relatively enriched in Ca) and Opepe tephra (Fig.
5.6B). The same trend is visible, but clearer, in the LDA where LD3 achieves
separation between TVC and OVC+TUVC sourced rhyolitic post-KOT tephra
layers (Fig. 5.7B).
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Results and Discussion

Figure 5.6: Principal component analysis of (A) log-ratio-transformed µ-XRF scan-
ning results from the rhyolitic tephra layers in the Onepoto core (pre-
KOT) measured at ANSTO; (B) log-ratio-transformed µ-XRF scanning
results from the rhyolitic tephra layers in the Hopua and Panmure cores
(post-KOT) measured at UOA. Note how all thicker tephra layers with
>50 data points (Rotoehu, Maketu, Rotorua, Rotoma, Tuhua) form
clear clusters.
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Rhyolitic tephras in Onepoto (measured at ANSTO); 
pre-KOT; log-ratio transformed

Rhyolitic tephras in Hopua and Panmure (measured at Auckland); 
post-KOT; log-ratio transformed
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Figure 5.7: Caption on next page.
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Results and Discussion

Figure 5.7: Linear discriminant analysis of (A) log-ratio-transformed µ-XRF scan-
ning results from the rhyolitic tephra layers in the Onepoto core (pre-
KOT) measured at ANSTO; (B) log-ratio-transformed µ-XRF scanning
results from the rhyolitic tephra layers in the Hopua and Panmure cores
(post-KOT) measured at the University of Auckland. Note that LD2
enables discrimination between the source volcanic centres (TVC and
OVC) in (A) and LD1 separates TU vs. TVC+OVC, whilst LD3 sep-
arates TVC vs. OVC+Mayor Island, also TU or TUVC (MI) in (B).
Black arrows mark the direction of relative enrichment of elements
listed.

Bivariate scatterplots

Using multivariate statistics, a suite of bivariate scatterplots showing the clearest
separation of individual tephra layers can be produced and is supplemented by
typical bivariate scatterplots for rhyolitic tephra (e.g., SiO2 vs. K2O; Shane (2000))
identification based on traditional EPMA data in Fig. 5.8.

Pre-KOT rhyolite tephra
All pre-KOT elemental scatterplots (Fig. 5.8A) show the outliers of the Rotoehu,
Maketu, Hauparu and Okaia tephra layers at a significant distance from their
respective clusters as was observed in the PCA biplots (Fig. 5.6A). A standard
bivariate plot used by the tephrochronological community for differentiating between
and fingerprinting tephra layers to source, and possibly event of an eruption, is
SiO2 vs. K2O (e.g. Shane 2000). However, the equivalent µ-XRF scanning of
Si vs. K plot of log-transformed µ-XRF core scanning data only achieves clear
separation between Okaia+Tahuna vs. Rotoehu+Maketu+Hauparu tephra (Fig.
5.8A). Bivariate plots of Ca vs. K, Fe vs. Ca, Si vs. Zn, Sr vs. Ca and Rb vs.
Sr (Fig. 5.8A) show a clear separation between the Maketu and Rotoehu tephra.
The lower number of µ-XRF data points for the Okaia and Tahuna tephra as well
as the large variance in µ-XRF elemental counts complicate the recognition of a
clear cluster corresponding to their mean count values of the latter elements. It
is not possible to conclude whether the data points distal from the centre of the
cluster are outliers due to scanning or core condition (e.g., small amounts of foreign
material mixed with the tephra layer not visible at the core surface) or if these
tephra layers exhibit a large variance in the elements possibly due to pre-, syn-
and/or post-eruptive processes.
Using this µ-XRF scanning approach has not enabled clear geochemical separation
between the Okaia and Tahuna tephra, nor separation of the Hauparu from the
Maketu tephra (Fig. 5.8A). This further highlights the need for more elemental

71
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data points from each of the tephra layers, particularly the thinner layers (Fig.
5.2) to be able to better define mean count values of the elements, their variance,
and hence, delineate possible outliers. In addition to acquiring more elemental
data points during the scans, future work requires investigation of a greater range
of elements, especially minor and trace elements 2, which could achieve a clearer
geochemical separation of the visually-distinct tephra.

Post-KOT Rhyolite Tephra
Scatterplots of Si vs. K, Ca vs. K, Fe vs. Si, Mn vs., Si, Ti vs. Cl, and Y vs.
Cr for post-KOT rhyolitic tephra layers shown in Fig. 5.8B highlight the ease of
differentiation of the Tuhua tephra from all others examined here. The thicker
Rotoma and Rotorua layers can also be separated clearly despite an abundance of
outliers, especially in the more common EPMA-based geochemical bivariate plots
used commonly in tephrochronology (e.g., SiO2 vs. K2O, CaO vs. K2O, Fe2O3 vs.
SiO2; Shane (2000)). The nature of these outliers is unclear but more precise Ca
and Si µ-XRF elemental data and potentially fewer outliers could be achieved on
the Itrax µ-XRF core scanner using the Cr-tube as it has lower detection limits
for light elements. The minor elements contribute to separation of the post-KOT
tephra layers with fewer outliers evident in Mn vs. Si, Ti vs. Cl and Y vs. Cr
bivariate plots (Fig. 5.8B). The Opepe and Waiohau tephra do not plot as clearly
defined clusters although the Opepe tephra data points define a zone where most
of its elemental data points lie.

2Following definition by glass shard geochemistry: major elements expressed as oxides are usually
defined as > 1wt%, minor element oxides as 0.1 to 1wt%, and trace elements as < 0.1wt%
or <1000 ppm of the element (Lowe et al. 2017).
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Figure 5.8: Bivariate scatter plots of six elemental ratios of (A) log-transformed
µ-XRF scanning results from the rhyolitic tephra layers in the Onepoto
core (pre-KOT) measured at ANSTO; (B) log-transformed µ-XRF
scanning results from the rhyolitic tephra layers in the Hopua and
Panmure cores (post-KOT measured at the University of Auckland.
Note how most plots allow for clear separation of the thicker tephra
layers (Okaia, Maketu, Rotoehu in (A); Tuhua, Rotoma, Opepe and
Rotorua tephra in (B)).

5.7 Conclusions
This study demonstrates the potential of rapid and non-destructive µ-XRF core
scanning for separating rhyolitic tephra layers sourced from different volcanic
centres, and sometimes different eruptives from the same centre using elemental
composition. The ability to use compositional analyses derived from µ-XRF core
scanning as an aid to tephrochronology is abetted by the organic-rich lacustrine
sediment interbedded with the tephra infilling the Auckland maar lakes that allow
clear differentiation of the rhyolite tephra. This was able to be achieved despite
the µ-XRF core scanner measurements being generated using a Mo tube so that
the light element data (Al, Ca) were of lower precision than if a Cr tube was used.
These elements are typically useful in conventional tephra fingerprinting using
major oxide data derived from electron microprobe analysis. Analyses of minor and
trace elements can be useful in tephra fingerprinting (e.g., Pearce et al. 2007; Davies
et al. 2012; Wastegård et al. 2013; Lowe et al. 2017), which are easily and quickly
obtained by µ-XRF core scanning during the same analysis as major elements
are acquired. Consequently, future studies should evaluate the full potential of
the µ-XRF scanning technique for tephra fingerprinting by varying the scanning
settings and elements used. In particular, exposure time per measurement interval
and scanning settings need to be adjusted in order for the elemental counts to
exceed “0” where relevant, in order to avoid discarding many minor and trace
elements that may be of significance. Only then can the whole range of geochemical
variability between tephra layers be captured and utilised. Similarly, obtaining Al
and Ca counts as high as possible might need to be the focus when choosing the
X-ray tube (favouring the Cr tube for the light elements) and adjusting scanning
settings (kV, mA) and exposure time accordingly.
This study also shows that many factors, such as current (mA), voltage (kV) and
exposure time influence scanning results in a non-linear manner. Their influence has
not yet been quantified and we propose to avoid these complications by following
a standard protocol for tephra characterisation. Experimental scans of tephra
layers to be undertaken in the future should determine ideal current, voltage and
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exposure time to enable robust data comparison and application of multivariate
statistics. An additional complication for robust tephra µ-XRF based fingerprinting
arises from the difference between different generation detector systems and related
settings in the Itrax µ-XRF core scanners used in this study. Despite normalisation
of elemental count data, significant differences between data sets from the same
maar cores and tephra layers scanned by different core scanners remained. To avoid
this complication in the future, we propose to conduct all further tephra µ-XRF
scans for New Zealand tephra layers on the same Itrax core scanner following a
standard protocol.
The results of the present study suggest that only one or two bivariate scatterplots
(e.g., Ca vs. K, Rb vs. Sr, Y vs. Cr; Fig. 5.8) of µ-XRF core scanning data
may be enough to fingerprint one or more rhyolite tephra layers. However, thin
tephra layers, such as the Tahuna, Hauparu, Okaia, Okareka, Waiohau, Opepe and
Mamaku examined in the present study need to be investigated with repetitive
µ-XRF scans to obtain greater data density for the statistical approaches used.
Using these protocols, it is possible to establish a database of many µ-XRF scanning
results from tephra layers already identified using EPMA-based approaches which
can be used as the input to semi-automated machine learning algorithms to
reliably identify rhyolitic tephra and thereby decrease the time involved in tephra
fingerprinting for tephrochronology in a non-destructive manner. To be able to
utilize this method of µ-XRF core scanning-based tephra fingerprinting to its
full potential, the approach will need to be extended to basaltic and andesitic
tephra layers that are commonly encountered in the AVF maar lake sediment cores.
Subsequently, tephrochronologists working in other regions of the globe in which
tephra layers of sufficient thickness are found in lake sediments and peat may be
able to use this approach. New Zealand is highly suitable to develop a µ-XRF
method for geochemically fingerprinting rhyolitic tephra layers due to the rhyolitic
eruptives from several volcanoes and volcanic centres being significantly different in
their geochemical composition. On the other hand, many volcanic systems in the
world have erupted tephras of similar composition throughout their history (e.g.,
southern America, Iceland, Anatolia). These tephra may not be identifiable by
µ-XRF scanning. As µ-XRF data from sediment cores are routinely acquired in a
rapid, semi-automated and non-destructive manner, the µ-XRF based geochemical
composition of these tephra layers can easily be studied and compared for differences.
An increase in XRF exposure time and modern detector technology may provide
crucial trace elemental data, which may highlight differences between these tephra
layers. Detailed scans and comparison to the volcanic source are necessary on a
regional scale if implementation of this µ-XRF based approach is sought in- and
outside of New Zealand. In addition, studies need to be undertaken in sediment
cores from marine and minerogenic terrestrial depositional environments to widen
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the possible applicability of this promising approach.
Established techniques such as EPMA and LA-ICP-MS acquire data from single
grains/ glass shards whereas the µ-XRF scanner obtains data from the bulk of the
tephra layer. In both techniques measurements on 10 grains to 20 grains (EPMA,
LA-ICP-MS) and over numerous downcore positions of the tephra layer (µ-XRF)
are obtained to capture subtle differences throughout a layer. Careful comparison
between EPMA-derived composition of glass shards and corresponding µ-XRF-
based composition of the bulk tephra layer are to be conducted in the future since we
have now demonstrated the general applicability of µ-XRF data to tephrochronology.
Large compositional heterogeneity in tephra layers due to pre- and syn-eruptive
processes (Shane et al. 2008) rely on EPMA or LA-ICP-MS measurements on
separate grains or glass shards in EPMA or LA-ICP-MS. As a result of the small
step size of the µ-XRF core scanner, this technique may be employed to study
subtle differences in the chemical composition and grain size of tephra layers along
the core axis, i.e., during its eruptive and/or depositional history.
Classical EPMA- and LA-ICP-MS-based chemical fingerprinting of tephra are
supported by their stratigraphic order, physical properties such as thickness and
colour, and independent ages to enable them to be correlated (Lowe et al. 2017).
The same indicators must not be ignored in µ-XRF scanning-based fingerprinting
of tephra layers.
The speed of elemental scanning and wide range of elements detected in tephra
layers makes the µ-XRF scanning approach a possible future tool for refining
tephra correlation work in which traditional methods have failed to establish
unambiguous correlations between given layers. This is partly the case with strong
inhomogeneity in the 30+ basaltic tephra layers encountered in the AVF (Hopkins
et al. 2015; Hopkins et al. 2017). Volcanic hazard assessment for Auckland City
with >1.5 million inhabitants and infrastructure of national importance largely
depends on correct tephra correlation and age estimates of tephra layers produced
by eruptions from the AVF volcanoes.
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6 Itrax µ-XRF core scanning for
rapid tephrostratigraphic analysis:
A case study from the Auckland
Volcanic Field maar lakes

6.1 Preface to chapter 6
Chapter 6 addresses objective 2 of this thesis, to advance tephrochronology through
µ-XRF core scanning. This chapter builds on chapter 5, in which the potential
of the technique was demonstrated. Chapter 6 investigates in great detail the
influence of changes in a variety of scanning parameters and demonstrates the
consistency of obtained data even across different Itrax µ-XRF core scanners as
long as a detailed scanning protocol is followed. This chapter proposes a uniform
scanning protocol for tephrostratigraphic studies as part of larger multi-purpose
studies using Itrax µ-XRF core scanning. Furthermore, it becomes clear that this
technique needs a large reference tephra database to allow future correlation and
identification of rhyolitic tephra layers in New Zealand.
This chapter represents a research paper in the INternational focus group on
Tephrochronology And Volcanism (INTAV) special issue Tephrochronology as a
global geoscientific research tool in the Journal of Quaternary Science, 35(1-2),54-
65, 2020. 10.1002/jqs.3133 with co-authors Patricia S. Gadd, Jenni L. Hopkins,
and Paul C. Augustinus.
Only stylistic modifications have been applied to the manuscript text and the
abstract and reference section have been removed for consistency throughout
this thesis. Supplementary material can be found in Appendix B.3.1 and in
the online database Pangaea under https://doi.pangaea.de/10.1594/PANGAEA.
902597 and https://doi.pangaea.de/10.1594/PANGAEA.902599.

6.2 Introduction
Identification of leads and lags in proxy climatic and environmental signals con-
tained in lake sediment sequences allow improved understanding of the dynamic
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behaviour of past regional and global climate systems. The SW Pacific has been
identified as a crucial area of the climate system (e.g., Alloway et al. 2007; Newnham
et al. 2012), although, continuous and high-resolution records of late Quaternary
environmental and climatic change in the region are scarce (e.g., Augustinus et al.
2011; Augustinus et al. 2012). In this context, New Zealand is in a unique position
as it is located in the mid-latitudes of the Southern Hemisphere from which maar
lake sediment sequences have been demonstrated to be of outstanding quality, long
and complete (e.g., Sandiford et al. 2003; Molloy et al. 2009; Augustinus et al.
2011; Augustinus et al. 2012; Stephens et al. 2012a; van den Bos et al. 2018).
However, robust chronologies are necessary for reliable palaeoclimate inferences to
be developed from these sequences.
The city of Auckland is the largest in New Zealand and its economic powerhouse, so
the risks associated with volcanic eruptions from the Auckland Volcanic Field (AVF)
as well as the more distal Egmont Volcanic Centre (EgVC) and the Taupo Volcanic
Zone (TVZ) are significant (e.g., Newnham et al. 1999; Edbrooke et al. 2003;
Houghton et al. 2006). To allow assessment of the volcanic hazard to the city, an
improved understanding of the magnitude and timing of basaltic eruptions from
the AVF, EgVC andesites and TVZ rhyolites is necessary, from which a well-dated
model of the timing and frequency of eruptive events can be created. Sedimentary
sequences contained in AVF maar lakes have been demonstrated to be high-fidelity
recorders of previous eruptions (e.g., Shane and Hoverd 2002; Hoverd et al. 2005;
Molloy et al. 2009; Hopkins et al. 2015; Hopkins et al. 2017). From these, better
estimates of the timing of past eruptions can be obtained through the development
of robust chronologies from the AVF maar lake sequences that contain these air-fall
tephra records.
Late Quaternary chronologies are often developed from radiocarbon-dated organic
remains (Bjoerck and Wohlfarth 2002). However, in the absence of carbon-bearing
remains or, for sediments older than ca. 50 000 years, alternative techniques are
required. In this context, tephrostratigraphy and -chronology are of major impor-
tance to Quaternary geochronology in the North Island of New Zealand (e.g., Shane
2000; Lowe et al. 2017). These techniques rely on the unambiguous identification
and correlation of a tephra layer to the eruption event from which it was formed
and to layers in other deposits originating from the same eruption that serve as
isochrons. In this way, the age of the eruption can be transferred to the tephra
layer in question if an identified tephra has been dated independently (e.g., Shane
2000; Lowe 2011). Traditionally, identification is based on major element oxide
concentrations from electron microprobe analysis (EMPA) and more recently trace
element analyses of glass shards from the tephra deposit (Shane 2000; Pearce et al.
2011; Hopkins et al. 2017; Lowe et al. 2017). Rapid and non-destructive µ-XRF
core scanning has become a widely-applied approach for documenting climatic
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and environmental changes recorded in sediment cores (Croudace and Rothwell
2015). Whilst Peti et al. (2019b) have demonstrated the potential for tephra char-
acterisation and identification with the non-destructive µ-XRF scanning technique,
many unsolved questions remain and the need for a uniform scanning protocol
has become apparent. Here, we take advantage of the tephra records contained in
Auckland maar lakes to investigate the influence of X-ray tube choice, exposure
time (duration of X-ray beam targeting the sample per step size) and step-size
(length of core segment exposed to X-ray beam during given exposure time) on
the resulting tephra identification as well as to compare the µ-XRF derived tephra
elemental data to major oxide concentrations obtained from the EMPA of glass
shards from the same tephra layers.

6.3 Regional setting
The Auckland Volcanic Field (AVF) is located in the city of Auckland, in northern
New Zealand (Fig. 6.1). Several volcanic centres in the central North Island of
New Zealand have erupted frequently in the past. Depending on eruption volume
and prevailing winds, ash from those eruptions has been deposited over the wider
North Island (e.g., Shane 2000; Lowe 2008; Lowe et al. 2008, Fig. 6.1). The present
study focusses on rhyolitic tephra layers from two centres: the Okataina Volcanic
Centre (OVC) as well as the Taupo Volcanic Centre (TVC), both located in the
central North Island (Fig. 6.1). These centres have produced the largest eruptions
in the past ca. 47 000 years and provide thick, well-studied and dated tephra layers
in AVF maar lake sediment sequences (Molloy et al. 2009; Hopkins et al. 2015;
Flude and Storey 2016).
The AVF consists of ∼53 basaltic volcanoes (Lindsay et al. 2011) including maars,
approximately circular volcanic craters from phreatomagmatic eruptions (Cas and
Wright 1988; Smith 1989), which have been freshwater lake basins for most of their
existence. Whilst the sediment infill of all these maars have captured proxies for
climatic processes and ash layers from subsequent eruptions, the sediment sequence
from Orakei maar (Fig. 6.1) is of outstanding quality, length and resolution
(Augustinus 2016; Peti and Augustinus 2019). The crater of Orakei maar has been
breached by post-glacial sea-level rise at ca. 9000 cal. yr BP (Hayward et al. 2008)
and is now a tidal lagoon (Fig. 6.1).

6.4 Materials and methods
All sediment cores and samples taken for this study are from the Orakei maar
sedimentary sequence in plastic core liners of 6 cm diameter and 1m length. The
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tephra stratigraphy of an earlier sediment core drilled in 2007 is described in Molloy
et al. (2009) and partially revised in Hopkins et al. (2015).The stratigraphy and
facies of a new core from 2016 are described in detail in Peti and Augustinus (2019).

6.4.1 Rhyolitic tephra layers used in this study:
This study focuses exclusively on rhyolitic tephra layers from New Zealand which
are easily visible in comparison to the dark brown, organic sediment (Peti et al.
2019b). The light grey to white rhyolitic tephra horizons are commonly thick
(several mm to 5 cm) and of known age back to the limit of the radiocarbon method.
Ages reported below are mean ± 2σ calibrated years BP. Brief descriptions of
each studied tephra are given below.

Okareka The Okareka tephra layer is sourced from the OVC (Fig. 6.1) from an
eruption 21 858 ± 290 cal. yr BP (Lowe et al. 2013). Its ferromagnesian mineralogy
is dominated by biotite (Molloy et al. 2009).

Te Rere This tephra erupted from the OVC (Fig. 6.1) 25 171 ± 964 cal. yr BP
(Lowe et al. 2013). The Te Rere ash is not well studied, owing to typical deep
burial by subsequent eruptive materials proximal to the source (Nairn 1992). It
has not previously been recorded in any maar sediment sequences in the Orakei
tephra framework by Molloy et al. (2009). Hence, we emphasize that the Te Rere
tephra identification in the Orakei sequence is tentative (see section 6.5.1).
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Maketu The Maketu tephra originated from the OVC (Fig. 6.1) at ca. 36 320 ±
575 cal. yr BP (Molloy et al. 2009). Its ferromagnesian mineralogy is described as
orthopyroxene dominating over clinopyroxene dominating over hornblende (Molloy
et al. 2009).

Tahuna The Tahuna tephra is the result of an eruption from the TVC 39 268 ±
1193 cal. yr BP. Its ferromagnesian mineralogy is characterized by similar amounts
of orthopyroxene and hornblende (Molloy et al. 2009).

Rotoehu The Rotoehu tephra is easily identifiable in the Auckland maar lake
sequences by its thickness (>30 cm, partly reworked) and the presence of the
mineral cummingtonite (Molloy et al. 2009). This ash is the widespread result of
the large caldera-forming Rotoiti eruption from the OVC (Fig. 6.1) occurring at
45 100 ± 3300 yr (Danišik et al. 2012) to 47 400 ± 3000 yr (Flude and Storey 2016).

Kawakawa/Oruanui The Kawakawa/Oruanui Tephra (KOT) layer is a wide-
spread ash layer resulting from the Oruanui super-eruption from the TVC (Fig.
6.1) at 25 360 ± 160 cal. yr BP (Vandergoes et al. 2013a). Isopachs (between trace
to 2 cm-thickness) in Vandergoes et al. (2013a) and a thickness of 10mm in the
Orakei 2007 core in Molloy et al. (2009), point towards the existence of a thin layer
in the Auckland region despite the enormous eruption volume. Its ferromagnesian
mineralogy is dominated by hornblende over clinopyroxene (Molloy et al. 2009).
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6.4.2 Itrax µ-XRF core scanning

The sediment cores were each scanned for purposes of data comparison using two
separate Itrax µ-XRF core scanners (Cox Analytical, Sweden) at the Australian
Nuclear Science and Technology Organisation (ANSTO, Lucas Heights, Australia),
and at the School of Environment, University of Auckland. Unless highlighted, all
results presented here are from the Itrax core scanner at ANSTO. All cores were
scanned with the Mo- and Cr-X-ray tubes, a tube voltage of 30 kV and current of
55mA, using a variety of exposure times and step sizes (see table B.4 in appendix
B for details). The scanned sediment cores were covered with a thin plastic film
to minimise the potential for drying out. Consecutive repeat scans (three times)
were performed for each tephra layer and extended into a few mm into the adjacent
sediment (this elemental data was later removed from the dataset, see also Fig.
6.2).
The thickest tephra layer (Rotoehu) is used to illustrate the influence of the
exposure time (section 6.5.2) and the step size (section 6.5.2) on the µ-XRF data.
As increased exposure time results in a much longer total scan duration, this
exercise focussed on only one clearly identified tephra layer. Additionally, we
undertook an experiment with Itrax µ-XRF scans of the resin embedded >63 µm
fraction from the thick Rotoehu layer (see supplementary material B.3.1).

6.4.3 Electron microprobe

Because all tephra layers of this study are rich in glass shards, a small subsample
of each tephra was washed through a 63 µm sieve, dried, embedded in epoxy
and exposed through fine polishing. EMPA were performed on the prepared and
carbon-coated sample mounts at Victoria University of Wellington using WDS on
a JEOL JXA 8230 Superprobe with a static defocussed beam at 10 µm and 8nA.
10 to 20 glass shards per horizon were analysed. Matrix-matched standard VG-568
was run twice at the end of each sample set to monitor instrument drift. Major
element oxide concentrations were determined using the ZAF correction method,
with analytical totals for the glass shards 95 % to 99 %, and a 2σ variability of
VG-568 ≤ 1.1 for all elements. The concentrations were normalised post-analysis
to 100 % to account for variable degrees of post-eruption hydration (Shane 2000)
and intensity corrected to account for variability in the primary standard (VG-568)
throughout the analysis. All data and standards are reported in Table B.5 in
appendix B.
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Figure 6.3: Glass shard SiO2 vs K2O electron microprobe results of all 6 studied
tephra layers of this study (coloured symbols) compared to 5 possible
candidate layers (grey symbols) from Molloy et al. (2009),Te Rere mean
data (three populations from three vents) from Smith et al. (2005) and
Okaia mean data from Lowe (2008).

6.5 Results

6.5.1 Electron microprobe-based tephra identification
The composite stratigraphy of the Orakei maar sedimentary sequence assembled
from overlapping cores allows preliminary identification of the tephra layers. In-
formed by this comparison, the EMPA glass shard major oxide concentrations are
compared to results from Molloy et al. (2009, Fig. 6.3). This allows confident
identification of sample T-01 as the Okareka tephra, sample T-04 as the Maketu
tephra and sample T-05 as the Tahuna tephra. The stratigraphic position and
thickness of T-06 enables it to be confidently identified as the Rotoehu tephra. T-02
and T-03 are both candidates for the KOT, which cannot be clearly distinguished
through major elements alone (Fig. 6.3). In addition, key rhyolitic marker horizons
that bound the KOT (Te Rere and Okaia) were not identified in the Orakei 2007
core by Molloy et al. (2009), and also have indistinguishable geochemical signatures
to the KOT (Fig. 6.3). As a result, confident identification of these horizons is
problematic and we propose two correlation options: (1) T-02 corresponds to the
KOT, and T-03 corresponds to the Okaia tephra (28 621 ± 1428 cal. yr BP; Lowe
et al. (2013)). (2) Alternatively, T-02 corresponds to the Te Rere tephra, and T-03
to the KOT. Based on stratigraphic comparison to the Orakei 2007 record (Molloy
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et al. 2009), we prefer the second option (henceforth T-02 is tentatively referred to
as Te Rere (?), and T-03 is Kawakawa/Oruanui (?)). These tephra assignments
may be amended following subsequent geochronological work. However, the reader
is reminded that for this study, µ-XRF core scanning data of a certain tephra layer
is only compared to EMPA results obtained from the sample taken from the exact
same layer, and not to tephra data from other studies.

6.5.2 Itrax µ-XRF core scanning
Good compositional separation of the tephra is achieved with the µ-XRF elemental
data from the studied tephra layers using uniform scanning parameters as shown
by Peti et al. (2019b) where data points from each layer form clearly different and
tight clusters. The following section investigates the influence of changes in any
of these parameters on the µ-XRF data for consistency of tephra differentiation
and recognition. We focus on the Si/K and Sr/Rb ratios because the SiO2 vs
K2O bivariate plot is often used in traditional tephra identification and Sr and
Rb also obtain high XRF counts covering the heavier elements. However, all data
is provided online for further comparisons. In all scatter plots derived from the
Itrax µ-XRF data, each point reflects the recorded elemental count ratio of the
step length (i.e., 0.2mm or 1mm) exposed for the duration of the exposure time
(10 s unless otherwise specified).

Comparison of data from the Mo- and Cr-X-Ray tubes

The most significant decision to be made by the user of the Itrax µ-XRF core
scanner is the choice of the X-Ray tube. Whilst the Cr-tube has lower detection
limits for lighter elements, Mo-tubes are often favoured for studies with an interest
in a broad range of elements (Croudace and Rothwell 2015). Separation between
the six rhyolite tephra layers is largely achieved by either dataset (Fig. 6.4),
and the Maketu tephra is significantly different from all other five layers with an
elevated Sr/Rb ratio. Relative and absolute differences in the Si/K and Sr/Rb
ratios of the tephra layers also become apparent (Fig. 6.4). All layers are slightly
enriched in the Si/K ratio when measured with the Cr-tube, which corresponds to a
higher sensitivity for Si and hence, proportionally slightly higher counts. However,
relative to the other tephra layers, the Tahuna tephra is still enriched in Si/K when
measured with the Cr-tube compared to the Mo-tube (Fig. 6.4). However, the
general similarities dominate; the Kawakawa/Oruanui (?) tephra consequently
centres around a Si/K ratio of 0.2 with Rotoehu between 0.2 and 0.25 (Fig. 6.4).
The Okareka tephra is very similar to the Kawakawa/Oruanui (?) tephra in both
datasets (Fig. 6.4), plotting inside the 95 % ellipse of the Kawakawa/Oruanui (?)
data points.
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Figure 6.4: Comparison of Si/K vs Sr/Rb µ-XRF data of all 6 studied tephra layers
depending on the X-ray tube (A: Mo vs B: Cr tube; both 0.2mm step
size).

Most µ-XRF studies are conducted with more than one objective and hence, the
tube choice may be driven by other considerations than tephra recognition. For
this reason, we focus on data from the Mo-tube for all subsequent analyses.

Consistency in repetitive scans

The influence of surface drying of the sediment core, short-term drift of the Itrax
µ-XRF scanner over the duration of the scans, and inherent noise in the dataset
was investigated through three repetitive scans under constant scanning conditions.
While all three repeat scans capture the same elemental trends in the tephra layers,
further geochemical variability and slight offsets therein are visible between the
three scans. The thicker Maketu (Fig. 6.5C) and Rotoehu tephra (Fig. 6.5E) layers
show a clear trend from scan 1 to scan 3 resulting in increased Si/K ratios over
time but the observed variability in the thinner layers (Fig. 6.5A, B, D) that is
independent of scan number. However, the variability captured through repetitive
µ-XRF scans of all six tephra layers is much smaller than the differences between
the six tephra layers, thus allowing their clear differentiation using a bivariate
scatterplot such as Si/K vs Sr/Rb (Fig. 6.5F).

86



Results

Scan number

1 2 3

B

C D

12

3

A

P
o

s
it
io

n
 (

m
m

) 382.50

382.75

383.00

383.25

383.50

0.155 0.165

Si/K

P
o

s
it
io

n
 (

m
m

)

Si/K

684.0

684.5

0.13 0.15 0.17

3

2

1

0.16 0.20 0.24

Si/K

81

83

85

87

P
o

s
it
io

n
 (

m
m

)

1

3
2

410

415

420

425

0.175 0.225 0.275

P
o

s
it
io

n
 (

m
m

)

Si/K

1

2

3

F

2.5

2.0

1.5

1.0

S
r/

R
b

0.15 0.20 0.25
Si/K

0.20 0.22 0.24

Si/K

300

275

250

225

200

P
o

s
it
io

n
 (

m
m

)

E

1 2 3

Kawakawa/Oruanui (?)

Maketu

Okareka

Tahuna

Rotoehu

Te Rere (?)

Tephra

Maketu

Tahuna

Okareka

Kawakawa/Oruanui (?)

Rotoehu

Te Rere (?)
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Consistency in laterally-offset µ-XRF scans

Deposition of the tephra layer at the lake bottom may not be strictly uniform in
the lateral dimension due to density and size sorting resulting in small differences
in thickness and possibly in chemical signature of the layer. Whilst it is common
practice to µ-XRF scan in the centre of the sediment core, the location of this
scanning position in relation to the depositional layer at the lake bottom is essentially
random. Furthermore, other artefacts such as cracks or sampling for destructive
analyses may require a downcore scan offset from the centre of the core. The Itrax
sample stage can be moved in fixed steps of 1 and 2 cm in each direction from the
centre allowing a total of 5 scanning positions in wide cores. Thin tephra layers are
often wavy or wedge out towards the edge of the cores (due to uneven deposition
at the lake bottom and/or coring-induced deformation). Here, three tephra layers
(Okareka, Tahuna and Rotoehu) were each studied for their geochemical signature
at three laterally offset positions (Fig. 6.6). Strong differences in elemental trends
as well as in absolute values of the Si/K ratio become apparent in all three layers
even though all scan positions have been adjusted for wavy or tilted layers. Scans
offset from the core centre all show higher Si/K ratios than scans at the centre
position, which probably indicates increased influence of sediment mixed in with the
tephra (Fig. 6.6). This effect becomes increasingly problematic when comparisons
between tephra layers are made in the Si/K vs Sr/Rb scatterplot (Fig. 6.6D). All
Rotoehu tephra data points still cluster in the scatterplot displaying little variation
in the Sr/Rb ratio and with slightly increased variability in the Si/K ratio. If the
Tahuna or Okareka tephra had only been scanned at the positions offset from the
centre, different average Si/K and Sr/Rb ratios would have been established for
these layers likely resulting in erroneous tephra identification when only using the
µ-XRF scanning approach (Fig. 6.6D). However, as can be seen in Fig. 6.2, this
seems to be a response to sediment mixed in with the tephra in disturbed or wavy
layers rather than of the scanning positions and can thus be mitigated against.

Consistency in scans of the same tephra in two overlapping cores

The thick Rotoehu tephra layer has been scanned in the sediment record from the
Orakei Basin A and B cores (Fig. 6.1). As these layers are the results of the same
eruption, their elemental signatures should be comparable. However, comparison of
the Sr/Rb vs Si/K ratio of both Rotoehu layers in the neighbouring Orakei cores
does not result in an overlap of the two data clouds in the scatterplot. Si/K values
of the B core are up to 50 % higher than from the A core (Fig. 6.7). Even more
concerning, if identification of the Rotoehu tephra horizon in the Orakei 2016A
core had purely been based on the elemental data from the Itrax µ-XRF scans, the
deposit could have been identified as the Tahuna, Okareka or possibly the KOT
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Figure 6.6: Si/K µ-XRF scanning results of laterally offset scanning positions in
the same core. A: Okareka, B: Tahuna, C: Rotoehu. While differences
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weighs intra-tephra variation, especially ± 1 cm offset to the centre line
(see panel D). Position -1 and -2 refer to 1 cm and 2 cm offset to the
right from the centre line, respectively. Position +1 refers to 1 cm offset
to the left from the centre line.

(Fig. 6.7). However, note the reworked character of the deposit in the A core (Fig.
6.2) and following discussion in section 6.6.1.

Influence of exposure time

Aside from step size, the chosen exposure time largely determines the scanning
duration. To keep this method fast and low cost, a short exposure time is desired.
For this reason, we tested the influence of a range of exposure times (1 s to 120 s
at 1mm step size) on the µ-XRF data quality using the Rotoehu tephra (Fig.
6.8). Short exposure times result in more widely scattered Si/K ratios than longer
exposure times as is expected from instrumental noise (Fig. 6.8B, C), although
exposure times over 10 s do not further reduce the noise substantially beyond
variability inherent to each tephra (Fig. 6.8B).

Influence of the step size

Considering that most µ-XRF scans of sediment cores are undertaken as a part
of multi-objective studies, the chosen step size may be influenced by various
considerations. However, most tephra layers in these cores are very thin (<2mm)
and hence small step sizes of 0.2mm are recommended. For thicker tephra layers
(>5mm), not uncommon in northern New Zealand lake sediment sequences, larger
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Figure 6.7: Comparison of µ-XRF scanning data of the same tephra (Rotoehu) in
the overlapping A and B core. Note how distinctively different results
the two layers record.
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Figure 6.9: Comparison of Si/K (vs Sr/Rb) µ-XRF scanning results at different
spatial resolution (0.2mm vs 1mm) of the Rotoehu tephra layer. Note
how 1mm scans result in higher Si/K ratios of the tephra layer (orange)
than 0.2mm scans but the data overlaps perfectly in typical lacustrine
sediment. The chosen step size appears to have a major influence on
resulting tephra identification.

step sizes are possible. Hence, we compared scans at step sizes of 0.2mm and at
1mm from the Rotoehu tephra layer (Fig. 6.9). While the three scans at 0.2mm
show little variability (see section 6.5.2), the scan at 1mm scan step size shows an
elevated Si/K ratio over the downcore length of the Rotoehu tephra layer. However,
in the sediment below the tephra layer, all four scans overlap, independent of the
chosen step size (Fig. 6.9). The reason for the elevated Si/K ratio in the tephra
is unclear but problematic as the results from the 1mm step size scan comprise a
distinctively different cluster in the Si/K vs Sr/Rb scatterplot which could lead
to different tephra identification based on the elemental geochemistry alone (Fig.
6.9). However, no difference in the Sr/Rb ratio becomes apparent with differing
step size (Fig. 6.9) suggesting potential for tephra identification using Sr/Rb.

Consistency comparison between two Itrax scanners

A major problem described in Peti et al. (2019b) and possibly the most important
consideration for reliable tephra identification through µ-XRF core scanning is
the repeatability of results independent of the Itrax core scanner used for the
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Figure 6.10: Comparison of the Si/K vs Sr/Rb µ-XRF data from the UoA School
of Environment Itrax core scanner (A) and from the ANSTO Itrax
core scanner (B). Okareka and Tahuna tephra layers are made up
of too few data points to calculate a 95 % ellipse in left panel. Note
similar pattern of tephra distinction (e.g., Maketu) but also significant
differences, e.g., Te Rere (?) in relation to Rotoehu.

original scans. Whilst most of the presented µ-XRF data was obtained at ANSTO,
all original 1mm core scans of the entire Orakei maar sediment sequence were
performed using the Itrax core scanner at the University of Auckland. From these
scans, the data points from the same tephra layers examined in the present study
have been extracted. The Itrax at ANSTO was fitted with a new XRF detector
and a more powerful X-ray beam in early 2018, resulting in increased sensitivity
and thus higher total counts were achieved with the same scanning parameters
compared with the Auckland Itrax core scanner. All tephra with enough data
points give very similar elemental results (Fig. 6.10) except for the Te Rere (?)
tephra. This discrepancy cannot be explained by the instrumental setup as all
parameters (kV, mA, exposure time) have been kept constant during all scans.
Further possibilities are discussed below in section 6.6.1.

6.5.3 Comparison of tephra EMPA and Itrax geochemistry
The studied tephra layers are dominated by glass shards unless sediment is mixed
into the layer (see section 6.5.2). For this reason layers relatively enriched in
one element oxide (e.g., SiO2) are expected to also display this trend in the µ-
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XRF elemental counts (e.g., Si). Since the microprobe data are expressed as
calibrated concentrations and the Itrax µ-XRF data as elemental count ratios
non-linearly related to elemental concentrations, it is not expected that these data
show the same values but similar trends of relative enrichment or depletion of
marker oxides/elements.
Broad similarities between µ-XRF scanning and EMPA are apparent with the
Maketu tephra spanning a large range of SiO2/K2O and Si/K, high CaO/FeO
and Ca/Fe, as well as low Cl/TiO2 and Cl/Ti ratios (Fig. 6.11). Furthermore,
the Tahuna tephra is consistently recorded with the lowest SiO2/K2O and Si/K
and medium CaO/FeO and Ca/Fe ratios (Fig. 6.11). Divergent results between
the EMPA and Itrax techniques are visible in the Cl/TiO2 and Cl/Ti ratios for
the Tahuna tephra with the latter recording the lowest Cl/Ti ratio of all tephra
layers in contrast to average and widely spread Cl/TiO2 values from the EMPA
(Fig. 6.11). These differences may represent a higher contribution of country rock
eruptively incorporated and subsequently scanned with the Itrax core scanner in
the Tahuna tephra than in the Maketu tephra.
A comparison between the two analytical approaches with the other four tephra
layers is more difficult due to wide overlaps and significant scatter of the EMPA
results. However, broad relationships between the SiO2/K2O vs Cl/TiO2 and Si/K
vs Cl/Ti are comparable with minimal variation in Cl/TiO2 and Cl/Ti ratios.
Furthermore, the tephra layers follow the same trend from low to high SiO2/K2O
and Si/K in the order of Okareka, Kawakawa/Oruanui (?), Rotoehu, Te Rere (?)
(Fig. 6.11).

6.6 Discussion

6.6.1 Consistency in scanning parameters
The comparison of a wide variety of µ-XRF core scanning parameters that may be
adjusted by the user has highlighted minor and major influences on the resulting
elemental datasets that lead to a range of recommendations for consistent core
scanning procedures where tephra characterisation is an objective:
For most multi-objective studies, a variety of reasons may determine the X-ray
tube choice for the main µ-XRF core scan whereby changing the tube only for
tephra recognition scans may not be practical. Hence, ideally the tube choice would
not influence the derived tephra identification. Although data from the Mo- as
well as the Cr-tube achieve good separation of the tephra layers in this example
study and the overall results are similar, some differences cannot yet be explained.
Hence, it cannot be emphasized strongly enough the need to record data from the
same X-ray tube and that it is crucial to record the X-ray tube type alongside the
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data. If no other data set is available and the tube choice is restricted by other
considerations, a comparison may well still be successful if elemental ratios are
compared and the tephra layers show clear chemical differences as is often the case
for prominent rhyolitic tephra in New Zealand.
Repeat scans of the same position in the sediment cores examined here show only
very small elemental variability. A high signal-to-noise ratio of major elements
(Si/K) in all tephra layers, even the thick Rotoehu layer, underline the power of
the µ-XRF core scanning technique for tephra recognition. From the investigation
of three repeat scans of all six tephra layers, we recommend scanning thinner
tephra layers several times, depending on the thickness of the layer and given
time-constraints, to estimate the signal-to-noise ratio and achieve a greater number
of data points which can be compared to existing µ-XRF datasets and thereby
facilitate recognition of the same tephra.
Much more significant elemental variability was recorded if the µ-XRF scan was
performed offset to the left and/or right of the core centre where sediment was
mixed into the tephra material in wavy or disturbed layers (Fig. 6.2). The resulting
elemental variability between tephra layers has been so strong that a different
tephra identification could have been made if it had been a ‘true unknown’. Hence,
we conclude that it is essential to scan each tephra layer along the cleanest, purest,
and thickest part, most likely in the core centre. Positions away from the centre
may be more disturbed and/or have sediment mixed into the layer, which results
in strong differences in the µ-XRF data pertaining to that tephra.
The thick Rotoehu tephra, easily identified in each of the overlapping A and B
cores from the Orakei maar lake (Fig. 6.1), served as a good test for investigating
the consistency in the resulting µ-XRF data from those cores. The technique fails
to consistently recognise these two layers sourced from the same eruption (the same
tephra layer) through overlap of the data clouds in the scatterplot of Si/K vs Sr/Rb
(Fig. 6.7). However, the thick Rotoehu tephra layer shows signs of reworking,
sediment mixing and possibly coring-induced disturbance, especially in the A core
(Fig. 6.2), which may explain differences in the µ-XRF data for the Rotoehu tephra
between cores. This observation emphasises the need for selecting pure primary air
fall tephra for the characterisation of standard geochemical signatures of tephra
layers.
Changes in the µ-XRF exposure time do not have a strong influence on the tephra
identification using major element ratios. The noise in the signal decreases with
longer exposure times, however, no major reduction in scatter beyond the variability
inherent in the tephra is achieved with an exposure time exceeding 10 s (Fig. 6.8).
Thus, we recommend an exposure time of 10 s for fast yet reliable tephra recognition.
We have observed a surprising influence of the chosen step size on the µ-XRF output
with scans at 1mm-resolution leading to different Si/K ratios than scans at 0.2mm
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(Fig. 6.9). The reason for the higher Si/K ratio at lower spatial resolution (1mm
step size) over the tephra interval but no change in Si/K values in the adjacent
sediment or the Sr/Rb values in the tephra remains puzzling. As the Si/K ratio is
a main tool for tephra identification, this discrepancy is significant and possibly
relates to the different total exposure time for each shard (10 s over 1mm vs 10 s
over 0.2mm steps), with a higher influence on the light element Si. Hence, we
conclude that the step size yields a major influence on the tephra identification
and given the common presence of thin tephra layers we recommend a consistent
step size of 0.2mm. While this may differ from the chosen step size for an entire
core scan, the entire scanning duration is only slightly increased if another scan
over a thin tephra layer at 0.2mm is added after the lower resolution scan of the
entire core is completed. Further study is required to understand the differences
in resulting data depending on the chosen step size. It is necessary to better
understand whether this relates to a change in chemical composition over time as
the eruption progressed, post-depositional alteration or a grain size influence that
is not removed despite using elemental count ratios.
With the main objective being the reliable recognition of tephra layers in sediment
cores, it is of interest to ensure that this technique works independently of the actual
Itrax core scanner used and/or instrumental upgrades. Although all Itrax core
scanners are designed similarly, different generation instruments mean that all Itrax
scanners have different sensitivities for elemental energies and thus record different
total counts of ejected X-rays. The thin tephra layers (Okareka and Tahuna) provide
relatively few elemental data points from the University of Auckland (UOA) Itrax
so that a robust comparison of the data between both scanners is not feasible
(Fig. 6.10). Although the Te Rere (?) tephra layer displays very different Si/K
ratios in both datasets (from the ANSTO and UOA Itrax), the overall similarities
persist: The Rotoehu, Maketu, and Kawakawa/Oruanui (?) tephra span very
similar elemental count ratio ranges produced by both scanners (Fig. 6.10) giving
strong support with respect to the independence of the actual instrument being
used for tephra recognition studies as long as the general recommended protocol
is followed (see section 6.6.2). The reason for this large discrepancy in the Te
Rere (?) data is unclear as this core segment has been stored and transported
in the same manner as all others. We can only speculate that the coarser grain
size of this tephra (fining upwards from fine sand, Fig. 6.2) may have a stronger
influence on the lighter elements (mostly Si) which are recorded more reliably using
the ANSTO Itrax with increased sensitivity. Overall, µ-XRF core scanning gives
the same numerical elemental count ratios although the data originated from two
different Itrax core scanners, which achieve very different total elemental counts.
The otherwise strong numerical similarities give strong confidence in the wide
applicability of the µ-XRF core scanning technique for fast and non-destructive
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tephra recognition in sediment cores.

6.6.2 Recommended scanning protocol
As the observed elemental ratio differences, especially from variations in step size,
are only observed in the Si/K ratio (not in the Sr/Rb ratio) we recommend the use
of multi-variate approaches to tephra fingerprinting that consider more than these
four elements (see also Peti et al. (2019b)). In summary, we emphasize the need for
recording and publishing all scanning parameters. As long as visibly pure tephra
material has been scanned, the elemental data shows a high degree of comparability
even when recorded using different Itrax scanners, on different X-ray tubes and
with different exposure times. However, a larger influence has been associated
with use of different step sizes and scanning positions. For future studies with
the objective of tephra recognition based on µ-XRF core scanning, we recommend
the following scanning protocol: Mo-X-ray source, 30 kV, 55mA, 0.2mm spatial
resolution, 10 s exposure time, 3 repetitive scans for thin layers at the visibly purest
position (!) of the layer using any Itrax core scanner.

6.6.3 Future use of µ-XRF core scanning in tephrochronology
Any tephra identification technique also relies on additional information such
as the stratigraphic position, independent age estimates, thickness, colour and
grading of the layer. The same is true for the use of the Itrax µ-XRF core scanner
for tephrostratigraphy. With these additional details, µ-XRF core scanning has
the ability to facilitate first-order cross-core correlation in a similar depositional
environment as long as a strict scanning protocol is followed (section 6.6.2). At no
additional cost or analysis time, the same data from the core scanning can be used
to find more thin or cryptotephra layers in the sediment cores for more targeted
invasive sampling. This application is not the focus of this study but it has been
applied successfully in the past (Moreno et al. 2007; Langdon et al. 2011; Kylander
et al. 2012; Balascio et al. 2015; McCanta et al. 2015).

6.7 Conclusions
Tephrostratigraphy is an important tool for the stratigraphic and chronological
framework of late Quaternary sediment sequences to better understand timing and
frequency of past climatic changes and volcanic eruptions.
This study highlights the power and some pitfalls of rapid and cross-core correlation
in the AVF maar sediment sequences based on non-invasive µ-XRF core scanning
for thick rhyolitic tephra marker layers. Our study presents a detailed analysis
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of the influence of changes in the µ-XRF scanning parameters or even the Itrax
core scanner used, with one tested in New Zealand and one in Australia, on the
resulting data set. It has become clear that it is crucial to carefully select the
visibly purest and cleanest part of the tephra layer as the scanning position to avoid
mixed-in sediment, which results in erroneous elemental count ratios. Furthermore,
we emphasise the need to follow a strict scanning protocol to avoid and minimise
the influence of other changes in the scanning parameters.
Future studies involving sediment cores from the AVF can compare µ-XRF core
scanning data to the presented data set to aid first-order cross-core correlation
based on the thick rhyolitic tephra marker layers. However, this study does not
comprise all tephra layers, which can be found in sediment cores of Northern New
Zealand. Hence, further µ-XRF core scanning of tephra layers is needed to establish
standard elemental ratios of all possible candidates for future tephra recognition
and correlation in an accessible database. All meta-data including the primary
dataset of tephra identification (such as EMPA) and all scanning parameters in
detail alongside the raw µ-XRF core scanning data set shall be made available in a
database of this kind.
Whilst New Zealand can count as a prime location for tephrochronological studies,
this approach may be extended to other regions through extensive testing and
databases for lacustrine and marine sequences containing thick and visibly pure
tephra layers.
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7 Development of a multi-method
chronology spanning the Last
Glacial Interval from Orakei maar
lake, Auckland, New Zealand

7.1 Preface to chapter 7
Chapter 7 addresses objective 3 of this thesis, the multi-method chronology devel-
opment of the Orakei maar sediment sequence. This chapter presents the data of
the dating methods described in section 3.3 and their combined use in chronology
development. Bayesian age modelling of radiocarbon ages, tephra ages and the
age of the Laschamp paleomagnetic Excursion is employed for the ca. <45 000 yr
section of the sequence while a more experimental approach of wiggle-matching is
developed for the ca. >45 000 yr section. Whilst luminescence dating and meteoric
10Be were not successful, the relative palaeointensity (RPI) variation has provided
a record highly suitable to chronology development through alignment to a global
reference curve. This chapter is the chronological basis for the palaeoenvironmental
interpretations in chapter 8 and further research projects to reach the objectives of
the wider Auckland maar project presented in section 1.1.
This chapter is written in publication style but has not yet been submitted to a
journal.

7.2 Introduction
A better understanding of past climatic change and coeval responses of the ter-
restrial ecosystems is central to the quantification of the magnitude, nature, rates
and drivers of these changes. Crucial uncertainties remain in the generation and
transmission of climate events in a global context (Alley et al. 2003; Broecker
2003; NGRIP Members 2004; Vandergoes et al. 2005; Seelos et al. 2009; Shanahan
et al. 2009). The incomplete picture of the spatial and temporal variability of
terrestrial responses to climatic forcing is mostly due to two factors: 1) complete,
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long terrestrial records of past climatic change in the Southern Hemisphere mid-
latitudes are scarce, and 2) large chronological uncertainties associated with the
few records that span the Last Glacial Interval. The sediment record from Orakei
maar palaeo-lake (Auckland Volcanic Field, New Zealand) is of impressive quality,
length, resolution, and completeness in the context of the SW Pacific and thus
allows the reconstruction of a more detailed picture of past climatic changes in the
Southern Hemisphere mid-latitudes (Peti and Augustinus 2019).
This study focusses on the integration of a range of dating approaches (tephro-
chronology, radiocarbon, luminescence) with correlative dating (tuning of palaeo-
magnetic field variations) for the development of the Orakei maar lake sediment
sequence age-depth model. Several Taupo Volcanic Zone (TVZ) volcanic centres in
the North Island of New Zealand have erupted frequently throughout the late Qua-
ternary and repeatedly mantled Auckland with volcanic ash, providing isochronous
tephra marker layers (Shane and Hoverd 2002; Molloy et al. 2009) in the AVF
maar lake sequences (Fig. 7.1). To refine the tephrochronology-based age estimates
of the Orakei sequence, radiocarbon dating is well-suited as a well-established
technique for organic samples younger than ca. 50 000 yr. Additional techniques
need to be employed for the interval older than ca. 50 000 yr such as IRSL, or more
specifically postIR-IRSL dating of feldspar, which has recently been successfully
applied to a long lacustrine sequence (Roberts et al. 2018). Synchronous changes
of a common signal measured in several records allow the transfer of chronological
information from one record to the new studied record. For example, correlation
of ice cores and other sediment archives based on fluctuations of the geomagnetic
field intensity, reconstructed from palaeomagnetic measurements and cosmogenic
nuclide production has been proven promising (Stockhecke et al. 2014) but their
use for chronology development beyond ca. 50 000 yr remains often challenging due
to overprint by local processes.
The goal of this study is to develop a robust chronological framework for the long
composite lacustrine sediment sequence retrieved from Orakei maar palaeo-lake
(Peti and Augustinus 2019). A robust independent chronology for this strategi-
cally located record would significantly improve palaeoclimatic and –environmental
reconstructions from the New Zealand sector of the SW Pacific and enhance our
ability to identify leads and lags in climate teleconnections between the poles and
tropics.

7.3 Regional setting
Orakei maar is one of ∼53 volcanic centres in the AVF, which is located in the
city of Auckland, northern New Zealand (Fig. 7.1; Lindsay et al. 2011). Following
the highly explosive maar-forming phreatomagmatic eruption, the maar hosted a
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Figure 7.1: Map of the Orakei maar study area. (A) New Zealand with insets (B)
and (C) marked. (B) New Zealand’s North Island with Auckland (inset
C) and the major volcanic source centres marked. (C) Auckland area
showing the position of Orakei Basin. Red shading in populated areas;
dark shading shows increased elevation. After Peti and Augustinus
(2019).

lake until ca. 9000 cal. yr BP when the post-glacial sea-level rise led to an abrupt
breach of the crater rim followed by rapid deposition of estuarine muds (Hayward
et al. 2008). Orakei Basin is presently connected to the sea by artificially-controlled
inflow and outflow and surrounded by residential areas (Fig. 7.1C).
Persistent westerly circulation bringing moisture laden air masses generally domi-
nates the climatic setting of New Zealand (Hessell 1988) but the northern parts are
at least seasonally influenced by the subtropical anticyclonic belt (Chappell 2013).
Kidson (2000) described six regional climate zones in New Zealand, which can
show very different climate conditions due to factors like wind/pressure patterns,
latitude, topography and proximity to the sea.
Auckland is dominated by warm temperate to subtropical climate (Hessell 1988;
Chappell 2013) with a mean annual temperature of 15 °C. The mean annual rainfall
is ca. 1200mm, with drier summers and wetter winters (Hurnard 1979; Hessell
1988; Chappell 2013). The modern landscape and vegetation of Auckland have
been heavily modified by human activity (Shane and Sandiford 2003).

7.4 Material and methods
Two overlapping cores with 50 cm vertical offset and 8m later offset were retrieved
from Orakei Basin (Orakei maar paleo-lake) in 2016 using wireline drilling in 1m
long sections. The sediment sections were combined with an earlier, incomplete
core drilled in 2007 into a complete composite stratigraphy as described in Peti
and Augustinus (2019). The Orakei sediment sequence consists of 14 sediment
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facies units overlying the sandstones of the Waitemata Group and basaltic ejecta
from the maar-forming eruption summarised in Fig. 7.2 (Peti and Augustinus
2019). The Orakei maar core chronology was established on the event corrected
depth scale (ECD) from Peti and Augustinus (2019) in which all visible events of
instantaneous deposition have been removed.

7.4.1 Tephrochronology
Tephra identification was based on extraction and electron microprobe analy-
sis (EMPA) of glass shards following standard protocols as described in Peti et
al. (2019a). EMPA was performed on a minimum of 10 glass shards in carbon
coated epoxy mounts at Victoria University of Wellington using WDS on a JEOL
JXA 8230 Superprobe with a static defocused beam at 10 µm and 8 nA. Major
element oxide concentrations were determined using the ZAF correction method
and normalized to 100 % to account for variable degrees of post-eruption hydration
(Shane 2000). Compositional data is highly constrained by the closed-sum-effect
and non-normally distributed (Aitchison 1986). For this reason, the major element
oxide concentrations have been centralised-log-ratio transformed (clr in package
compositions 1.40-2 (van den Boogaart et al. 2018)) before principal component
analysis (PCA) was performed in R version 3.5.3 (R Core Team 2019).
The identification of the rhyolitic tephra layers follows Peti et al. (2019a) with
the addition of the Rotorua tephra and is demonstrated here using multivariate
statistics: PCA was first performed on the reference data (grey symbols in Fig.
7.5). The same scaling and rotation of the reference PCA were then applied to
the unknown compositional data and the tephra layers were thus assigned to their
source eruptive events through multivariate similarity as depicted in Fig. 7.5. Aside
from geochemical composition of the glass shards, the identification of tephra layers
and the correlation to their eruption events is guided by stratigraphic position in
relation to the AVF framework (Molloy et al. 2009; Hopkins et al. 2015). Further
details can be found in Supplementary Material B.4.1.

7.4.2 Radiocarbon dating
Radiocarbon dating of organic macrofossils and bulk sediment was conducted
at the Australian Nuclear Science and Technology Organisation (ANSTO) (Fink
et al. 2004), with one macrofossil dated at the Radiocarbon Dating Laboratory
(Department of Geology, Lund University). Samples for AMS-14C-dating were
pre-treated using the standard acid-base-base (ABA) (also called technique acid-
alkali-acid (AAA)). After drying, the samples were combusted, graphitised and
analysed at the respective AMS-facilities. Ages were calibrated with the SHCal13
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Figure 7.2: Simplified lithology and summarised facies unit description of the Orakei
sediment sequence. After Peti and Augustinus (2019).
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calibration curve (Hogg et al. 2013) as part of the age-depth modelling process (see
section 7.4.6).

Hardwater / freshwater reservoir-effect correction

Anomalously old radiocarbon ages for lacustrine sediment samples can arise due to
a freshwater reservoir effect, which often results from water rich in dissolved ancient
calcium carbonates (Philippsen 2013). Reservoir effects are commonly addressed
in the marine realm but more difficult to assess in lake basins. Efforts have been
made in this study to obtain radiocarbon ages only from terrestrial material but
the scarcity of macrofossils obviated this and therefore, it was necessary to also
rely on bulk sediment ages. To determine facies-dependent freshwater reservoir-
effect corrections, double-dates on terrestrial macrofossils and bulk sediment from
the same depth were obtained. For facies 4 the age of the Okareka tephra layer
was used instead of a macrofossil and sediment sample OZX348 and for facies 8
the samples OZX341 (wood) and OZX347 (bulk sediment) were used following
Philippsen (2013).

7.4.3 Luminescence dating
The sediment cores were stored wrapped in light-proof plastic until opened and
sub-sampled for luminescence dating under subdued orange light at the University
of Auckland (New Zealand). Sample pre-treatment followed published methods
(Mauz and Lang 2004) and involved HCl and H2O2 digestion, sieving and settling.
At the Max Planck Institute for Chemistry (Mainz, Germany), equivalent dose (De)
was measured using the post-infrared infrared (postIR-IRSL290) protocol, stim-
ulated at 290 °C to minimize the potential for feldspar signal fading (Thiel et al.
2011; Thiel et al. 2014; Buylaert et al. 2012), and based on equivocal results of the
preheat plateau test which showed substantial inter-aliquot scatter irrespective of
measurement temperature (Fig. 7.3).
Enough material remained after digestion, sieving and settling for production
of 15 aliquots of the polymineral fine-grained component, except for sample L69
(A0119) which produced 10 aliquots. Each aliquot was pipetted onto 10mm diame-
ter stainless steel cups for equivalent dose (De) measurements.
De measurements were undertaken using an automated Risø TL-DA-20 reader
using infra-red (IR) LEDs for illumination, with the resulting signal detected by an
EMPI 9235QA photomultiplier tube with a D410 filter for feldspar (Bøtter-Jensen
1997; Bøtter-Jensen et al. 1999). Irradiation was provided by a calibrated 90Sr/90Y
beta source (Bøtter-Jensen et al. 2000). An internal alpha contribution of 0.12 was
assumed for the samples, in order to account for the lower luminescence efficiency
of alpha radiation relative to the beta and gamma components (Rees-Jones 1995;
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Rees-Jones and Tite 1997). The accepted aliquots of all samples yielded either
normal distributions, which were typically very wide, or skewed distributions indica-
tive of incomplete bleaching. In the first case, De values were calculated using the
central age model (CAM) (Galbraith et al. 1999); in the latter, De was calculated
using the minimum age model (MAM) (Olley et al. 2004) (Fig. 7.4).
Samples for dose rate determination were digested with HNO3 and HF at the Aus-
tralian Nuclear Science and Technology Organisation (ANSTO) (Sydney, Australia).
U, Th concentrations were then obtained from these solutions on an Agilent 7700
inductively coupled plasma-mass spectrometry (ICP-MS) at the Mass Spectrometry
Equipment Centre (University of Auckland, New Zealand). K concentrations were
obtained from XRF measurements on fusion disks on a SPECTRO X-LAB 2000
polarizing energy dispersive X-ray fluorescence spectrometer at the University of
Waikato (New Zealand). The measured activities of the radioactive elements K,
Th, and U were converted to dose rates using published factors (Adamiec and
Aitken 1998; Guerin et al. 2011). Dose-rate attenuation was estimated using
published values (Mejdahl 1979) and the core sediment moisture content. Water
content was estimated assuming saturation of the lacustrine sediments, taking
into account water loss in the laboratory subsequent to core extraction (Lowick
and Preusser 2009). Substantial uncertainties in water content were included in
order to mitigate potential inaccuracies in the dose rate calculations as a result
of desiccation. Cosmic-ray dose rates were calculated based on sediment density
estimates, altitude, latitude, longitude, and depth, following (Prescott and Hutton
1994); these values were negligible (<0.01Gy/ka) due to the depth within the lake
sediments.
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Figure 7.3: Preheat plateau for fine-grained sample L15 (A0111), showing substan-
tial scatter between aliquots measured with the same preheat tempera-
ture, as well as between all aliquots.
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Figure 7.4: Radial plots showing the dose distributions of accepted aliquots for
all fine-grained samples, as well as the calculated central age (shaded
area). In the case of L32 (A0115), the shaded area corresponds to the
minimum age calculated using the MAM, and the line corresponds to
the equivalent dose which would yield the expected age according to a
preliminary core age model.

7.4.4 Palaeomagnetism
Measurements of the natural remanent magnetisation (NRM), anhysteretic re-
manent magnetisation (ARM) and saturation isothermal remanent magnetisa-
tion (SIRM) were conducted using a 2G-Enterprises model 760-R SQUID magne-
tometer equipped with an automatic three-axis alternating field (AF) demagnetisa-
tion system at Lund University (Sweden) on oriented standard (volume = 7 cm3

plastic palaeomagnetic sampling cubes following Nilsson et al. (2011). 48 samples
were treated as pilot samples and progressively demagnetised in 5mT increments
from 0mT to 40mT and in 10mT increments up to a maximum AF of 80mT. The
remaining samples were demagnetised in increments of 5mT up to 30mT and in
increments of 20mT from 40mT to a maximum AF field of 80mT. Preliminary
analyses on the pilot samples indicated that a stable single component magnetisa-
tion, demagnetising towards the origin, could usually be isolated between 15mT
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(see Supplementary Material B.4.2). This interval was therefore used to isolate the
characteristic remanent magnetisation (ChRM) using principal component analysis
(Kirschvink 1980). Samples with maximum angular deviation (MAD)>15, mostly
associated with weak NRMs, were rejected.
ARMs were induced in a peak AF of 80mT with a DC bias field of 0.05mT. The
ARMs were measured and AF demagnetised in increments of 5mT from 0mT to
30mT and in increments of 20mT from 40mT to 80mT in the pilot samples and
in increments of 10mT from 20mT to 40mT in all remaining samples. SIRMs
were induced with a DC field of 1 T using a Redcliffe 700 BSM pulse magnetizer.
Volume specific magnetic susceptibility (κ) was measured using a AGICO MFK1-FA
Kappabridge. Relative palaeointensities (RPIs) were estimated by normalising
the NRM at 20mT with the magnetic concentration dependent ARM at 20mT
similar to Nilsson et al. (2014). The application of the Orakei RPI for chronology
development is described in section 7.5.7.

7.4.5 Meteoric Beryllium-10
To focus on the section of the Orakei sequence that cannot be dated with radio-
carbon dating, laminated sediment intervals below ∼40m in the Orakei sediment
sequence were targeted for 10Be measurements. 59 samples were processed for AMS
measurements at ANSTO. The approach (detailed in appendix A section A.7.2)
involved treatment of 0.5 g to 1 g of dried, homogenised sediment with 6M HCl for
2 hours to leach out the the absorbed meteoric 10Be and detrital 9Be. A sub-sample
was extracted, and the inherent Beryllium concentration (considered to be predom-
inantly 9Be) was measured on an Agilent 7700 inductively-coupled plasma mass
spectrometer (ICP-MS) at the Mass Spectrometry Equipment Centre (University
of Auckland (UoA), New Zealand). 9Be carrier was added to the remainder of
the main sample before treatment with HF, HClO4 and separation of Beryllium
through ion exchange columns. BeOH2 was precipitated and oxidised to BeO at
800 °C with 10Be measurements of these 59 samples performed at the Centre for
Accelerator Science (CAS; ANSTO, Australia).
10 samples were prepared for a high-resolution study of the cosmogenic 10Be varia-
tion during the Laschamp Excursion at Lund University. Samples were spiked with
9Be carrier and digested with H2SO4, HCl, and HNO3. Separation and precipitation
of BeOH2 was achieved by treatment with ammonia solution and NaOH for pH
adjustment and followed by oxidisation to BeO at 600 °C (see detail in appendix A
section A.7.3). AMS 10Be/9Be measurements of these 10 samples were performed
at ETH Zürich. The initial 9Be in samples was considered negligible following
measurements at UoA and ANSTO (see above). The measured 10Be/9Be ratios
were normalized to the ETH Zürich in-house standard material S2007N, which has
a nominal 10Be/9Be ratio of 28.1 x 10−12 (Christl et al. 2013). All measured 10Be
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concentrations were several orders of magnitude higher than the background of full
chemical blanks so that blank corrections were negligible.

7.4.6 Bacon age model development
The Bayesian accumulation model was run in Bacon (rbacon 2.3.7 (Blaauw and
Christen 2019)) with the priors (Table 7.1), tephra ages (Table 7.2), radiocarbon
ages (Table 7.3), postIR-IRSL ages (Table 7.5) and the age for the Laschamp
Excursion of 41 100 ± 350 yrBP (Lascu et al. 2016). The acc.mean was chosen as
it approximates a ballpark estimate for the accumulation rate given the input ages.
Acc.shape, mem.strength, and mem.mean priors use the defaults from the Bacon
program to allow flexibility and a wide range of posteriors (Blaauw and Christen
2011). The value of thick was chosen to be 10 cm to allow large flexibility in the
model despite longer run times. For radiocarbon ages a Student t-distribution
is used, essentially a symmetric distribution with longer tails than the Gaussian
distribution, which is more robust against outliers (Christen and Pérez E 2009;
Blaauw 2010; Blaauw and Christen 2011) whereas for tephra ages and postIR-IRSL
ages Gaussian normal distributions are used.

Table 7.1: Bacon prior parameters
acc.mean
(cm/yr)

acc.shape mem.strength mem.mean thick (cm)

20 1.5 4 0.7 10

7.4.7 Relative dating/ Wiggle-matching
Relative dating was applied to Orakei maar lake sediments older than 45 000 yr
given the limited success in obtaining absolute age information from postIR-IRSL
dating (see section 7.5.3). To avoid circularity in tuning climate proxies based on
assumed synchroneity (Blaauw 2012) when the presence or absence of this possible
synchroneity is actually an overarching study objective, the relative palaeointensity
(RPI) of the Earth magnetic field strength is used, which is considered to be a
globally synchronous signal over millennial timescales (e.g.; Channell et al. 2000;
Laj et al. 2004). This approach was successful in Lake Van (Turkey) where several
RPI minima were aligned for chronology development (Stockhecke et al. 2014;
Vigliotti et al. 2014). Furthermore, Bokhorst and Vandenberghe (2009) recommend
multi-proxy approaches to relative dating. Consequently, the RPI variation was
supplemented with meteoric 10Be concentration measurements which are expected
to show peaks and troughs during low and high magnetic field strength intervals,
respectively (e.g.; Aldahan et al. 1999; Muscheler et al. 2005; Nilsson et al. 2011).
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7.5 Results
7.5.1 Tephrochronology

Figure 7.5: PCA individuals of reference tephra EMPA data (in black symbols from
Molloy et al. (2009) and Lowe et al. (2013)) and Orakei samples (in
coloured symbols).

Three tephra samples can clearly be identified through their overlap in Fig. 7.5,
namely sample T-01 as Okareka, sample T-15 as Rotorua and sample T-73 as
Tahuna, in agreement with their stratigraphic positions. Sample T-71 can confi-
dently be assigned to the eruption pair of Maketu and Hauparu which occurred at
a very similar time (see Molloy et al. (2009)) and show similar major oxide compo-
sitions (Fig. 7.5). Since only one layer has been found, sample T-71 was assigned
to Maketu given that this was the larger eruption (see larger thickness in Molloy
et al. (2009)) and is thus expected to have distributed its ash further increasing the
likelihood of finding the Maketu over the Hauparu tephra. From a chronological
perspective, this uncertainty in identification is negligible as the age assignations of
these two tephra are near coeval (i.e., 36 000 yr Hauparu and 36 300 yr Maketu in
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the Orakei core in Molloy et al. (2009)). Sample T-74 cannot be clearly identified
through its major oxide geochemistry (Fig. 7.5) but its stratigraphic position and
large thickness (>30 cm) suggest that this layer is the Rotoehu tephra.
The geochemical composition of samples T-02 and T-04 are very similar. They
are positioned between the Okareka tephra (above T-02) and the Maketu tephra
(below T-04). The overlap in Fig. 7.5 is strongest with reference data for the
Kawakawa/Oruanui Tephra (KOT), more so than with the stratigraphically-feasible
Okaia or Te Rere tephra. As outlined in Peti et al. (2019a), the stratigraphic
position of T-04 between several basaltic AVF tephra layers supports identification
of sample T-04 as the KOT.
The KOT identification means that sample T-02 must be the Te Rere tephra
or a new, previously-undocumented tephra (Fig. 7.5). For the purpose of this
paper, sample T-02 is disregarded as the identification of T-02 is not convincingly
supported by geochemical data and the age of the Te Rere tephra is not well
constrained (Lowe et al. 2013). Note that the Rerewhakaaitu, Poihipi and Okaia
tephra were not observed as macroscopic tephra in the Orakei sediment sequence
of this study but might be present as cryptotephra.

Identification of sample T66

An unidentified basaltic tephra layers “T66” could not be matched stratigraphically
to any other Auckland Volcanic Field (AVF) tephra layer previously documented in
Molloy et al. (2009) or Hopkins et al. (2015) and Hopkins et al. (2017). Its occurrence
between the layer AVF1 and the basal eruptive material sourced from the Orakei
Volcanic Centre (Fig. 7.6) suggests that it is a new, previously undocumented
tephra layer from a different AVF source. In order to test this hypothesis, electron
microprobe analysis (EMPA) were conducted on sample T66 glass shards at Victoria
University of Wellington following the method outlined in section 7.4.1. The results
are presented in figures 7.7 to 7.9. It could be confirmed that T66 is not a correlative
to the Orakei Volcanic Centre and/or AVFa tephra layer (Fig. 7.7). Furthermore,
glass shard geochemistry also obviates correlation to the AVF1 tephra layer (Fig.
7.8). It is concluded that T66 constitutes a basaltic tephra that has not so far
been encountered in any AVF maar cores (Molloy et al. 2009; Hopkins et al. 2015;
Hopkins et al. 2017).
Based on the position of T66 between AVF1 and AVFa, several AVF volcanoes
are potential sources. Despite the difficulties in comparing whole rock and tephra
material based on major element oxides, sample T66 is compared to the AVF
volcanic centres in question (Fig. 7.9): Grafton Park, Mt Albert, Mt Roskill, as
well as the correlatives for AVF1 and AVFa, Domain and Orakei, respectively. Low
FeO and SiO2% in Mt Albert whole rock composition as well as in sample T66
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suggests strongly that Mt Albert is the source of the T66 tephra layer.
The formative eruption of Mt Albert has been Ar-Ar dated to 119 200 ± 2800
(1σ) yr by Leonard et al. (2017) which falls between the obtained ages for AVFa
(126 150 ± 3320 (2σ) yr; Hopkins et al. 2017) and AVF1 (106 170 ± 4300 (2σ) yr by
Hopkins et al. 2017; 83 100 yr by Molloy et al. 2009) giving further support for this
identification. Hence, it is concluded that sample T66 is sourced from Mt Albert
with an eruptive age of 119 200 ± 2800 yr. In order to maintain nomenclature
consistency, the name “AVFaa” is assigned to this tephra layer.

Figure 7.6: Lower section of the Orakei 2016 composite sequence highlighting the
position of the T66 layer between the stratigraphically matched position
of the AVF1 horizon and the primary eruptive material from the Orakei
Volcanic Centre correlated to tephra layer AVFa by Hopkins et al.
(2017).
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Figure 7.7: Comparison of sample T66 to AVFa (tephra layer from Glover Park core; correlated to the Orakei eruptive
centre, (Hopkins et al. 2017)), Orakei whole rock (WR) data as well as eruptive material from Orakei in
the A and B cores of this study (OB16A, OB16B). Note that T66 overlaps with neither of these samples
suggesting that this is a tephra layer from a different eruption.
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Figure 7.8: Comparison of sample T66 to AVF1 (tephra layer in Orakei 2007 core (Molloy et al. 2009; Hopkins
et al. 2015) correlated to Domain: (Hopkins et al. 2017)) and AVFa (tephra layer from Glover Park core
correlated to the Orakei Volcanic Centre (Hopkins et al. 2015; Hopkins et al. 2017)). Note that T66
overlaps with neither layer and thus is considered an eruption not previously found in the AVF maar
cores.115
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Figure 7.9: Matching of T66 to possible source volcanic centres (whole rock (WR) data) for this tephra layers. Despite
complications of correlating glass shard EMPA chemistry to WR geochemistry, the most likely source
volcanic centre candidate for tephra T66 is Mt. Albert as only the data and 95 % confidence ellipse of Mt
Albert WR data overlaps with the T66 tephra EMPA data.
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Table 7.2: Identified rhyolitic tephra layers in the Orakei sediment sequence.
Tephra
name

ECD (m) Age
(cal.
yr
BP)

2 σ Reference

Rotorua 5.23 15 635 412 (Lowe et al. 2013)
Okareka 20.74 22 213 278 re-calibrated with SHCal13 (Hogg et

al. 2013) after Molloy et al. (2009)).
See Supplementary Material B.4.1.

Kawakawa/
Oruanui

30.84 25 360 160 (Vandergoes et al. 2013a)

Maketu 40.37 35 861 734 Freshwater-reservoir effect corrected,
re-calibrated with SHCal13 (Hogg et
al. 2013) after Molloy et al. (2009).
See Supplementary Material B.4.1.

Tahuna1 41.99 37 845 932 Freshwater-reservoir effect corrected,
re-calibrated with SHCal13 (Hogg et
al. 2013) after Molloy et al. (2009).
See Supplementary Material B.4.1.

Rotoehu2 45.14 45 100 3300 (Danišik et al. 2012)
47 400 3000 (Flude and Storey 2016)

1 It is noted that Loame et al. (2019) dated the Tahuna layer to 38 870 ± 1106 cal. BP.
However, an age constrained by samples above and below the tephra layer is preferred
but the agreement between both ages is highlighted.
2 Many ages for the Rotoehu tephra (Rotoiti eruption) have been proposed based
on a variety of direct and indirect dating methods spanning approximately the age
range 40 000 yr to 60 000 yr. The age of 45 100 ± 3300 yr is in better agreement with
the radiocarbon ages of this study (see Table 7.3) and thus used in the presented
chronology.

7.5.2 Radiocarbon dating
All radiocarbon ages are summarised in Table 7.3. The ages OZW884-887, OZX869,
OZX888 and OZX889 are considered outliers much older than surrounding ages and
thus the age-depth model (Fig. 7.13). The outliers represent fluvially in-washed
older material and uncertain reservoir correction for the bulk sediment samples).
The ages for OZX873 and OZX882 are also older than anticipated, likely due to
the unknown reservoir correction as no double-dating was possible in facies units
5-7 from which these samples were selected. The ages OZW874, OZX340 and
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OZX343 are clearly too young as they yielded a very small mass of organic carbon.
The age of OZX878 is much too young although the reason is unclear. Outlying
radiocarbon ages are not uncommon in AVF maar records (e.g. Augustinus et al.
2011), although no approach to avoid this possibly contaminated material from
erosion and influx of older sediment has become apparent yet. Nevertheless, the
Bacon age model recognises these as outliers and hence, there is no need to remove
them manually (Fig. 7.13).
The facies-dependent reservoir effect in facies 4 is 1115 ± 214 yr and in facies 8410
± 120 yr. Changes in reservoir effect over time, even within one facies, are possible
but cannot be considered based on the data available from the Orakei sediment
sequence. Where the reservoir correction is stated with a question mark in Table
7.3, no reservoir correction for this specific facies could be calculated. Here, the
reservoir correction from the closest facies is used (i.e., reservoir correction from
facies 4 also applied to facies 3 and 5).

Table 7.3: Overview of radiocarbon samples and ages.
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NZA2886512 Wood 0.12 8565 ± 30 -27.3 9512 ± 19
OZW868 Wood 0.85 10 265 ± 45 -25.5 ± 0.1 11 908 ± 94
OZW869 Wood 0.71 10 065 ± 45 -26.2 ± 0.1 11 519 ± 122
OZW870 Wood 0.70 9995 ± 40 -27.0 ± 0.1 11 396 ± 107
OZW871 Wood 0.62 10 000 ± 40 -26.8 ± 0.1 11 405 ± 109
OZW872 Wood 0.22 9175 ± 40 -26.5 ± 0.1 10 303 ± 61
OZW873 Wood 1.87 11 150 ± 45 -26.0 ± 0.1 12 965 ± 73
OZW874 Wood 1.81 9130 ± 510 -25.03 10 380 ± 714
OZW875 Wood 1.20 10 815 ± 50 -26.9 ± 0.1 12 700 ± 27
OZW876 Wood 1.04 10 505 ± 45 -28.9 ± 0.1 12 351 ± 142
OZW877 Wood 2.60 11 645 ± 45 -28.9 ± 0.1 13 430 ± 58
OZW878 Wood 2.27 11 535 ± 45 -29.8 ± 0.1 13 342 ± 55
OZW879 Wood 4.32 12 445 ± 50 -24.7 ± 0.1 14 488 ± 183
OZW880 Wood 5.79 13 495 ± 50 -29.7 ± 0.2 16 187 ± 101
OZW881 Wood 5.63 13 530 ± 50 -27.9 ± 0.4 16 237 ± 105
OZW882 Wood 5.49 13 405 ± 50 -27.4 ± 0.2 16 074 ± 100

Continued on next page
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Table 7.3 – continued from previous page

La
b

C
od

e

M
at

er
ia

l

E
C

D
(m

)

14
C

ag
e

(y
r

B
P

)
±

1σ

δ1
3 C

(‰
)

R
es

er
vo

ir
co

rr
ec

ti
on

C
al

ib
ra

te
d

m
ea

n
±

1σ
ag

e
(c

al
.y

r
B

P
)

(r
es

er
vo

ir
co

rr
ec

te
d

w
he

re
re

qu
ir

ed
)

OZW883 Wood 11.76 16 370 ± 60 -28.7 ± 0.1 19 718 ± 110
OZW884 Wood 13.35 51 050 ± 710 -24.3 ± 0.1 51 147 ± 726
OZW885 Wood 12.78 51 590 ± 860 -24.8 ± 0.1 51 733 ± 889
OZW886 Wood 14.81 48 520 ± 540 -25.7 ± 0.1 48 575 ± 547
OZW887 Wood 16.33 50 640 ± 810 -26.1 ± 0.1 50 767 ± 834
LuS96361 Wood 42.45 32 400 ±

1200
36 859 ±
1420

OZX340 Wood 31.44 18 210 ± 140 -25.03 22 027 ± 184
OZX341 Wood 39.20 30 460 ± 120 -23.0 ± 0.2 34 400 ± 154
OZX342 Wood 33.83 25 560 ± 190 -25.03 29 676 ± 293
OZX343 Wood 37.63 25 580 ± 190 -25.03 29 704 ± 294
OZX344 Bulk

sed.
36.50 29 350 ± 90 -27.7 ± 0.1 410 ± 120 33 090 ± 200

OZX345 Bulk
sed.

42.46 NA NA NA NA

OZX346 Bulk
sed.

44.55 38 840 ± 180 -27.2 ± 0.1 410 ± 120 42 914 ± 198

OZX347 Bulk
sed.

39.20 30 870 ± 120 -27.0 ± 0.1 410 ± 120 34 345 ± 189

OZX348 Bulk
sed.

20.74 19 540 ± 60 -25.6 ± 0.1 1115 ± 214 22 366 ± 247

OZX349 Bulk
sed.

17.60 18 805 ± 50 -26.2 ± 0.1 1115 ± 214 21 536 ± 245

OZX350 Bulk
sed.

23.88 21 600 ± 70 -26.0 ± 0.1 1115 ± 214 24 694 ± 264

OZX351 Bulk
sed.

26.71 23 080 ± 60 -26.0 ± 0.2 1115 ± 214 26 150 ± 251

OZX869 Bulk
sed.

13.35 21 140 ± 110 -25.6 ± 0.1 1115 ±
214?

24 196 ± 288

OZX870 Bulk
sed.

16.61 19 390 ± 130 -28.3 ± 0.4 1115 ±
214?

22 198 ± 277

OZX871 Bulk
sed.

18.97 20 170 ± 90 -27.3 ± 0.1 1115 ± 214 23 083 ± 269

Continued on next page
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Table 7.3 – continued from previous page
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OZX872 Bulk
sed.

22.12 19 960 ± 90 -27.8 ± 0.1 1115 ± 214 22 843 ± 267

OZX873 Bulk
sed.

29.78 26 960 ± 180 -27.9 ± 0.1 410 ± 120? 30 606 ± 188

OZX874 Bulk
sed.

31.55 24 910 ± 150 -27.6 ± 0.1 410 ± 120 28 511 ± 221

OZX875 Bulk
sed.

32.53 25 210 ± 130 -28.1 ± 0.1 410 ± 120 28 832 ± 216

OZX876 Bulk
sed.

33.44 25 700 ± 130 -28.1 ± 0.2 410 ± 120 29 401 ± 254

OZX877 Bulk
sed.

35.54 26 850 ± 140 -27.1 ± 0.2 410 ± 120 30 535 ± 179

OZX878 Bulk
sed.

39.63 29 170 ± 180 -28.7 ± 0.1 410 ± 120 32 891 ± 274

OZX879 Bulk
sed.

42.79 34 160 ± 260 -28.3 ± 0.1 410 ± 120 38 194 ± 343

OZX880 Bulk
sed.

43.91 35 640 ± 270 -28.5 ± 0.4 410 ± 120 39 795 ± 357

OZX881 Bulk
sed.

44.24 36 720 ± 300 -28.0 ± 0.1 410 ± 120 40 845 ± 326

OZX882 Bulk
sed.

28.39 34 670 ± 300 -25.8 ± 0.1 1115 ±
214?

37 994 ± 435

OZX883 Bulk
sed.

27.57 22 210 ± 130 -27.9 ± 0.1 1115 ±
214?

25 309 ± 263

OZX884 Bulk
sed.

25.81 21 530 ± 90 -26.3 ± 0.1 1115 ± 214 24 620 ± 273

OZX885 Bulk
sed.

23.72 21 320 ± 100 -26.4 ± 0.1 1115 ± 214 24 396 ± 282

OZX886 Bulk
sed.

22.80 20 080 ± 90 -27.5 ± 0.4 1115 ± 214 22 980 ± 269

OZX887 Bulk
sed.

19.92 21 320 ± 100 -26.9 ± 0.1 1115 ± 214 24 396 ± 282

Continued on next page
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Table 7.3 – continued from previous page
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OZX888 Bulk
sed.

15.16 20 590 ± 100 -27.6 ± 0.2 1115 ±
214?

23 565 ± 275

OZX889 Bulk
sed.

14.14 23 750 ± 130 -26.3 ± 0.1 1115 ±
214?

26 776 ± 259

1 From correlated Orakei 2007 core.
2 From Hayward et al. (2008).
3 The value of δ13C is assumed. A measured value is not available.

7.5.3 Luminescence dating

The polymineral fine-grained samples from the Orakei sediment sequence do not
exhibit optimal characteristics for the postIR-IRSL290 protocol. The samples
are typically very dim, yielding generally low signal counts (Fig. 7.10a) and low
sensitivity. Late background subtraction was used to optimize the signal measured.
The sensitivity to test dose over the regenerative cycles of the postIR-IRSL290
protocol typically decreased to 20 % to 30 % of the test dose sensitivity following
the natural signal measurements, and remained fairly constant over subsequent
cycles (Fig. 7.10b). Recuperation was very high, yielding values of up to 50 %,
and recycling ratios were variable but often exceeding 20 % divergence from unity
(Table 7.4). Dose-response curves could often, but not always, be fitted to an
exponential or exponential-plus-linear function, and rarely passed through the
origin due to the high degree of thermal transfer (Fig. 7.10c). In order to obtain
any results at all, aliquots were accepted if dose-response curves could be reasonably
fitted; threshold criteria for other quality control measurements such as recycling
ratios, recuperation and sensitivity change were (by necessity) relaxed. equivalent
dose (De), total dose rate data and postIR-IRSL290 age estimates for the Orakei
samples are summarised in Table 7.5.
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Figure 7.10: Illustration of luminescence characteristics of the Orakei core sediments
using the postIR-IRSL290 protocol: a) typical natural postIR-IRSL290
signal decay for dateable sample L14 (A0110); b) change in sensitivity
response to test dose over the regenerative dose cycles for sample L35
(A0116), showing reduction in effective charge transfer throughout the
protocol in the typical sample; c) dose-response curve for representative
aliquot of sample L35 (A0116), showing exponential fit but high Lx/Tx
value for the zero dose step illustrating high degree of thermal transfer
in the sediments.

Table 7.4: Summary of luminescence characteristics arising from postIR-IRSL290
protocol measurements.

Sample Number
of
aliquots
accepted

Recycling
ratio

Overdispersion
(%)

L14 9/11 1.35 ± 0.35 12.4
A0110
L15 9/15 1.38 ± 0.69 52
A0111
L32 11/15 1.04 ± 0.09 67
A0115
L35 12/15 1.10 ± 0.08 24.3
A0116
L65 7/15 1.10 ± 0.10 22.7
A0118
L69 4/10 1.00 ± 0.10 24.7
A0119
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Table 7.5: equivalent dose (De), total dose rate data and postIR-IRSL290 age
estimates for the Orakei 4 µm to 11 µm polymineral fine-grained
samples. Water contents of 20 ± 10 % were used for all samples.

Sample
code
Lab
code

ECD
(m)

De

(Gy)
K
(%)

Th
(ppm)

U
(ppm)

Total
dose rate
(Gy/ka)

Age (yr)

L14 67.11 198
± 121

0.90
±
0.09

3.92
±
0.30

0.81
±
0.30

1.57 ± 0.18 126 000 ±
17 000

A0110
L15 71.74 230

± 411
0.87
±
0.10

5.07
±
0.30

1.08
±
0.40

1.79 ± 0.22 128 000 ±
28 000

A0111
L32 63.54 105

± 112
0.77
±
0.04

3.75
±
0.19

0.79
±
0.04

1.44 ± 0.15 73 100 ±
10 800

A0115
L35 65.59 230

± 171
0.96
±
0.05

5.21
±
0.26

1.08
±
0.05

1.89 ± 0.20 122 000 ±
16 000

A0116
L65 50.21 111

± 101
0.81
±
0.04

4.27
±
0.21

0.86
±
0.04

1.56 ± 0.16 71 200 ±
9800

A0118
L69 74.41 440

± 591
0.83
±
0.04

4.93
±
0.25

1.24
±
0.06

1.81 ± 0.19 243 000 ±
41 000

A0119
1 Calculated using the CAM.
2 Calculated using the MAM.
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7.5.4 Palaeomagnetism

Mineral magnetic data (see Supplementary data B.4.2) of the Orakei sediment
sequence is consistent with detrital magnetite as the main magnetic carrier. Follow-
ing Peters and Thompson (1998) the magnetic assemblage of the Orakei samples is
classified as magnetite/titanomagnetite (Fig. B.7A). Both detrital and extracellular
magnetite components are identified based on the definition by Egli (2004, Fig.
B.7B), with the latter mostly found in facies 10. Variations in magnetic grain size,
estimated following Thompson and Oldfield (1986), suggest that most of the Orakei
sediment samples used for palaeomagnetic measurements fall in the pseudo-single
domain range of magnetite (Fig. B.7C), which is consistent with a detrital origin.
The coring procedure resulted in the fact that the declination data of the Orakei
sediment sequence could not be used. The 1m-long core sections were not oriented
in respect to magnetic north/south and in several occasions, segments within each
section, broken along coarser layers such as tephra, rotated differentially.
The ChRM inclination in the lower ∼40m of the Orakei sediment sequence
mostly varies around −50° to −60°, which is consistent with the geocentric axial
dipole (GAD) prediction of −56° for the site latitude. Significantly shallower
inclinations are recorded between ∼63 and 68m as well as around the facies unit
boundary 13/12 (Fig. 7.11). A reversed polarity direction with the inclination
reaching +66° is observed in one sample at 43.24m. Its location between the
Tahuna and Rotoehu tephra layers (see section 7.5.1) implies that this short-lived
reversal is the Laschamp Excursion dated to 41 400 ± 350 yr (Lascu et al. 2016).
The inclination flattens to −4.1° at 73.42m 10 cm below the tephra age marker
“AVFaa” Mt Albert eruption at 119 200 ± 2800 yr (Leonard et al. 2017, Fig. 7.11).
This age constraint and a pronounced and sustained decrease in RPI (see below)
starting at the time of deposition of “AVFaa” suggests that this near-reversed
inclination could correspond to the Blake Excursion (116 500 ± 700 to 112 000 ±
1900 yr; Osete et al. 2012). Other occurrences of reversed/transitional (positive
or near-zero) inclinations at 49.77m, 51.23m, 63.38m and the observed shallower
inclinations between ∼63 and 68m occur in intervals of coarser grain size and thus
likely indicate previously unidentified thin mass movement deposits in which coarser
grains deposited in a higher energy environement do not record the direction and
intensity of the Earth magnetic field properly (King 1955). No data were obtained
between 65.8 and 67.78m due to sand bands preventing the sampling of laminated
sediment intercalated with them.
The NRM and ARM variation of the Orakei sediment sequence show the same
broad pattern in each demagnetisation step (different colours in Fig. 7.11B, C).
Very low NRM and ARM in facies unit 14 are followed by a sudden increase at
∼76m (Fig. 7.11B, C). NRM and ARM values decrease stepwise until very low
values are reached again at ∼60m. Up to 40m, NRM and ARM values remain
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very low interrupted by slightly elevated values in facies unit 9 (∼55 - 50m) which
is more expressed in the ARM curve (Fig. 7.11C).
To calculate the relative palaeointensity (RPI), the NRM/ARM ratio, the NRM
and ARM after 20mT AF demagnetisation, which shows a similar pattern to all
demagnetisation steps (different colours in Fig. 7.11D). Very low values are associ-
ated with the reversed polarity direction tentatively identified as the Laschamp
Excursion (Fig. 7.11). The strength of the global magnetic field is known to have
been exceptionally low during the Laschamp Excursion (see PISO-1500 stack in
Fig. 7.14B (Channell et al. 2009)), which supports this interpretation. Equally low
RPI values are also observed in facies unit 9 and facies unit 11 (Fig. 7.11). These
facies units represent coarser grain size facies, suggesting that the low RPI values
could be artefacts associated with less efficient NRM recording in a higher energy
depositional environment (compare Fig. 7.2), for which a correction is attempted
here. The down core variation in the NRM/ARM ratio (Fig. 7.11D) is assumed to
be proportional to the scatter around a linear trend-line in a scatterplot (Fig. B.8).
The offset between the linear trend-lines fitted to the data points of the coarse and
the fine-grained facies units indicates the different efficiencies to acquire a NRM. To
correct for this, a scaling factors of 1.437 has been applied to the NRM values from
the coarse grained facies units before calculating a corrected RPI. The broad- and
fine-scale pattern of the RPI variability in the Orakei sediment sequence remains
intact after this correction but the troughs of the corrected RPI curve (Fig. 7.11E)
are slightly less expressed in comparison to the RPI minimum associated with the
Laschamp Excursion.
The Orakei RPI shows marked variation with a short-lived peak at 78.35m (Fig.
7.11E), troughs around 70, 73, and 76m. Pronounced low RPI values between
ca. 65 and 61m are followed by high-frequency variability up to ca. 55m. A
pronounced decrease in RPI values to reach a short-duration trough around 52m
follows. A continuous RPI increase, reaching a maximum around 49m is followed
by a step-wise decrease to a RPI minimum coincident with the Laschamp Excursion
(Fig. 7.11).
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Figure 7.11: Caption on next page.
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Figure 7.11: A: Inclination, B: NRM at different demagnetisation steps, C: ARM
at different demagnetisation steps, D: NRM/ARM at different demag-
netisation steps and E: corrected RPI (NRM/ARM at 20mT) of the
Orakei sediment sequence. Horizontal orange lines mark facies unit
boundaries (solid) and sub-unit boundaries (dashed) from Peti and
Augustinus (2019).

7.5.5 Beryllium-10
Relative changes in 10Be concentration reflect fluctuations in the relative strength
of the Earth’s magnetic field under the assumption of constant cosmic ray influx,
and as such, are inverse to the relative palaeointensity described in section 7.5.4
with the same application to the Orakei chronology.
A peak in 10Be concentration at 42.32m (ANSTO) and 42.51m (Lund/ETH) coin-
cides with the position of the Laschamp Excursion (Fig. 7.12A). However, the 10Be
record is characterised by an almost constant increase up-core to a peak at the
top of unit 10 interrupted by a prominent trough in facies unit 9 and a return to
relative high and nearly constant values pre-Laschamp (Fig. 7.12A). The increase
in the lower part of the section is interrupted by smaller peaks of which the one at
73.62m might relate to the Blake Excursion (116.500 ± 700 to 112.000 ± 1.900 yr
(Osete et al. 2012)) considering the age constraint from the ”AVFaa” tephra and
inclination (Fig. 7.11, 7.12A).
In order to correct for sediment influx variability, the 10Be/9Be ratio (Carcaillet
et al. 2004) is considered in Fig. 7.12B. Very low ratios in facies unit 14 are followed
by elevated but decreasing values up to the middle interval of unit 11 (Fig. 7.12B).
A small peak between 73.62 and 73.25m, consisting of two consecutive samples,
corresponds to the inferred level of the Blake Excursion indicated by the ”AVFaa”
tephra (Fig. 7.12B). The 10Be/9Be ratio shows a long-term but variable increase up
to ∼57m followed by high-amplitude fluctuations up to ∼48m-depth. The upper
facies unit 8b is characterised by a pronounced 10Be/9Be trough followed by a
sudden increase near coincident with facies unit boundary 8b/8a. Further elevated
10Be/9Be values with a peak correlating with the 10Be concentration peak gives
additional support to the identification of the Laschamp Excursion (Fig. 7.12B).
However, the rather noisy 10Be/9Be data, some large disagreements between
ANSTO and ETH measurements at similar depths and the unexplained trends in
the 10Be data suggest that the 10Be data only reflects geomagnetic field variations
to a limited extend as well as possible problems arising from slightly differing
leaching techniques (see Appendix A sections A.7.2 and A.7.3). For example, the
Laschamp geomagnetic field minimum has led to an approximately doubled atmo-
spheric production rate of 10Be and it clearly stands out in ice core 10Be records
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(e.g. Wagner et al. 2000)) which is not the case in our study. Rather, the variations
in the 10Be/9Be data rather suggest strong catchment influences on the Beryllium
record that cannot easily be removed via normalisation with 9Be. Therefore, the
interpretation of 10Be in terms of geomagnetic field changes and its use for dating
appears to be rather limited in the context of the Orakei maar sediment sequence.
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Figure 7.12: A: 10Be concentration ±1 standard error from Lund (red) and ANSTO
(black) and B: 10Be/9Be ratio of the lower∼40m of the Orakei sediment
sequence. Horizontal orange lines mark facies unit boundaries (solid)
and sub-unit boundaries (dashed) from Peti and Augustinus (2019).
Green bar marks possible position of the Laschamp Excursion as
inferred from peaks in 10Be concentration and 10Be/9Be ratio in data
from ANSTO and Lund.

7.5.6 Initial Orakei chronology
The Orakei sediment core chronology obtained using Bacon is shown in Fig. 7.13
with ages from radiocarbon dating, tephrochronology, the Laschamp Excursion
and postIR-IRSL dating. The mean 95 % confidence age range is 3516 yr with
a minimum of 293 yr at 2.12m ECD and a maximum of 11 379 yr at 74.12m
ECD. Only 69 % of all ages lie within the 95 % range of the age-depth model and
13 radiocarbon ages were determined to be outliers from this model (see section
7.5.2). The age-depth model predicts low accumulation rates (steeper angle) through
the peat section (facies unit 1), gradually increasing with high accumulation rates
for units 2 – 7 (Fig. 7.13). However, the dating density in parts of unit 2, as well
as units 3 and 5 – 7 is not ideal. An inflection point in the age-depth model is
produced at the KOT layer (30.84m ECD, base of facies unit 7 (Fig. 7.13)). Since
the KOT age is well-constrained (Vandergoes et al. 2013a) and the age-depth model
pre-KOT in the Orakei sequence is also well-constrained by several ages this age
for KOT, which would have otherwise been classified as an outlier, is not rejected.
This trend implies a sudden reduction of the sedimentation rate or a depositional
hiatus. However, no obvious hiatus has been observed by macroscopic examination
of the sequence, but a change in sedimentation regime is possible at this facies
boundary. Aside from the outliers, the radiocarbon ages agree well in the pre-KOT
section with known age rhyolitic tephra (Table 7.2) and the Laschamp Excursion
(Fig. 7.13).
The large uncertainties in the postIR-IRSL ages allow a straight line to be fitted
through five out of the six ages (Fig. 7.13). This is essentially identical to an
extrapolation beyond the Rotoehu tephra layer and the modelled accumulation rate
is strongly guided by the prior (acc.mean). Hence, this initial chronology arrives
at a basal age of 114 690 (95 % range 108 811 – 120 648) years with a constant
accumulation rate throughout the sequence (Fig. 7.13). Given the age of “AVFaa”
of 119 200 ± 2800 yr at 73.32m ECD and strong facies variation throughout the
sequence, neither the basal age of ca. 115 000 yr nor the constant accumulation rate
can be considered correct.
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Figure 7.13: Initial Orakei age model spanning the entire sediment sequence using
the event-corrected depth. Yellow inset enlarges the interval with ra-
diocarbon and tephra ages. Blue symbols mark calibrated radiocarbon
ages, green symbols mark uncalibrated tephra ages (marked by name),
the Laschamp Excursion and luminescence ages (marked by sample
codes).

7.5.7 Tuned chronology
Initial visual inspection of the Orakei RPI and the variation of the PISO-1500 virtual
axial dipole moment (VADM) (Channell et al. 2009) over the period ca. 30 000 yr to
140 000 yr showed strong similarities between both curves (Fig. 7.14A,B) allowing
an improvement of the initial chronology through tuning of both curves.
In order to facilitate a numerical alignment between the Orakei RPI record and
the reference PISO-1500 VADM (Channell et al. 2009) records were scaled by
subtracting the mean and dividing by the standard deviation. The Orakei RPI
record was split into 11 sections of variable length along major peaks and troughs
(Fig. 7.14A). A multiplication factor was applied to the depth-scale of each section
to achieve stretching or compression of the sediment sequence with an appropriate
shift with respect to the neighbouring sections achieved by addition/subtraction of
an additional term. These linear alignments were originally chosen visually and
then section-wise incrementally adjusted until the lowest mean squared error (MSE)
was reached. The MSE is defined as the squared difference between the scaled
PISO-1500 VADM and the scaled Orakei RPI. Additional constraint on the possible
alignments was provided by the identified Laschamp and Blake Excursions (section
7.5.4) and tephra “AVFaa” which need to match the PISO-1500 VADM within
age uncertainties and VADM standard error. Visually deemed possible linear
section-wise alignments were ranked by MSE and highest weights were assigned to
alignments with lowest MSE (see Fig. B.9). Weighted mean and weighted standard
deviation were then calculated from these alignments and a loess smoother (Local
Polynomial Regression Fitting) was fitted to the resulting age-depth model to
remove artificially-created sudden changes and age inversions at section breaks.
The fitted smoother is the final age-depth model for the Orakei section between
39.68 and 79.24m.
The fit of both curves after the wiggle-match alignment is presented in Fig. 7.14C.
Neither 10Be concentration or 10Be/9Be curves display a comparable pattern, likely
due to an unidentified catchment-influx overprint, and are thus not incorporated
into the tuned chronology beyond lending support to the identification of the
Laschamp and Blake Excursions.
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Figure 7.14: A: Orakei RPI (facies corrected) with markers indicating the positions
where the record is split for the wiggle-match alignment, B: PISO-1500
(Channell et al. 2009) and C: both scaled after wiggle-match alignment
(as described in section 7.5.7) on the same age scale following the
match with lowest MSE.

An initial alignment without the identified T-66 tephra or Blake Excursion
resulted in the age of ca. 109 000 yr for the T-66 tephra whereas the initial chronology
provided an age of ca. 102 700 yr. The Ar-Ar age of the Mt Albert eruption to
which tephra T-66 is correlated is 119 200 ± 2800 yr (Leonard et al. 2017). Hence,
the error is reduced with wiggle-matching, at least at this horizon which is available
as validation, compared to (postIR-IRSL based) extrapolation of the sedimentation
rates down core as provided by the initial chronology from Bacon (Fig. 7.13).
The section developed with Bacon (green in Fig. 7.15) based on radiocarbon ages,
tephrochronology and the Laschamp Excursion remains unchanged above 39.86m
ECD where the paleomagnetic data starts (Fig. 7.14). Overall, the tuned age-depth
model (orange in Fig. 7.15) follows a much steeper angle than the Bacon model
age-depth model and shows larger uncertainties (1 and 2σ envelopes) which is to
be expected in the older section of any sedimentary record (Fig. 7.15). The mean
age-depth models of both models agree well in the overlapping interval and connect
well at 39.86m ECD (Fig. 7.15). The wiggle-match age model provides a basal
age for the onset of lacustrine sedimentation in the Orakei maar of 139 200 ± 820
(2σ) yr.

Sedimentation rate variability

The sedimentation rate is described in time/depth (Fig. 7.16A) but for convenience,
also presented as depth/time (Fig. 7.16B). At the core base the sedimentation
rate is ca. 2.3 yr/mm, remaining approximately constant up to ∼66m ECD (Fig.
7.16A) followed by a steady slowing of the sedimentation to reach a maximum
of 3.4 yr/mm at ∼55m to 56m ECD (Fig. 7.16A). A continuous acceleration in
sedimentation rate follows up to 39.86m ECD where a small gap between both
curves is created artificially due to joining of the two age models (Fig. 7.16A). The
sedimentation rate from ∼40m to 36m ECD is steady at ∼1 yr/mm followed by a
short-term slowing before the sudden change in sedimentation regime described
above at the base of facies unit 7 (Fig. 7.16A). This change manifests itself in a
sharp acceleration of the sedimentation for the following ∼25m. The sedimentation
slows slightly in the upper 10m of the sequence and drastically in the uppermost
ca. 1.5m of peat (facies unit 1) attaining up to 3 yr/mm (Fig. 7.16A).
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Figure 7.15: Final Orakei chronology spanning the entire sediment sequence. Ma-
rine isotope stage boundaries after Lisiecki and Raymo (2005). Lithol-
ogy from Peti and Augustinus (2019).

Figure 7.16: Sedimentation rate variation of the Orakei sediment sequence in A:
time/depth and B: depth/time. Solid lines are loess smoothers (Local
Polynomial Regression Fitting). Note the gap at 40m caused by joining
the “Bacon model” and the “Wiggle-matching model” resulting in
incorrect sedimentation rates for a very thin interval. Lithology and
facies units from Peti and Augustinus (2019), key as in Fig. 7.2.

7.6 Discussion
7.6.1 Validation of the final age model
In order to assess the validity of the Orakei sediment core chronology, changes in
sedimentation rate are expected to be in agreement with the observed lithological
changes. The major difference in sedimentation rate between the upper ca. 40m of
the core with much higher sedimentation rates than the lower ca. 40m of the Orakei
core (Fig. 7.16) are supported by the dominance of very finely laminated sediment
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in most of the facies units 8-14 and much thicker laminations (unit 4) as well as
fluvially in-washed sand (unit 3) in the upper half. The constant sedimentation
rate observed from the core base into the facies unit 11 (characterised by sand
bands) at ∼65m ECD suggests a disagreement between the age model and the
lithological changes observed. However, it needs to be emphasized that all mass
movement deposits visible to the naked eye have been removed from the sequence
on the ECD used in this study. Thus, a constant sedimentation rate over three
RPI segments of the wiggle-matching alignment does not conflict with the observed
lithological changes. The same consideration explains slower sedimentation across
lithological changes upcore to ∼56m ECD. The slowest sedimentation rate of the
entire sequence is observed in an interval of very fine laminations (facies unit 10;
Fig. 7.16A), giving credibility to the chronology. Fine laminations are also observed
below 70m ECD, however, facies units 12 and 13 (Figs. 7.2, 7.16A) also include
numerous (mostly thin) mass movement deposits. It is reasonable to assume that
some thin mass movement deposits could have been missed and thus explain the
faster sedimentation rate compared to facies unit 10 (Fig. 7.16A). An acceleration
in sedimentation rate commences again in facies unit 9, a unit with numerous sand
bands in a silty matrix. While the sand bands have been removed in the ECD, the
silty matrix is still in agreement with a faster sedimentation rate (Fig. 7.16A).
The laminated sediment interval between ∼50 and 40m ECD is characterised by a
continuous acceleration in sedimentation consistent with the thicker laminations in
this section of the core. A short-term slowing-down of the sedimentation at ∼33m
ECD is necessary to accommodate the larger density of tephra (and radiocarbon)
ages. This is unsupported by any changes in lithology (Fig. 7.16A) and could change
if more accurate and precise ages for the Maketu and Tahuna tephra are developed.
The sudden change in sedimentation rate at the KOT (30.84m) likely accords to a
sudden change in sedimentation regime at this facies boundary. An investigation
of the sedimentation rate in comparison with the lithology is hampered by our
poor understanding of the depositional mechanisms associated with facies units 5
to 7. A fast sedimentation rate certainly agrees with facies unit 6, a massive unit
with reworked basaltic tephra which may indicate near-instantaneous deposition
and thicker laminations in facies unit 5. In any case, faster sedimentation agrees
well with thick laminations in facies unit 4 and fluvial sand bands in facies unit 3,
as well as massive deposition in a shallow lake indicated by bioturbation in facies
unit 2 (Fig. 7.16A). Very slow sedimentation to form facies unit 1 is reasonable
considering that this is a peat deposit.
Overall, “all age-depth models are wrong” (Trachsel and Telford 2017) but the
presented Orakei chronology is generally in agreement with observed changes in
lithology. Furthermore it represents an improvement to simple extrapolation age
models previously employed in the AVF maar sequences, especially >40 000 yrBP
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(e.g., Molloy et al. 2009) as visualised in section 7.6.3 and Fig. 7.17.

7.6.2 Strengths and weaknesses of the Orakei age-depth model
The strengths of the Orakei chronology lie in its high dating density and thus
high-resolution in the post-45 kyrBP range using Bayesian age-depth modelling.
The fit between the reference PISO-1500 stack VADM (Channell et al. 2009) and
the Orakei RPI is robust for the pre-45 kyrBP section of the record. Using the
Earth’s magnetic field strength for wiggle-match dating, the Orakei age-depth
model is independent of presumptions of climate event synchroneity which is one
of the central questions of the studies using this mode of chronology development.
Avoiding this circularity allows reliable intra- and inter-hemispheric comparison
of the Orakei sequence to independently-dated proxy records of environmental,
climatic and oceanographic change such as Greenland and Antarctic ice cores
(NGRIP Members 2004; EPICA Community Members 2006), marine sediment
cores (Carolin et al. 2013) and terrestrial records from South America (Zolitschka
et al. 2013) and central Europe (Seelos et al. 2009). The wiggle-match dating does
not require any correction for down-core compaction, which is notoriously difficult
to estimate, as the match to the dated sequence already accommodates it. As
different iterations of possible fits between the Orakei RPI and the reference curve
are considered, fits within ± 2 standard errors of the reference curve are allowed.
The weaknesses of the Orakei chronology produced to date include the difficulty
in assessing the sedimentological context of facies units 5 to 7, and the unknown
freshwater reservoir correction that may be required for these units due to an absence
of datable macrofossils. This results in higher age uncertainty and complicating
the validation of sedimentation rates for this interval. The inferred primarily
detrital volcanic source of the postIR-IRSL samples and a high Beryllium-influx
from the catchment mean that these techniques did not have the impact envisaged
for the Orakei chronology development. Furthermore, the approach of piece-wise
linear wiggle-matching uses subjectively chosen segments which will influence the
resulting age model. More segments allow more flexible matching of two curves,
but this is only possible with high-resolution data and segments need to be long
enough so that a pattern is recognisable. Furthermore, this approach generally
relies on an approximate age at or near the core base to be able to select the
corresponding section in the reference data. In the presented study, this is achieved
by the “AVFaa” tephra and Blake Excursion.
The success of this wiggle-matching approach is further dependent on the absence
of (large) gaps in the RPI record such as the interval between 65.8 – 67.89m ECD
in the Orakei sequence where no samples could be collected. In this case, matching
to the reference section becomes more difficult as it is not known how much of
the RPI record is missing. The resolution (and quality) of the final age model
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achieved through wiggle-match dating is restricted by the resolution (and quality)
of the reference and the original data set. Whilst well-suited to the task thanks to
continuous sedimentation, the PISO-1500 stack has a resolution of 1000 years per
measurement (Channell et al. 2009) whereas the Orakei RPI record averages one
measurement per 168 yr. The necessary correction of the RPI signal (see above) is
a simplistic approach and likely fails to remove all non-geomagnetic variations in
the record even though a very similar fit would have been achieved without the
applied correction.

7.6.3 Implications of the new Orakei age model for proxy data
from the core

Loss-on-ignition (LOI% at 550 °C) data from the Orakei sequence are used to
illustrate the implications of the chronology for proxy interpretation of paleoenvi-
ronmental datasets using the wiggle-match chronology instead of the “IRSL-based
age extrapolation” (Fig. 7.17). LOI% is a simple measure of organic matter content
of the sediment (in weight-%) and primarily controlled by climatic conditions with
higher organic matter production in warmer, wetter conditions and vice-versa
(Meyers and Lallier-Vergès 1999). Despite strong LOI% variability down core, a
declining trend through MIS 3 and 2 is visible (Fig. 7.17) suggesting cooling. An
offset between the two age models (A and B in Fig. 7.17) of ca. 5000 yr in MIS 3
becomes visible but essentially both scenarios would lead to the same environmental
interpretation. A more significant difference between both chronologies is visible
further down-core. A prominent low in LOI% between ca. 62 000 and 55 000 yr
in Fig. 7.17A and between ca. 70 000 and 58 000 yr in Fig. 7.17B highlights the
difference between the models. Whilst this interval spans the MIS 4/3 boundary in
Fig. 7.17A, during which time a climate amelioration would be expected, this low
in LOI% aligns closely with global MIS 4 cool conditions in the wiggle-match based
chronology (Fig. 7.17B). The variability throughout MIS 5 is hard to assess in
detail but low LOI% at the base of the sequence is in stronger agreement with the
assignment to MIS 6 (wiggle-match chronology) than a latest MIS 5e (postIR-IRSL
based chronology) giving support for using the wiggle-match chronology for the
Orakei sediment sequence presented here.
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Figure 7.17: loss on ignition organic matter (%) for the Orakei sediment sequence.
Green curve illustrates the data in the interval of the “Bacon age
model”. (A) Purple curve illustrates the data based on the postIR-IRSL
chronology in comparison with (B) where the orange curve illustrates
the same data on the “wiggle-match chronology”. Note the improved fit
with broad global climatic conditions as illustrated by MIS boundaries
and peaks from Lisiecki and Raymo (2005).

7.7 Conclusions and future recommendations
The importance of reliable chronologies for palaeoenvironmental studies in lake sed-
iment sequences cannot be overemphasized. For this reason, a detailed chronology
was developed for the Orakei maar lake sediment sequence, the highest-resolution
and most complete lake sediment record spanning the LGI from northern New
Zealand. The chronology developed here is a significant improvement on previous
age models for AVF maar lakes which largely relied on sedimentation rate inter-
and extrapolation, especially beyond the radiocarbon dating limit (e.g., Molloy
et al. 2009; Hopkins et al. 2017). The chronology presented here is a robust
and high-resolution age model providing the chronological framework for crucial
palaeoenvironmental and -climatic reconstructions.
This study also highlighted difficulties involved in the application of the chosen
approach of combining absolute ages in Bayesian age-modelling with wiggle-match
dating of RPI variability. Artificially created age inversions at the gap in the RPI
record, the break between the two age modelling techniques and at the breaks
between the 11 sections in the RPI record have been reconciled with the calculation
of a smoothed weighted mean age.
Several recommendations for future chronology developments in sediment sequences
have arisen from this study:

1. RPI variations are suitable for correlative dating with other records due
to their independence of climatic a-/synchroneity between different regions.
In different depositional settings this may be successfully supplemented or
replaced by 10Be variability as both indicate the magnetic field strength.

2. The need for continuous and high-resolution records of the chosen proxy for
wiggle-match dating cannot be over-emphasized. Gaps in the proxy record
complicate the alignment and increase the related age uncertainties.

3. An objective approach to wiggle-matching is desired, such as through calcula-
tion of the mean squared error (MSE) to assess the goodness of fit, minimal
visual decisions and many iterations of possible alignments or section breaks.
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8 Multivariate statistical chemo-
and lithostratigraphic variability of
an Auckland maar lake sediment
sequence spanning the Last
Glacial Interval, Orakei Basin,
northern New Zealand

8.1 Preface to chapter 8
Chapter 8 addresses objective 4 of this thesis, the identification of Last Glacial
Interval (LGI) climate evolution and events in the Auckland area recorded in the
Orakei sediment sequence. This chapter relies on the chronology developed in
chapter 7 and presents the chemostratigraphy and interpreted environmental and
climatic history of the Orakei maar based on multivariate analysis of µ-XRF core
scanning results (see section 3.1).
Different clustering techniques are applied to the elemental intensities to obtain
a comprehensive chemostratigraphy in combination with visually described units
from chapter 4. The depositional evolution in response to local catchment evolution
and regional climate change has been produced based on the clusters and their
chemical characterisation.
This chapter is written in publication style but has not yet been submitted to a
journal.

8.2 Introduction
Late Quaternary terrestrial palaeoclimate reconstructions are crucial to be able to
form a holistic picture of events, processes and drivers of the global climate system.
The mid-latitudes of the Southern Hemisphere are an important but insufficiently
studied part of the climate system and are influenced by both tropical and polar
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climate conditions (Alloway et al. 2007; Augustinus et al. 2012). Furthermore,
investigating past terrestrial environmental changes in the SW Pacific is intrinsically
difficult as landmasses are sparse. However, maar lakes in the Auckland Volcanic
Field (AVF) of northern New Zealand provide sedimentological, climatological and
environmental archives spanning at least the last two glacial cycles. The sediment
cores retrieved from these deep lakes with small diameter and catchments restricted
to the crater rim are well-suited proxy records of past climatic and environmental
changes as well as volcanic activity throughout the North Island of New Zealand
(e.g. Shane and Sandiford 2003; Molloy et al. 2009; Stephens et al. 2012a; Hopkins
et al. 2015).
This study focuses on Orakei Basin, a former maar lake that contains a record
of rapid, continuous and finely-laminated sedimentation spanning the whole Last
Glacial Interval (LGI). A thorough multivariate statistical approach to high-
resolution µ-XRF scanning of the sediment sequence of Orakei maar is used here
to characterise and describe different sedimentological and chemostratigraphic
units in comparison to visually identified facies units (Peti and Augustinus 2019).
This study: a) investigates results obtained from a range of statistical clustering
approaches, and b) presents a unified chemo- and lithological reconstruction of
regional climatic and locally-restricted environmental conditions recorded in the
Orakei maar sediment sequence.
This represents the first study of this kind from a long and complete lake record
from the Auckland Volcanic Field (New Zealand) and demonstrates the versatility of
µ-XRF core scanning for reconstruction of sedimentological and climatic conditions
archived in the lake sediment as well as the potential of the Orakei sediment
sequence for high-resolution palaeoclimatic studies over the Last Glacial Interval.

8.3 Regional setting

The AVF is located in Auckland City in the North Island of New Zealand (Fig.
8.1). The study site, Orakei Basin, is one of over 50 volcanic centres of the AVF
and one of at least six maars to have hosted a lake throughout much of their
history. Orakei Basin is presently a tidal lagoon connected to the sea through
sluice gates artificially controlling the in- and outflow for regulated water levels
and periodic flushing (Fig. 8.1). The Orakei sediment infill records lacustrine
conditions from the time of formation ca. 140 000 yr ago (see chapter 7) until ca.
9750 cal. yr BP (Peti et al., in prep.), when post-glacial sea-level rise breached the
crater rim allowing fast influx of tidal mud until today (Hayward et al. 2008).
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Figure 8.1: Map of the study area. A: New Zealand with insets B and C marked.
B: New Zealand’s North Island with Auckland (inset C) and the major
volcanic source centres marked. C: Auckland area showing the position
of Orakei Basin. Red shading in populated areas, dark shading shows
increased elevation. From Peti and Augustinus (2019).

8.4 Methods
Sediment core retrieval from Orakei maar and the construction of the composite
stratigraphy and event correct depth for the sequence (ECD, m) were described in
Peti and Augustinus (2019). The Orakei chronology (Chapter 7, Fig. 8.2) is based
on Bayesian age modelling of radiocarbon dating and tephra ages for the younger
interval and fine-tuning of relative palaeointensity variations of the Earth magnetic
field manifested in magnetic properties (NRM/ARM).
Sediment dry bulk density (DBD) and loss on ignition (LOI) in wt% were measured
with a mean sampling resolution of ∼4.5 cm (on the composite event corrected
depth scale). DBD was acquired by drying a known volume of sediment and relating
the dry mass to the volume (g/cm3). LOI, as an indicator of organic matter, was
acquired by igniting a known mass of sediment at 550 °C and relating the mass loss
to the initial mass (in wt%).

8.4.1 µ-XRF Core Scanning
The Itrax µ-XRF multi-element core scanner was used here to irradiate split core
surfaces with the X-ray source generating energy dispersive radiation from which
relative element intensities and relative variations in coherent and incoherent
radiation scattering are obtained (Croudace et al. 2006; Croudace and Rothwell
2015). µ-XRF core scanning records down-core elemental variation in the range Al
to U (on the Mo X-ray tube) rapidly, non-destructively, and with very little sample
preparation (Croudace et al. 2006; Croudace and Rothwell 2015).
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The sediment cores examined in the present study were scanned using an Itrax
µ-XRF core scanner (Cox Analytical Systems, Gothenburg, Sweden) at the School
of Environment, University of Auckland, New Zealand. Data was acquired for all
cores with the Mo X-ray tube (at 30 kV, 55mA) at 1mm spatial resolution and
10 s exposure time/measurement interval. Selected sediment cores representing all
ranges of sediment/facies types of Orakei sediment sequence were also scanned
with the same Itrax core scanner fitted with a Cr X-ray tube. A comparison of the
scanning output using both anodes is presented in Supplementary Material B.5.1.
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Figure 8.2: Orakei age model with simplified facies units. Modified from chapter 7.
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8.4.2 Statistical techniques applied to the multi-element
µ-XRF core scanning results

The Itrax output-dataset includes elemental intensities in the range from Al –
U depending on their presence and abundance in the sediment core. However,
many elements may be dominated by noise and/or carry little environmental sig-
nificance. Here the following elements were selected following Hahn et al. (2014)
and Martin-Puertas et al. (2017) who extracted interpretable geochemical signals
for depositional and climatic reconstructions in similar maar lake environments
(Laguna Potrok Aike, Argentina and Meerfelder Maar, Germany, respectively) from
Itrax µ-XRF core scanning datasets: Si, Cl, K, Ca, Ti, Mn, Fe, Ni, V, Br, Rb, Sr,
Zr, as well as the inc/coh ratio.

Si has been commonly interpreted as an indicator of detrital/terrigenous input
(e.g. Cuven et al. 2007; Martin-Puertas et al. 2011; Davies et al. 2015) or diatom
productivity (e.g. Brown et al. 2007; Stansell et al. 2010; Burnett et al. 2011;
Kylander et al. 2011; Croudace and Rothwell 2015). K, Ti, and Zr are the most
commonly used indicators for detrital/terrigenous input (e.g. Moreno et al. 2011;
Kylander et al. 2011; Marshall et al. 2011; Czymzik et al. 2013; Davies et al. 2015).
For this reason Foerster et al. (2012) interpreted K to indicate physical weathering
dominant over chemical weathering, which in turn indicated drier conditions. Sr can
indicate tephra layers (Vogel et al. 2010; Damaschke et al. 2013) but has also been
used to indicate detritial input (especially as the Sr/Rb ratio) (Kalugin et al. 2007;
Fedotov et al. 2012). Rb indicates fine-grained detrital input (Kylander et al. 2011)
and has been used to indicate a dominance of chemical over physical weathering
in the Rb/Sr ratio (Unkel et al. 2010; Fernández et al. 2013) and the Rb/K ratio
(Brown 2011; Burnett et al. 2011; Davies et al. 2015). Hahn et al. (2014) describes
Mn, Rb, V, and Ni as trace elements that predominantly accumulate with the
bulk of lithogenic elements and as indicators for frequent oxic conditions and rare
diagenetic remobilization.
Mn is often used as an indicator of bottom water oxygenation, especially in the
Mn/Fe ratio (Unkel et al. 2008; Melles et al. 2012; Evans et al. 2019) or as the
Mn/Ti ratio (Croudace et al. 2006; Moreno et al. 2007; Kylander et al. 2011). Fe is
most commonly used in the Fe/Mn ratio as palaeoredox indicator (e.g. Cuven et al.
2011; Corella et al. 2012; Davies et al. 2015) but can also indicate clastic input
(Hahn et al. 2014) or fine clay in the Fe/Ti ratio (Croudace et al. 2006; Marshall
et al. 2011; Davies et al. 2015).
The ratio of incoherent to coherent scattering (inc/coh) is the most commonly
used proxy for organic matter and biological productivity due to its relationship to
differences in sediment density (see more details in the Supplementary Material
A) (e.g. Jouve et al. 2013; Rodríguez-Germade et al. 2015), whereas Woodward
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and Gadd (2019) highlight the need for caution with use of this proxy if variable
moisture content and sediment composition occur. Cl has also been used as an
organic matter content indicator by Hahn et al. (2014). Ca and Br have also been
interpreted to indicate biological productivity/organic matter (Lauterbach et al.
2011; Kalugin et al. 2013; Fedotov et al. 2012; Hahn et al. 2014). On the other
hand, Br and Ca can also indicate marine influence (Unkel et al. 2010; Cuven
et al. 2011, respectively). Ca often indicates calcite precipitation, the presence of
evaporites or deposition of detrital carbonates (e.g. Scholz et al. 2007; Brown 2011;
Foerster et al. 2012; Hahn et al. 2014).

µ-XRF core scanning produces a complex multi-dimensional dataset that includes
a lot information on the chemical composition of the sediment and the variability
of the depositional system. In order to ease the interpretation but not to rely
on single element observations, multivariate statistical techniques are commonly
applied to µ-XRF core scanning data in various geological settings (see examples
below). In this study, three clustering approaches are compared to study the
(dis-)similarity between different stratigraphic zones (CONISS, see below) and
different non-stratigraphically constrained groups of sediment chemistries (k-means,
Ward’s hierarchical clustering, see below). Principal component analysis (PCA)
was used for dimensionality reduction, the identification of dominant (groups of)
elements with similar behaviour and (groups of) elements dominating specific
sediment clusters or zones (see below).
The dataset was linearly interpolated to 10-year steps to allow the computing-
intensive techniques described below. All steps have been performed in R version
3.5.2 (R Core Team 2019).
The centralised log-ratio transformation was applied to all normalised elemental
counts (by incoherent scattering) before application of multivariate statistical anal-
yses to eliminate non-linear matrix effects, constant-sum constraints and obtain
normally-distributed data following Weltje and Tjallingii (2008) and Weltje et al.
(2015).

Clustering techniques

k-means partitioning
Kaboth-Bahr et al. (2019) used the k-means partitioning to evaluate the lithostrati-
graphic variability of Arctic Ocean sediment cores based on multivariate µ-XRF
core scanning data. This approach has led to a robust stratigraphic framework and,
in combination with multivariate ordination (see below), a better understanding of
sedimentary processes in the studied region and the time interval involved.
The k-means clustering produces a partition of the objects into k clusters with
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objects of one group being more similar to one another than to objects in different
groups. k-means partitioning is non-hierarchically constrained, but groups are
formed by identifying high-density regions in the data using an iterative approach
with no hierarchical relationship (usually visualised in a dendrogram in hierarchical
clustering techniques). This results in a single partition with a pre-defined number
of groups (Borcard et al. 2018). The cascadeKM() function from the package vegan
version 2.5-5 (Oksanen et al. 2019) automatically runs the k-mean partitioning
many times with different k values. The Calinksi-Harabasz Index and the Simple
Structure Index (ssi) are good indicators for the best partition in the least-square
sense with the maximum index indicating the optimal solution (Borcard et al.
2018). The Calinksi-Harabasz Index tends to be lower for unequal-sized partitions
and hence the ssi for selecting the preferred k value is used.

Ward’s Minimum Variance Clustering
Ward’s minimum variance clustering was applied to µ-XRF core scanning data
from Lake Meerfelder Maar by Martin-Puertas et al. (2017) in order to describe
the sediments and to help understand the response to climate and environmental
changes in the early Holocene.
Ward’s clustering is a hierarchically-constrained technique which defines groups
with the objective of minimizing the within-group sum of squares (Borcard et al.
2018). In this way, a number of clusters is found, which describe the sediments
in a satisfactory manner. The hierarchical relationship between the clusters can
be visualised in a dendrogram. Ward’s hierarchical clustering is applied to the
normalised, centred-log-ratio-transformed dataset with the hclust function of the R
package stats 3.5.3 (R Core Team 2019) in order to obtain a minimum number of
clusters describing the sediment sequence through compositional similarities.

CONISS
Commonly used with multivariate species data (e.g. Ryan et al. 2012; Stephens
et al. 2012a; Callard et al. 2013), organic geochemical data (e.g. Cadd et al. 2018)
but also with µ-XRF core scanning (e.g. Dietze et al. 2016; Evans et al. 2019)
is the CONISS clustering method. It is a hierarchical clustering method with a
further stratigraphic constraint specifically developed for stratigraphic research
(Grimm 1987). As such, clusters are formed based on similarity of neighbouring
samples and thus, clusters can only be constructed using sequentially contiguous
depths. This is the data-driven equivalent of forming lithostratigraphic units from
observed characteristics as in Peti and Augustinus (2019) and performed here in
the R package rioja 0.9-21 (Juggins 2017).
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Principal component analysis

PCA is likely the most common multivariate statistical technique in paleoenviron-
mental and -ecological research. It has been used to extract dominant trends in
the variability of species assemblages (e.g. Jara et al. 2017; Newnham et al. 2017;
Proske et al. 2017) as well as geochemical composition from µ-XRF core scanning
data (e.g. Martin-Puertas et al. 2017; Evans et al. 2019; Kaboth-Bahr et al. 2019).
PCA performs a rotation of the variables defining the multivariate dataset in such
a way that the new axes (principal components) are orthogonal to each other. The
principal components successively correspond to dimensions of maximum variance
of the scatter of the data points (Borcard et al. 2018). The results can be visualised
in a biplot in which covarying elements plot close to each other. Similar sam-
ples (measurement positions) cluster together and close to the dominant variables.
PCA was performed on scaled clr-transformed elemental intensities in R with the
prcomp function (R Core Team 2019) and visualised with the R package ‘factoextra’
(Kassambara and Mundt 2017).

8.5 Results

8.5.1 Comparison of clusters and lithostratigraphic units
CONISS

Using the broken stick approach, 10 stratigraphically-constrained clusters best
describe the Orakei µ-XRF core scanning data and its variability (Fig. B.12).
There is overall very good agreement between the boundaries of the visually defined
lithostratigraphic units, based on physical properties (Peti and Augustinus 2019)
and the 10 CONISSclusters (Fig. 8.3). Major differences (marked "D" in Fig. 8.3)
occur only at the boundaries of the lithostratigraphic units 13/12 (inside CONISS
cluster 9), units 12/11 (inside CONISS cluster 8), units 4/3 (inside CONISS cluster
3) as well as at the boundary of CONISS clusters 5/4 (inside lithostratigraphic
unit 8). The boundary of CONISS clusters 9/8 is marked by a boundary between
subunits 12b/12a only (Fig. 8.3)

Ward’s clustering

The dendrogram presenting the linking distances of the Ward’s clustering techniques
(Fig. 8.4C) indicates that the Orakei sediment can be appropriately described in 5
clusters by the µ-XRF dataset. Certain intervals of the Orakei sediment sequence
are dominated by one or two of these clusters (such as the interval at the core
base dominated by cluster 3), which serve as a comparison to the lithostratigraphic
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units defined by Peti and Augustinus (2019). The overall agreement between
the boundaries defined by Ward’s clustering and the lithostratigraphic units is
large, as well as the agreement between the Ward’s clustering and the CONISS
clustering results. Major differences also occur between the Ward’s clustering and
the lithostratigraphic units at positions marked with "D" in figure 8.3, namely at
the boundary between the units 12/11 as well as the units 3/2 (Fig. 8.3).

k-means clustering

The ssi criterion for the k-means clustering process indicates that 29 is the preferred
number of partitions (Fig. B.13). As for the Ward’s clusterings, intervals dominated
by one or a few clusters, can be summarised and compared to the lithostratigraphic
units (Fig. 8.3). Given the large number of clusters it becomes more difficult
to assign exact boundaries for intervals so that the lithostratigraphic boundaries
can almost always be lined up with some change in the k-means clustering result.
Nevertheless, the boundary between the lithostratigraphic units 12 and 11 does
not align with any boundary between intervals in certain k-means clusters either
(Fig. 8.3).

Differences between lithostratigraphic units and clustering results

Minor differences between the lithostratigraphic units and the clusters derived
by all three techniques are likely due to the rounding of the interpolation to the
ten-year steps of the µ-XRF core scanning data, slightly gradual basal boundaries of
the lithostratigraphic units and reading the boundary position from a conventional
tape measure. The only lithostratigraphic boundary not recognised by any of the
µ-XRF clustering techniques, between units 12 and 11, is likely to be explained
by the fact that unit 11 includes sand layers as defined by Peti and Augustinus
(2019). However, these were removed from the event corrected depth-scale used
to construct the age model as used here (see above section 8.4) and are thus not
included in the µ-XRF data either. It follows, that the geochemical composition of
the matrix between the sand layers is very similar in units 11 and 12 whereas the
visual description is easily driven by the large abundance of thick sand layers. Also
noteworthy is the boundary between the CONISS clusters 5 and 4 (also depicted
in the other clustering techniques, even though less clearly), which has not been
recognised by the lithostratigraphic units of Peti and Augustinus (2019, Fig. 8.3).
A sub-unit boundary has been defined by Peti and Augustinus (2019) which is
not aligning with geochemical clusters of this study but also not aligning with the
boundary between the CONISS clusters 5 and 4 (Fig. 8.3). It appears that the
geochemical change does not coincide with a significant visual difference of the
sediment, thus highlighting the usefulness of geochemical studies for additional
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insight into the depositional evolution recorded in a sediment sequence.

Selection of a preferred clustering solution

Given the overall agreement between the three clustering techniques, it is reasonable
to infer that the major chemical changes in the sediment composition have been
captured and mostly align with physical changes (reflected in the lithostratigraphic
units). However, to be able to interpret the environmental conditions causing the
observed changes in the Orakei sediment sequence, the Ward’s clustering results
are presented in the remainder of this chapter for a number of reasons as follows:

1. The k-means and Ward’s clustering give very similar results and have the ad-
vantage over the CONISS clustering that there is no stratigraphical constraint.
Hence, similarities between sediment at very different depth levels in a core
cannot be grouped together, and their geochemical similarity can be missed,
because an interval of significantly different sediment occurs in-between.

2. The CONISS method hides a large amount of variability in the geochemical
composition of the sediment, as part of the simplification of the multivariate
dataset that can be visualised with the two other presented clustering tech-
niques. Examples for this are the repeated change in dominance of Ward’s
cluster 4 and 5 occurring during the single CONISS cluster 7 (Fig. 8.3).
CONISS also fails to show more gradual transitions, such as the change from
the interval dominated by Ward’s cluster 3 at the core base (CONISS cluster
10) through an interval with prominent Ward’s clusters 1, 2, and 3 (CONISS
cluster 9) into the interval clearly dominated by Ward’s cluster 1 (CONISS
cluster 8).

3. Both, k-means and Ward’s clustering capture the variability not visible in
the CONISS clusters but Ward’s clustering has the benefit over k-means
that the hierarchical relationship between the clusters can be visualised in a
dendrogram and clusters can be compared. The Orakei sediment sequence
µ-XRF dataset highlights this with the fact that the Ward’s clusters 4 and
5, and 1 and 2 are similar to each other, respectively (Fig. 8.4C). These
compositional similarities are considered to hold valuable environmental
information but cannot be studied this way in the k-means clustering.

4. Additionally (but potentially restricted to the presented long µ-XRF dataset
from Orakei maar lake), it appears that the best number of clusters (29 by
the preferred ssi criterion, see above and Fig. B.13) is so high that the results
become impossible to understand in a geochemical sense but the Calinski-
Harabasz criterion only selects 2 clusters (Fig. B.14). Two clusters do not
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agree with the distinct sediment changes easily observed visually throughout
the entire sediment sequence and appear to be an oversimplification. The
large discrepancy between the two criteria also suggests that the k-means
technique may not be the ideal solution for the study of the depositional
evolution of the Orakei maar lake, which is thus interpreted based on the
Ward’s clustering technique in the following sections.

153



C
hem

o-and
lithostratigraphic

variability
over

the
Last

G
lacialInterval

Figure 8.3: Comparison of the results from three different clustering techniques of the Orakei maar µ-XRF dataset
compared to the lithostratigraphic units (sub-units with dashed lines) defined by Peti and Augustinus
(2019). Letters indicate the quality of the alignment between the three clustering results and the
lithostratigraphic units with A: perfect, B: good, C: broad, D: no alignment.
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8.5.2 µ-XRF-geochemical characterisation of the Orakei maar
lake sediment

PCA was used to find the dominant trends in the µ-XRF variability of the Orakei
sediment sequence and to better characterise the different types of sediment recorded
in the different Ward’s clusters (see above).
The first principal component (PC1) explains only 26 % of the total variance over
the entire sediment sequence (see Table 8.1). The first 3 PCs are necessary to
explain over 50 % cumulative variance and 9 PCs are necessary to reach 95 %
cumulative variance. While these values are lower than commonly reported for
µ-XRF core scanning data (e.g. Shala et al. 2014; Kylander et al. 2018; Evans et al.
2019), this study focuses on the first 3 PCs to achieve a sensible and interpretable
dimensionality reduction of the dataset (Fig. 8.4A,B).
The element loadings on PCs 1 to 3 are reported in table 8.2. In summary, PC1
is dominated by Sr, K, Ca, Rb, Zr (positive) and Fe, Mn (negative) (Fig. 8.4A).
PC2 is dominated by Mn, Fe (positive) and Ni, inc/coh, Cl (negative) (Fig. 8.4A).
PC3 is dominated by Ti, Si, Rb, K (positive) and Ca, Cl, Br (negative) (Fig.
8.4B). Following summarised environmental interpretations of these elements (see
section 8.4.1), this suggests that PC1 separates the µ-XRF signal into allochthonous
sediment (Sr and detrital elements positive on PC1) and autochthonous sediment
(organic content and redox-sensitive elements Fe and Mn). PC2 appears to mainly
achieve a separation between the organic component and redox-sensitive elements
(both negative on PC1; (Fig. 8.4)A). PC3 creates a split of the element groups
into a detrital signal (positive) and an organic signal (negative) that is commonly
reported for PC1 in other studies.
The small % of explained variance per PC of this very long µ-XRF core scanning
dataset and the complex relationship of correlated elements that can change over
time or in different sediment types complicate the interpretation of the PC scores
over time. Hence, a better understanding of the complex geochemical system
contained in the Orakei sediment sequence can be achieved when separating the
clusters with the Ward’s clustering technique and investigating the correlations of
(groups of) elements (Fig. 8.4D).

The redox-sensitive elements Fe and Mn are highly correlated and poorly or even
negatively correlated with the detrital elements in clusters 1, 2, 4, and 5 (Fig. 8.4).
This indicates the usefulness of Fe as a palaeoredox indicator (Martin-Puertas et al.
2017), used here in the form of the Fe/Ti ratio (Aufgebauer et al. 2012). This
relationship is not present in cluster 3 (green), where Fe correlates slightly better
with the detrital elements (also see Hahn et al. (2014) where Fe is an indicator of ter-
rigenous clastic input) and Mn correlates strongly with Sr and Ca (see more below).
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A number of elements described as detrital/lithogenic indicators always cluster
together, namely: Rb, Zr, K, Ti as well as Si, in clusters 1, 3, and 5 (Fig. 8.4). A
less clear group of detrital elements is discernible in clusters 2 and 4, in which Si
and Ti are negatively or poorly correlated with the remaining detrital elements
(Fig. 8.4). Since Si can not only indicate a detrital signal but also biogenic silica,
in the form of diatoms (Kylander et al. 2011; Martin-Puertas et al. 2012) the
implication is that in clusters 1, 3, and 5 diatoms play only a minor role whereas
the decoupling of Si and the detrital elements in clusters 2 and 4 indicates an inter-
mediate situation with potentially overlapping or mixed layers including diatoms
as well as detrital components (Martin-Puertas et al. 2017). At no time in the
Orakei sediment sequence can an anti-correlation be observed between Si and the
other detrital elements suggesting that diatoms never play a dominant role in the
chemical composition of the Orakei sediment sequence.

The organic matter indicators inc/coh ratio and Br are highly correlated in all
clusters (Fig. 8.4) confirming their consistent relationship with organic matter
content throughout the Orakei sediment sequence (also see comparison of LOI%
and inc/coh in Fig. 8.5). Cl correlates with the organic matter proxies in most
clusters but is poorly correlated with those in clusters 2 and 3. In cluster 2, Cl
is anti-correlated to the redox-sensitive elements Fe and Mn and in cluster 3, Cl
is anti-correlated to the detrital elements (Fig. 8.4). This behaviour suggests
a different source for Cl than organic matter for parts of the Orakei sediment
sequence, which could be volcanic deposits or salts (Nishri et al. 1999; Ruecker
et al. 2014). The most likely source for Cl in the form of salts may be sea spray
from the adjacent oceans. Contrary to Evans et al. (2019), here a lower Br/Cl ratio
(higher Cl) may indicate a sea spray influence in intervals characterised by Ward’s
clusters 2 and 3.

Ca, a proxy for carbonate deposition, has no major contribution in clusters 4
and 5 suggesting little to no carbonates in intervals dominated by these clusters
(Fig. 8.4). On the other hand, in clusters 1 and 2 Ca is not strongly correlated with
any other element but, especially not with the allochthonous elements suggesting
some authigenic calcite precipitation in clusters 1 and 2 (Fig. 8.4) and the usefulness
of Ca as a proxy for carbonate precipitation (Martin-Puertas et al. 2011). Sr, Ca,
and Mn are highly correlated in cluster 3 (Fig. 8.4) suggestive of a dominance by
biogenic carbonate in cluster 3 (Norman and Deckker 1990). While Sr and Ca are
commonly associated with carbonate deposition (e.g. Davies et al. 2015), Mn is not
commonly mentioned in the same context. However, Marshall et al. (2012) report
siderite layers enriched in Mn deposited in autumn (sometimes also in spring) in
Lake Suigetsu (Japan). In this case, the Mn substitutes the Fe in the siderite, a
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Table 8.1: Explained variance and cumulative explained variance by the principal
components of the PCA spanning the entire µ-XRF core scanning data
of Orakei sediment sequence.

Component explained variance cumulative explained variance
PC1 26%
PC2 20.7% 46.7%
PC3 16.2% 62.9%
PC4 9.0% 71.9%
PC5 7.2% 79.1%
PC6 5.0% 84.1%
PC7 4.5% 88.6%
PC8 3.7% 92.3%
PC9 2.7% 95%

process controlled by redox conditions in the lake. Intervals dominated in cluster 3
(mostly at the core base), where this correlation of Sr, Ca, and Mn occurs, are not
always laminated and thus may not have been deposited under anoxic conditions
in the Orakei maar lake. Hence, it cannot be concluded unambiguously that cluster
3 represents siderite but sediment intervals dominated by cluster 3 are certainly
enriched in Ca.

Overall, co-varying elements agree with interpretations made in other studies
and are used here to infer the depositional evolution of the Orakei maar lake
sediment in response to climatic and environmental changes. Some less common
geochemical compositions of sediment occur, especially in Ward’s cluster 3 and ad-
ditional investigations such as thin-section microscopy or X-Ray diffraction (XRD)
may be necessary to better understand the conditions of sediment formation in this
interval. Furthermore, it appears that Ti does not consistently indicate a detrital
signal in the Orakei sediment sequence (Fig. 8.4A). In the PCA of the entire Orakei
sediment sequence (Fig. 8.4A), Ti is poorly to negatively correlated to the group of
detrital elements. Hence, an investigation of co-varying elements in each separate
geochemical Ward’s cluster is necessary as the relationship between elements may
differ in different sediment types. Ti is correlated with the other detrital elements
in clusters 1, 3, and 5, but not in clusters 2 and 4, in which the group of detrital
elements is not as distinctive (Fig. 8.4D). In cluster 2, Ti is only of very minor
importance even though anti-correlated with detrital elements. However, in cluster
4, it is closely correlated with Si which itself is only loosely correlated with the
detrital elements indicating a possible influence of biogenic silica in the form of
diatoms mixed with some detrital components.
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Figure 8.4: PCA biplots of the Orakei sediment sequence µ-XRF dataset with
samples coloured by Ward’s clusters (A, B). Ward’s dendrogram with
resulting clusters marked (C). Variable loadings following PCA of the
separate Ward’s clusters (D).
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Table 8.2: Loadings of the first 3 principal components of the PCA spanning the
entire µ-XRF core scanning data of Orakei sediment sequence. Maximum
values per principal component (in positive and negative direction marked
in bold.

Element PC1 PC2 PC3
Si 0.072 0.258 0.456
Cl 0.039 -0.330 -0.237
K 0.347 0.187 0.319
Ca 0.321 0.256 -0.275
Ti -0.249 0.012 0.491
V -0.084 0.065 -0.082
Mn -0.340 0.335 -0.029
Fe -0.346 0.320 0.046
Ni -0.062 -0.423 0.265
Br -0.260 -0.250 -0.205
Rb 0.249 -0.153 0.324
Sr 0.470 -0.007 -0.185
Zr 0.239 -0.270 0.232

inc/coh -0.231 -0.409 0.046

8.5.3 Down core sediment physical and chemical variation
Sediment organic matter content, as measured by weight loss-on-ignition (LOI%),
varies between ∼5 and 15 % (Fig. 8.5). An increase from low values at the core
base is followed by short-term peaks around 125 000 yr and ca. 115 000 yr. LOI%
displays high-frequency variations until the onset of a sustained decrease at ca.
70 000 yr (Fig. 8.5). Values remain low before a sudden increase occurs at 58 000 yr.
A long-term decrease, despite high-frequency fluctuations, continues to the top of
the studied section (ca. 18 000 cal. yr BP; Fig. 8.5). The organic matter indicator
inc/coh shows very similar trends to the described organic matter curve measured
by LOI, giving confidence in the µ-XRF elemental data but also extends the curve
by a sudden rise in organic matter content at ca. 18 000 cal. yr BP and a more
pronounced additional rise at ca. 12 000 cal. yr BP (Fig. 8.5).
Dry bulk density (DBD) and loss on ignition (LOI) were not obtained for the full
Orakei sediment sequence and can thus not be incorporated into the PCA analyses
but can be compared to trends in elemental variability (Fig. 8.5). Despite high-
frequency downcore variability in DBD some broader patterns can be described
(Fig. 8.5). DBD values are relatively high up to ca. 99 000 yr followed by a sudden
drop and lower DBD values up to 70 000 yr when a sudden increase in DBD is
again followed by higher values until a sudden drop follows at 58 000 yr. Up to

159



Chemo- and lithostratigraphic variability over the Last Glacial Interval

ca. 34 000 cal. yr BP, DBD is very low followed by highly fluctuating values and a
steady increase from ca. 26 000 to 20 000 cal. yr BP before a reduction towards the
top of the investigated section (Fig. 8.5). The clr-transformed K curve from Itrax
µ-XRF core scanning follows the trends of the DBD closely (Fig. 8.5) supporting
its interpretation as a detrital indicator in the Orakei sediment sequence and closely
associated elements also as detrital.
The redox indicator ln(Fe/Ti) decreases from the core base to stay relatively
low from ca. 120 000 to 88 000 yr followed by higher values up to ca. 70 000 yr.
Lower values until ca. 58 000 yr are followed by a rise and high variability before a
pronounced decrease from ca. 20 000 cal. yr BP until the top of the core (Fig. 8.5).
Very high clr-transformed Ca is recorded by µ-XRF core scanning in the Orakei
sediment sequence during intervals characterised by Ward’s cluster 3 (green), namely
at the core base until ca. 127 000 yr, at 120 000 yr, and at ca. 25 000 cal. yr BP.
Elevated Caclr values are also recorded between ca. 120 000 yr and 110 000 yr, ca.
72 000 yr and 60 000 yr, as well as from 35 000 cal. yr BP until ca. 17 000 cal. yr BP
(Fig. 8.5).
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Figure 8.5: Caption on next page.
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Figure 8.5: Downcore variation of LOI% and DBD (black), and Itrax µ-XRF ele-
mental ratios (blue, red, yellow) alongside Ward’s hierarchical clusters
(colour key as in Figs. 8.3 and 8.4) and interpreted depositional phases.
Blue line of elemental ratios is the raw data, orange line shows a 30-
point running mean, yellow smooth line shows a GAM (generalized
additive model; using geom_smooth(), method = ’gam’ and formula
’y s(x, bs = "cs")’ in the ggplot2 package (Wickham 2016)). MIS ages
from Lisiecki and Raymo (2005).

.

8.6 Discussion: XRF-inferred sedimentation model
for the Orakei maar lake sequence as a response
to catchment evolution and climatic change

The Orakei sediment sequence is separated into 8 depositional phases based on
intervals dominated in one (or two) clusters from the Ward’s clustering, visual and
physical sediment properties (Fig. 8.5). The phases describe intervals for which a
similar depositional context is interpreted and form the basis of this reconstruction.
The combined properties of the sediment allow a broad-scale reconstruction of the
depositional history of the Orakei maar lake and of the sediment sources, which
in turn allow an interpretation of climatic conditions at the time of sediment
deposition. In conjunction with the age-depth model presented in chapter 7,
this allows comparison to other palaeoenvironmental records from New Zealand.
However, most published lake sediment-inferred palaeoclimate records from New
Zealand are restricted to the last ca. 30 000 cal. yr BP, are often fragmentary and/or
suffer from chronological uncertainty. Thus comparisons are confined to the low-
resolution record from Okarito Pakihi (south Westland, New Zealand) for the
earlier part of the Last Glacial Interval (Vandergoes et al. 2005; Newnham et al.
2007; Ryan et al. 2012).
The maar-forming phreatomagmatic eruption (Fig. 8.6a) occurred at >139 200
± 820 yr, during the penultimate glacial (MIS 6) in a valley incised by ancestral
streams with a similar orientation to the later Pourewa Stream and Orakei creek
(SE of Orakei crater rim; Fig. 4.1d). A tuff crater rim of at least 40m above
present-day sea-level was formed by the eruptive ejecta (basaltic material and
country rock) followed shortly after by the formation of a lake in the maar crater.
Cool temperatures and drier conditions likely dominated the Auckland area at the
time of the eruption.
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Depositional phase 1 (139200 ± 820 – 129310 ± 1000 yr)

Depositional phase 1 includes massive, very fine, light brown sediment (facies unit
14 in Peti and Augustinus (2019)). This earliest phase of Orakei maar lake infill,
depositional phase 1, is entirely dominated by Ward’s cluster 3 (green; Fig. 8.5),
which is strongly dominated by Ca and Sr (Fig. 8.4). Low organic matter contents
are the result of low biomass productivity, in agreement with the light colour of
the sediment and indicating overall cool conditions. A significant contribution of
Fe to the elemental composition of the Orakei sediment in phase 1 (high ln(Fe/Ti))
does not serve as an indicator of anoxic conditions which would also contradict the
absence of laminations. Instead, Fe is a detrital element in Ward’s cluster 3, also
supported by high DBD values (Fig. 8.5). An enrichment in Fe of the sediment
by weathering and leaching of Fe from the surrounding freshly-erupted basaltic
material is the likely explanation for the elevated values.
Very high Ca contents may be the result of Ca washed into the early Orakei maar
is the exposed tuff ring basaltic ejecta and Waitemata Group sediments from the
formative eruption. Through erosion and weathering, the Ca-rich minerals in the
basalt (Gierlowski-Kordesch 2010) and Waitemata Group sandstones may have
enriched the sediment strongly in Ca. This interpretation is in agreement with
enriched Fe from in-washed pulverised basaltic debris. However, an alternative
source of Ca is wind-blown, abraded marine shell material transported from the
exposed shelf in the nearby Hauraki Gulf during this depositional phase (Fig. 8.6b).
Orakei Basin is presently connected to the sea but during previous glacials and
associated much lower sea-levels the entire Hauraki Gulf was exposed (Fig. 2.3;
Alloway et al. 2007). This created a source of marine carbonate abraded by wind
and transported to Orakei maar lake (Fig. 8.6b) which is in agreement with a
much reduced sea-level associated with cool conditions and extensive water storage
in ice sheets and glaciers in MIS 6 to which the onset of lacustrine sedimentation
in Orakei Basin is dated (Fig. 8.2, Chapter 7). A combination of both sources
is also possible and a clearer differentiation may be achieved in the future with
microfacies analyses or XRD studies.
Depositional phase 1 represents the time following the phreatomagmatic eruption
that formed Orakei maar (Németh et al. 2012, Fig. 8.6a) during which ground-
and/or rainwater accumulated in the crater forming a shallow water body allowing
sediment deposition on top of the basaltic ejecta and pieces of country rock Peti
and Augustinus (2019). The earliest phase of deposition following the creation of
Orakei maar (Fig. 8.6a) is dominated by a low lake level, little biomass production,
deposition of carbonate-rich sediment (Ward’s cluster 3) and cool temperatures
(Figs. 8.5, 8.6b).
During the latter stages of MIS 6, Orakei maar lake deepened abruptly at ca.
131 170 yr as is inferred from the sharp onset of fine laminations indicating a deep
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lake with bottom water anoxia with sediment with an increasing organic matter
content and still enhanced deposition of Ca (Fig. 8.5). Throughout this phase,
thin mass movement deposits are common and reflected in intercalated bands of
sediment dominated by Ward’s cluster 2, indicating larger grain sizes and a detrital
source (Fig. 8.4). Macroscopic mass movement deposits, as well as all layers of
instantaneous deposition have been removed from the event corrected depth scale
used in this interpretation. However, but very thin turbidite layers not recognisable
by the naked eye or the scanning resolution of 1mm used with the Itrax µ-XRF core
scanner. These recorded (but removed) larger and chemically-inferred thin mass
movements enlarged the size of the crater basin by wave action as also documented
by Németh et al. (2012). According to the Orakei core chronology (Chapter 7, Fig.
8.2), cool conditions and initial lake deepening started in the latest MIS 6 lasted
into the early MIS 5 and continued during depositional phase 2.

Depositional phase 2 (129,310 ± 1000 – 118,580 ± 1182 yr)

Depositional phase 2 is dominated by Ward’s cluster 2 (blue; possibly diatoms)
with smaller intervals also dominated by Ward’s clusters 1 (red; detrital) and
3 (green, Ca-rich; Figs. 8.4, 8.5). Strongly elevated organic matter contents
argue for higher biomass production favoured by globally warmer temperatures
of the last interglacial MIS 5e. The depositional environment of Ward’s cluster
2 is not straightforward to interpret but it appears that diatoms may have a
dominant impact on the elemental assemblage. As such, the fine laminations of this
depositional phase seem to be caused by diatom blooms under anoxic conditions
in a deep lake (Fig. 8.6). Anoxia is expected to cause elevated ln(Fe/Ti) ratios.
This proxy in depositional phase 2 is lower than in phase 1 but higher than in
later intervals of the Orakei sediment sequence. Considering that Fe is a detrital
not a redox-sensitive element in phase 1 (cluster 3, green), bottom water anoxia
during phase 2 is supported by the elemental assemblage with elevated ln(Fe/Ti)
ratios (Fig. 8.5). Calm conditions and the greater lake water depth favour anoxic
conditions during phase 2 (Fig. 8.6c). According to the Orakei core chronology
(Chapter 7, Fig. 8.2), the peak of the last interglacial, MIS 5e coincides with
sediment dominated by Ward’s cluster 1 (red, lithogenic) but high organic matter
content, low DBD values as well as low Ca contents (Fig. 8.5). These proxies
align with expected warmer temperatures and high biomass production and high
sea-level without an exposed shelf (Fig. 8.6c). The classification of Ward’s cluster
1 as sediment dominated by lithogenic/detrital elements does not agree with these
observations but the red cluster 1 also has a significant organic contribution (Fig.
8.4D) and some of the data points of cluster 1 correlate more with inc/coh, Cl
and Br (all organic indicators, see above) in the PCA biplots of the entire Orakei
sediment sequence (Fig. 8.4A, B). It has to be kept in mind that the first two
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(three) PCs only contribute less than 50 % (63 %) of the variance and therefore
cannot explain all observations. Thus, it appears that this interval aligning with
the peak MIS 5e (ca. 123 000 yr) conditions contributes a component of sediment
with high organic matter content. Whilst the covariance with detrital elements
cannot be ignored, some mass movement events carried larger pieces of wood and
leaf fragments into the Orakei maar crater lake during phase 2 (Peti and Augustinus
2019). In this context, it is interpreted that intervals dominated by Ward’s cluster 1
(red) with high organic matter content reflect in-washed terrestrially-derived carbon,
not sediment enriched in organic matter from autothonous biological productivity.
Sediment thin-section studies may also clarify this interpretation in future work.
Despite large uncertainties in timing, magnitude and local differences (i.e. Lambeck
and Nakada 1992; Dutton and Lambeck 2012; Lambeck et al. 2012; Düsterhus et al.
2016), the global sea-level during MIS 5e was several metres above present-day
levels (Spratt and Lisiecki 2016). Given that Orakei Basin is currently connected
to the sea a breach of the crater rim during this sea-level rise at about 128 000 yr
could have been possible but is very unlikely. The crater tuff ring reaches ca. 40m
asl at the side opposite the sea where it is still intact. The basaltic ejecta of the tuff
ring is moderately welded and resistant to erosion except where subsequent erosion
by the Pourewa Stream cut through the northern and eastern sides of the tuff
ring long after MIS 5e (see depositional phase 1) which then allowed the current
connection to the sea following post-glacial sea-level rise at ca. 9750 cal. yr BP.
However, with no active stream eroding the tuff ring between its formation and the
MIS 5e sea-level rise/high-stand, it is not surprising that the substantial tuff ring
could uphold its protective function of the Orakei maar lake even during higher
sea-levels of MIS 5e. This assertion is furthermore supported by Onepoto maar
(e.g. Fig. 5.1) with a similar tuff ring as Orakei. Onepoto is certainly older than
MIS 5e (Leonard et al. 2017) but was not breached by the sea-level rise at that
time, highlighting the protective function of such a tuff ring.
A short-term return to conditions characteristic of depositional phase 1 (rich in
carbonate) occurred in the late MIS 5e or early MIS 5d at 120 000 yr (Fig. 8.5). The
global sea-level at ca. 120 000 yr was very similar to today (Spratt and Lisiecki 2016)
making an exposed shelf highly unlikely as a source for the Ca. Somewhat elevated
DBD values in this interval argue for more erosion and in-wash of pulverised tuff
ring basaltic debris or sandstone of the marine Waitemata Group sediments.

Depositional phase 3 (118,580 ± 1182 – 97,920 ± 1064 yr)

Depositional phase 3 is dominated by Ward’s cluster 1 (red; lithogenic) with only
very brief periodic changes to the related cluster 2 (blue; possibly diatoms) and is
centred around the peak of MIS 5d (Fig. 8.5). The dominance of lithogenic/detrital
elements in Ward’s cluster 1 (red) aligns with high DBD and clr-transformed K
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values (Fig. 8.5) indicating coarse grain sizes and a detrital sediment source during
most of this phase. Overall, LOI% values are reduced indicating reduced biomass
production as a result of cooler temperatures during the MIS 5d stadial (Fig. 8.5).
Generally low ln(Fe/Ti) ratios argue for enhanced mixing of the water column
and oxygenation of the bottom water, either by increased wind speed and/or
frequeceny of increased windiness, the mass movement deposits (see below) and/or
a lower lake water depth. Variations in lake level could be caused by changes in
the evaporation/precipitation-regime and/or as a response to a decreased sea-level
inducing changes in the lake level through a groundwater drainage to the sea (De
Boer et al. 2014).
Depositional phase 3 encompasses all of facies unit 11, described in Peti and Au-
gustinus (2019) as dominated by thick, coarse sand bands from frequent turbidite
events. Despite their removal on the event corrected depth scale, smaller mass
movement deposits and the generally coarser matrix sediment dominate the silici-
clastic/detrital signature of the sediment (Figs. 8.5, 8.6d). Very high LOI values
in this phase are caused by macroscopic pieces of sub-fossilised wood supporting a
high-energy transport mechanism leading to continued crater rim collapse. This
influx of material from the crater rim is can be a response to increased wind and
wave action causing crater rim instability and the widening of the crater basin
(Németh et al. 2012) but detailed sediment micro-facies work may clarify the drivers
of these mass movement events.

Depositional phase 4 (97,920 ± 1064 – 71,310 ± 690 yr)

Depositional phase 3 is dominated by Ward’s cluster 5 (orange; organic-rich)
with some bands of strong influence of the related cluster 4 (purple, anoxic) and
characterised by very low DBD values, high organic matter contents and common
bottom water anoxia (high ln(Fe/Ti); Fig. 8.5). This aligns with the dominance
of fine laminations, predominantly brown fine-grained sediment and an absence
of mass movement deposits as described in facies unit 8 of Peti and Augustinus
(2019).
This phase appears to reflect sediment deposition in a calm, deep lake (Fig. 8.6e)
with higher biomass productivity and pronounced bottom water anoxia generating
fine laminations. Low Ca content supports high sea-levels with no exposed shelf
and no influx from material from the protective tuff crater rim during this phase.
Together with limited mixing of the water column this argues for calm conditions
and only little wind. Episodic changes between Ward’s cluster 4 and 5 indicating
small changes in the strength of anoxia or organic matter contents may carry a
climate signal that could be disentangled with other palaeoenvironmental proxies
such as diatoms, pollen or stable C, O isotopes. In any case, following the age
model applied here, depositional phase 4 encompasses MIS 5c to 5a (Fig. 8.5) but
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no clear distinction between the stadial MIS 5b and the two interstadials MIS 5a
and 5c can be observed in the presented µ-XRF core scanning (Fig. 8.5). The
South Island has experienced glacial advances during MIS 5b (Shulmeister et al.
2010; Shulmeister et al. 2019). Whilst Auckland is located in a different climate
regime than the South Island, the global sea-level changed by almost 20m during
the majority of MIS 5 (Spratt and Lisiecki 2016). Thus, even in subtropical areas,
such as Auckland changes in climatic conditions coinciding with MIS 5b could
have been expected to be observed in the sediment deposited in the Orakei maar
palaeo-lake as well. The South Westland New Zealand site, Okarito Pakihi, shows
short-lived warming episodes with forest expansion (increased podocarp/hardwood
taxa) during MIS 5, which however are not reflected in any sedimentological change
(Vandergoes et al. 2005). Although a very localised sedimentological overprint
over the regional signal in Orakei maar palaeo-lake cannot be excluded, it is also
possible that the substages of MIS 5 did not show any marked climatic changes that
could be easily detected by XRF-chemical proxy records in northern New Zealand.
This suggests enhanced tropical climate influence and a subdued climate contrast
between MIS 5 stadial and interstadial intervals in the subtropical Auckland area
although testing of this hypothesis with palaeoecological records is required.

Depositional phase 5 (71,310 ± 690 yr – 57,510 ± 948 cal yr BP)

Depositional phase 5, which aligns with facies unit 9 (sand layers in a silty matrix
(Peti and Augustinus 2019)), is characterised by a strong detrital signature (Ward’s
cluster 1, high DBD, high K) and low organic matter content (LOI and inc/coh;
Fig. 8.5). Depositional phase 4 spans the entire MIS 4. Despite some changes to
Ward’s cluster 2 (blue), it is rather homogeneous in its XRF-based geochemistry
implying stable environmental conditions throughout this phase.
Depositional phase 5 resembles depositional phase 3 strongly, most distinctively
through the dominance of Ward’s cluster 1 indicating a detrital signal. Low organic
matter contents, higher DBD and K values, slightly elevated Ca contents and low
ln(Fe/Ti) lead to a very similar interpretation for both phases of cool temperatures, a
low sea-level and windier conditions. However, the visual description and qualitative
grain size of this unit indicates thinner sand bands of finer grains than during
phase 3 (Peti and Augustinus 2019). Furthermore, even lower Fe is recorded in
the sediment of phase 5 compared to phase 3 and no high organic matter values
occur aligning with the visual observation of no encased sub-fossilised wood or
leaf fragments as observed in phase 3. These combined observations suggest some
differences in the depositional environments associated with phase 3 and 5. Smaller
turbidites may have occurred in phase 5 originating from the steep crater wall
with sparse protective vegetation cover or less energy involved in a smaller mass
movement deposit meaning that the larger components of the vegetation cover
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(such as trees) were not transported to basin centre. However, an entirely different
sediment source involcing a contribution of more wind-blown dust, at least for the
finer matrix of phase 5 has to be considered (Fig. 8.6f). This is supported by a
depletion of Ti in phase 5 (not shown) in stark contrast to the visually-similar
sediments of depositional phase 3. Thus, a different sediment source depleted in
Ti outside the immediate lake catchment/crater rim is a possible source for the
sediments of depositional phase 5 (Fig. 8.6f). Furthermore, the dominance of cold
and dry conditions during depositional phase 4 is inferred based on strongly reduced
palaeo-productivity (low organic matter content), increased sediment influx from
erosion of the open landscape (reduced vegetation cover) inferred from increased
DBD and enhanced water column mixing (low ln(Fe/Ti). This is in agreement
with the global MIS 4 and certainly with strong glacial conditions during MIS 4 in
southern New Zealand (Williams et al. 2015; Shulmeister et al. 2019). Given the
broad-scale similarities to regional and global climatic conditions in this phase, it is
reasonable to assume that increased windiness (as was also inferred from Onepoto
maar for the Last Glacial Cold Period (LGCP) (Augustinus et al. 2011)) led to
aeolian dust influx into the lake basin.

Depositional phase 6 (57,510 ± 948 – 34,660 ± 340 yr)

Depositional phase 6 is clearly characterised by Ward’s cluster 4 (purple, anoxia
and organic-rich) signifying a strong dominance of in-lake processes for sediment
deposition and small grain sizes (low DBD, K; Fig. 8.5). Organic matter contents
and ln(Fe/Ti) are (relatively) high indicating increased biomass production, sedi-
ment deposition in a deep lake with anoxic bottom waters associated with warm,
humid conditions (Fig. 8.6g). Based on the Orakei core chronology from chapter 7,
depositional phase 6 represents the early and middle MIS 3 (Fig. 8.5) which saw
a global climate amelioration toward less harsh and moist interstadial conditions
bracketing the Rotoehu tephra (45 100 ± 3300BP (Danišik et al. 2012)) as shown
in AVF Onepoto maar by Shane and Sandiford (2003). Stable and comparatively
warm conditions in early MIS 3 are also described from Lake Omapere in Northland
(Newnham and Alloway 2004) and Okarito Pakihi (Vandergoes et al. 2005) in the
South Island suggesting a regional response to higher summer insolation (Berger
and Loutre 1991) in New Zealand.

Depositional phase 7 (34,660 ± 340 – 22,120 ± 256 cal yr BP)

Depositional phase 7 is highly variable in its geochemical signature with no Ward’s
cluster dominating and all five clusters being present in this phase (Fig. 8.5). Or-
ganic matter contents are rather low, detrital indicators (DBD, K) are higher than
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in phase 6 but extremely variable. ln(Fe/Ti) is similar to phase 6 on a long-term
scale and Ca experiences an increase in the early phase 7 and reaches a short-lived,
high-magnitude maximum in the late phase 7 (Fig. 8.5). Depositional phase 7
straddles the boundary between MIS 3 and MIS 2 (Fig. 8.5).
The increased sedimentological and geochemical variability correlates with decreas-
ing organic matter contents at ca. 34 000 cal. yr BP commensurate with a change to
cooler and likely drier climate favouring physical over chemical weathering (higher
detrital indicators; Fig. 8.5). This interpretation aligns with decreased global
average temperatures (decreasing δ18O (EPICA Community Members 2006) and de-
creasing Southern Hemisphere mid-latitude summer insolation (Berger and Loutre
1991)). The inferred cooling at ca. 34 000 cal. yr BP coincides with a temperature
decline recorded in Onepoto at ca. 35 000 cal. yr BP by an increase in Nothofagus
menziesii (Shane and Sandiford 2003). Thus, an early onset of LGM conditions
at ca. 34 000 cal. yr BP is recorded in Orakei maar lake sediment which has also
been observed in other Southern Hemisphere records (e.g. Vandergoes et al. 2005;
Alloway et al. 2007; Petherick et al. 2013, and references therein). Further declining
biomass production in the Orakei maar palaeo-lake towards the upper part of
depositional phase 7 (Fig. 8.5) marks further strengthening of Last Glacial Cold
Period (LGCP) conditions (Fig. 8.6h). Higher DBD and K values indicate an
increased detrital contribution for the period of ca. 31 000 to 26 000 cal. yr BP (Fig.
8.5) which correlates with reported landscape instability inferred from the Onepoto
maar record at this time (Shane and Sandiford 2003) and the major glacial advances
in the North Island at ca. 26 500 cal. yr BP (Shulmeister et al. 2019).
The lower and uppermost interval of phase 7 corresponds to laminated sediment of
the facies units 8 and 4, respectively from Peti and Augustinus (2019). However,
an interval in the upper phase 7 aligns with the facies units 5-7 from Peti and
Augustinus (2019) which are characterised by multiple basaltic tephra layers from
an Auckland Volcanic Field (AVF) flare-up documented by Molloy et al. (2009)
which is chemically dominated by Ward’s cluster 3 (green, carbonate). Facies unit
6 on top of the basaltic tephra layers is a short section of massive, light brown clay
indicating fast deposition of clastic sediment depleted in organic matter. Facies unit
5 above this documents a return to laminated sediment with low organic matter
content (Fig. 8.5; Peti and Augustinus 2019). Ward’s clustering indicates a domi-
nance of Ca in these two units (cluster 3) which may have been wind-transported
from the exposed Hauraki Gulf sea floor during a low sea-level as a result of the
extended global ice volume during the LGM (Clark and Mix 2002) with the organic
matter-depleted sediment indicating peak cold conditions (Fig. 8.6h). However,
given the abundance of basaltic tephra sourced from local AVF volcanoes (Fig.
8.6h) in facies units 6 and 7, strong local environmental disturbances from repeated
volcanic eruptions must be considered at least an aggravating factor influencing
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landscape instability coeval with cold conditions during the early LGCP.
Following the AVF flare-up and LGCP conditions, an early climatic amelioration
(ca. 25 000 to 24 000 cal. yr BP) in MIS 2 becomes apparent in the uppermost part
of depositional phase 7 (Fig. 8.5). Laminated fine grained sediment (low DBD
and K) dominated by Ward’s cluster 4, highlighting clearly enhanced organic pro-
ductivity (higher organic matter) in a deeper lake setting (sudden increase in the
redox-indicating ln(Fe/Ti)) corresponds to the mid-LGCP interstadial (ca. 25 000
to 23 000 cal. yr BP) observed in the Onepoto maar record (Augustinus et al. 2011).

Depositional phase 8 (22,120 ± 256 – 9,750 ± 800 cal yr BP)

Depositional phase 8 is very homogenous geochemically, being almost entirely
dominated by Ward’s cluster 1 (red, lithogenic). However, the visual properties of
this part of the core suggest different depositional conditions reflected in separated
visual facies units (Peti and Augustinus 2019) and CONISS clusters (Fig. 8.3).
Facies unit 3 is characterised by sand bands, facies unit 2 shows massive fine clay
with bioturbation and facies unit 1 is a peat deposit (Peti and Augustinus 2019).
At ca. 21 220 cal. yr BP, the Pourewa stream breached the crater rim leading to
rapid influx of banded sands with large pieces of wood, compressed leaves and
twigs which characterise facies unit 3 of Peti and Augustinus (2019). This interval
of fluvial deposition corresponds to a very localised driver, the crater rim breach
by the Pourewa stream, with the stream diverting again by the onset of facies unit
2 at ca. 18 000 cal. yr BP. This stark contrast in depositional context of facies unit
3 and 2 is not visible in the XRF-based chemostratigraphy (Figs. 8.3, 8.5) but
significantly and rapidly higher organic matter (inc/coh1), lower ln(Fe/Ti) and Ca
mark this facies boundary (Fig. 8.5).
The rapid lake infilling in the early depositional phase 8 caused subsequent lake
shallowing resulting in bottom water ventilation of Orakei maar lake which is
reflected in the absence of laminations in facies unit 2 and bioturbation (Peti and
Augustinus 2019)). Warming post-glacial conditions are represented by higher
organic matter content (inc/coh; Fig. 8.5) culminating in facies unit 1, which
consists predominantly of large pieces of wood, leaves and twigs deposited in a
peat swamp at the top of the lake sequence (Fig. 8.6j). Without inflow and/or a
negative precipitation/evaporation budget, Orakei maar palaeo-lake fell dry and
underwent the early stages of a hydrosere succession from a freshwater aquatic to
terrestrial environment during the later part of depositional phase 8.

1destructive LOI and DBD was only measured up to ca. 19 000 cal. yrBP for workload reasons
as the uppermost part of the Orakei sediment sequence overlaps with other records previously
studied and is mostly dominated by a localised signal of rapid lake infilling as a response to
the fluvial in-wash and thus carries little climatic information.
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After depositional stage 8, the post-glacial sea-level rise caused a sudden breach
of the crater rim (Fig. 8.6j) ca. 9750 cal. yr BP depositing 18.6m of marine mud
(until time of coring) in the Orakei maar and opening its present-day connection
with the sea (Figs. 8.1, 8.6l).
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Figure 8.6: Conceptual approximation of Orakei maar palaeo-lake evolution from
the formative phreatomagmatic eruption to the crater rim breach caused
by the post-glacial sea-level rise. See section 8.6 for detailed descriptions
of the interpretations of each phase.
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8.7 Conclusions
The Orakei maar lake sediment study highlights the power of multi-variate statisti-
cal investigation of µ-XRF core scanner elemental output for reconstruction of lake
depositional dynamics and palaeoclimatic change therefrom. Ward’s hierarchical
clustering was useful in interpreting the environmental and sedimentological history
of the Orakei maar paleo-lake in a way not allowed by simple facies descriptions
and/or stratigraphically-constrained clustering. Specifically, it has provided insight
into geochemical differences and similarities between visually similar or dissimilar
sediment. Together with the chemical relationship between co-varying elements
over parts of the sediment sequence, these observations relate to different sediment
sources and depositional processes in response to changes in global climate con-
ditions. This provides a geochemical framework to test and amend with further
palaeoenvironmental proxy data.
Through careful interpretation of the observed geochemical variability integrated
with sedimentological facies changes and the age model (chapter 7) a tentative
reconstruction of the palaeoenvironmental, palaeoclimatic, and depositional history
of Orakei maar palaeo-lake is presented in 10 stages: 1) Following the formative
eruption, the shallow lake filled with massive sediment under cool conditions dur-
ing MIS 6. 2) Deep lacustrine conditions with small in-wash events under warm
conditions in the earlier MIS 5. 3) Thick turbidites causing widening of the crater
basin under cooler conditions of MIS 5d. 4) During MIS5c to 5a, sedimentation
in a deep lake in warm conditions and little impact of the stadial MIS 5b. 5)
Finer siliciclastic input from the country rock on the crater rim during cool, windy
conditions in MIS 4. 6) Warm, anoxic, stable, calm conditions during times of a
higher sea-level for most of MIS 3, followed by 7) strongly increased variability
and an early onset of LGM conditions. Coldest conditions are inferred during
later phase 7 with strong Ca input from the exposed Hauraki Gulf shelf during
significantly lower sea-level but also strong local environmental disturbance from
a flare-up of the AVF volcanoes with increased basaltic tephra deposition. Early
climate amelioration in MIS 2 under deeper lake conditions with increased organic
productivity concludes phase 7. 8) A crater rim breach by the Pourewa Stream de-
posited sand bands and rapidly increased the lake infill causing shallowing followed
by a diversion of the stream with shallow lacustrine deposition after fast infill with
prominent bioturbation. The Orakei maar palaeo-lake succession concludes with
a peat deposit during MIS 1 under much warmer conditions overlain by massive
marine mud following the crater rim breach due to post-glacial sea-level rise.
This study demonstrates the power of the multivariate µ-XRF core scanning
approach for rapid palaeoenvironmental investigation of lake as well as marine
sediment records. This approach can be used to assess the quality of an archive
as well as target sections of the sediment sequence for more traditional and time-
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consuming approaches to palaeoclimatic reconstruction such as pollen, diatom,
stable isotopic and biomarker studies.
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Part III

Summary, conclusions and avenues
for future research
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9 Summary
This thesis represents a part of a larger Auckland maar programme as introduced in
section 1.1. The over-arching programme involves the development of a better un-
derstanding of the influence of tropical and polar climate systems on northern New
Zealand, rapid climatic change and its drivers over the Last Glacial Interval (LGI).
The various components involve a multi-proxy approach to reconstructing past
climate conditions and change using long, complete, high-resolution, laminated
sediment records from several Auckland maar lakes.
The presented PhD project is a significant step towards reaching the primary
objective of the programme via the production of a sound stratigraphic framework
and a robust chronology for the Orakei maar sediment record. The Orakei chronos-
tratigraphic master record can then be extended to other Auckland maar lake
sediment sequences via the correlation of tephra and µ-XRF isochronous markers
between sediment cores.

This PhD thesis addressed four research objectives in five chapters, which have
been published or will shortly be submitted for publication.

1. Development of the composite stratigraphy of three finely laminated sediment
cores from Orakei maar palaeo-lake.

2. Refine the approaches used to fingerprint tephra contained in sediment
sequences through non-destructive µ-XRF core scanning.

3. Development of a multi-method master chronology for the lake sediment
sequence extracted from Orakei maar.

4. Identification of important components of the evolution of Orakei maar lake
and events that impacted the Auckland region as recorded in the Orakei
sediment sequence spanning the Last Glacial Interval.

Chapter 4 introduced the sediment record from Orakei maar. Addressing objective
1, chapter 4 presented the approach used to combine three sediment cores from the
same Orakei maar lake into one composite stratigraphy, which was then summarised
into 16 facies units based on visual descriptions: The local Waitemata sandstone
basement unit and volcanic basaltic ejecta from the maar-forming phreatomagmatic
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eruption are overlain by 13 lacustrine units and an interval of peat under ca. 16m
of marine mud.
Chapter 5 and 6 rely heavily on each other and jointly address objective 2. Chapter 5
outlines the potential of non-destructive µ-XRF core scanning for tephra recognition
and fingerprinting. Tephrochronology is a very important tool for age model
development but identifying the source eruption and correlating tephra layers can
be cumbersome. As sediment cores are often routinely scanned for variations
in µ-XRF elemental intensities, it is possible to extract chemical information of
tephra layers without any additional work. Chapter 5 shows that the chemical
signal differed between a number of studied rhyolitic tephra layers such that
they warranted identification as long as specific protocols are followed and a
comprehensive database of reference tephra geochemistry was created on which
to base robust comparisons. Chapter 6 builds on this approach and investigated
the influence of changes in the measurement parameters to obtain the most robust
scanning protocol to identify tephra layers in sediment cores based on comparisons
to previously identified tephra.
Chapter 7 contributed the Orakei maar lake sediment chronology to the project, the
basis for all palaeoenvironmental and -climatic reconstructions to follow from the
Orakei sequence. It addressed objective 3 of this thesis and presented in the results of
all applied dating techniques (radiocarbon dating, tephrochronology, luminescence
dating, palaeomagnetism and cosmogenic nuclide production) and their combined
use in the age model for the entire lacustrine sequence from Orakei maar. The
onset of sedimentation in the young Orakei lake following the phreatomagmatic
eruption is now dated to 139,200 ± 820 years (2σ).
Chapter 8 addressed objective 4 and presented a comprehensive chemostratigraphy
and interpreted evolution of the Orakei maar based on changes in µ-XRF-inferred
elemental influx in response to environmental and climatic changes. Chapter 8
used the chronology developed in chapter 7 to anchor observed changes in a solid
chronostratigraphic framework and for comparisons to other palaeoclimatic and
-environmental records from New Zealand. Furthermore, chapter 8 proposed an
evolutionary history of Orakei maar involving 10 depositional phases associated with
varying influence of local sedimentological control and regional climate conditions.
These 10 phases may serve as a broad framework for further multi-proxy studies
of the Orakei sediment sequence as part of the wider Auckland maar project (as
outlined in section 1.1).
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10 Conclusions
The results presented in this thesis allow several conclusions to be drawn:

1. The alignment of overlapping cores from neighbouring boreholes is often
not straightforward but absolutely crucial for subsequent analyses. Despite
advances in coring techniques and careful observations of sedimentary features
in the sediment cores, confident alignment of the cores can often only be
reached in finely-laminated sediment and at prominent tephra marker layers.
In homogenous sediment and/or in intervals dominated by rapid and possible
uneven deposition at the lake bottom, building a composite stratigraphy
becomes more difficult and often more uncertain but difficulties can be
overcome by correlation of high-resolution µ-XRF elemental variability.

2. The composite Orakei maar sediment sequence is an outstanding record
of environmental and climatic change of the northern New Zealand region.
The length and completeness of the sequence provided the opportunity to
study the evolution of the site in response to local, regional, and global
changes in climatic conditions in unprecedented resolution from the time of
the maar-forming eruption to marine breaching of the maar tuff ring in the
early Holocene.

3. The importance of reliable tephra recognition and fingerprinting to their
source eruption based on geochemical characterisation is emphasised in this
study. µ-XRF core scanning is a promising technique for first-order cross-core
correlation and under favourable circumstances for non-destructive and rapid
fingerprinting of rhyolitic tephra deposits in sediment cores when consistent
scanning protocols are followed and extensive tephra chemistry reference
datasets are available.

4. Thin tephra layers, as often found in sediment cores, are more difficult to
characterise with the µ-XRF core scanning technique as fewer data points
can be obtained from the layer. No exact minimum thickness can be given as
the success also depends on how dissimilar the geochemical composition of a
certain tephra is in comparison to other studied layers. However, the smallest
step size of the Itrax µ-XRF core scanner of 200 µm suggests a minimum of
∼ 2mm thickness to obtain at least 10 data points.
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5. The age model for the Orakei maar lake sediment sequence has been devel-
oped based on radiocarbon dating, tephrochronology and palaeomagnetism.
Cosmogenic nuclide production (10Be) and postIR-IRSL dating have not
proven fruitful for the development of the Orakei chronology.

6. The importance of a robust and reliable chronology for the sequence has
been illustrated by the LOI% variability from which a significantly different
interpretation would be derived if a simple extrapolation of the sedimentation
rate from the Rotoehu tephra marker layer (45 100 ± 1650 yr (Danišik et al.
2012)) had been applied down to the base of the sequence.

7. The chronology developed for the Orakei sediment sequence allows high-
resolution interpretation of various proxy data for palaeoclimatic interpreta-
tion, as well as improved age estimates of local basaltic AVF eruptions with
potential implications for volcanic hazard and risk assessment in Auckland.

8. Long lake sediment sequences, such as the Orakei maar record spanning most
of the LGI record a multitude of drivers of palaeoclimatic and -environmental
change and their interaction in the geochemical composition of the sediment.
These complex records can be documented and signals can be sometimes
disentangled with µ-XRF core scanning. However, the resultant dataset needs
to be approached with multivariate statistical techniques to allow robust
palaeoclimatic and -environmental reconstructions.

9. In the Orakei sediment sequence, changes in the local environment restricted
to the lake’s catchment often overprint regional and global climatic changes
and care must be taken to disentangle these signals. For example, increased
influx of detrital sediment into the lake may constitute the result of a more
open landscape due to colder and drier climate (e.g., MIS 4 detrital sediment
signature from aeolian influx into Orakei maar palaeo-lake), or may indicate
warmer and more humid conditions or a response to the geometry of the
newly formed crater rim (frequent turbidites in Orakei maar paleo-lake during
parts of MIS 5 due to crater rim instability), or may indicate the fluvial influx
from the Pourewa Stream that breached the maar tuff ring during MIS 2
independent of significant climatic change.
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11 Avenues for future research
Throughout this PhD project, avenues for future research were identified:

1. It is difficult to develop a unified approach to building composite stratigraphies
from overlapping sediment cores due to the unique character of each sediment
sequence. However, a common nomenclature and standards for reporting
the development of the composite stratigraphy and remaining uncertainties
should be developed. This would allow other researchers to evaluate the
composite record and interpret the proxy results while considering possible
errors and uncertainty in the composite stratigraphy.

2. In order to realise the full potential of µ-XRF core scanning for tephrochronol-
ogy, a complete database with all previously-identified rhyolitic tephra layers
in New Zealand needs to be established. This record can then be used for
future identifications of tephra from other lakes using µ-XRF core scanning.

3. Speed and accuracy of tephra identification using the µ-XRF core scanning
approach may be improved through machine learning techniques whereby
classification of the unknown tephra layers is automated and free from subjec-
tive bias by the user. However, this relies on development of a comprehensive
database of reference tephra layers as mentioned in 2. above.

4. The potential for µ-XRF core scanning for non-destructive and fast tephra
fingerprinting has only been shown for rhyolitic tephra from New Zealand.
Hence, studies exploring the feasibility of this approach in other parts of
the world and other volcanic systems, including New Zealand’s basaltic and
andesitic tephra in the AVF maar lake sequences, should be conducted.

5. An unexplored avenue of tephra research with the µ-XRF core scanning
technique lies in the investigation of downcore elemental variation within
thick tephra layers. Colour and grain size changes throughout the layer are
often apparent, which may be the result of density-induced differences in
settling speed, changes in the ash composition as the eruption progresses or
a mix of both. It is possible that these inherently different processes could
be recognised via specific geochemical signatures which are not commonly
explored in EMPA of major element oxides. As the µ-XRF core scanner
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records the geochemical signal along the settling axis of a sediment core, the
µ-XRF elemental data allows investigation of this question. To be certain of
the mechanism causing downcore changes in sediment elemental chemistry, an
experimental set-up for artificial sediment core creation and tephra dispersal
and settling may need to be developed and resultant sediments need to be
scanned with a µ-XRF core scanner.

6. Lake sediment core chronology development beyond the radiocarbon dating
limit using relative age information, often called wiggle-matching, has proven
very fruitful in this study based on relative palaeointensity measurements,
However, a more objective approach for tuning two curves and a deeper con-
sideration of errors of each curve and the tuning itself need to be developed
to avoid subjective bias. This could involve Bayesian statistics to incorpo-
rate prior assumptions as well as the recorded data and MCMC algorithms
to develop many iterations of tuning possibilities and hence, to arrive at
probability estimates of the most likely wiggle-match alignment.

7. Wiggle-matching of two proxy records is constrained by the temporal resolu-
tion (and quality) of the reference curve. High-resolution, well-dated reference
curves of proxies independent of (local) climatic change, such as the Earth’s
magnetic field strength variations need to be developed, possibly through
integration of many high-resolution lake sediment records and/or numerical
modelling of the theoretical behaviour of the Earth’s magnetic field.

8. The presented Orakei core chronology allows new age estimates for basaltic
and andesitic tephra layers contained in this sediment sequence which have
been recorded but not dated directly. New ages for these eruptions will
facilitate improved understanding of the magnitude and frequency, and hence
of the volcanic hazards, of the local basaltic AVF as well as the andesitic
Taranaki volcano.

9. On-going work involving development of multi-proxy datasets from the Orakei
sediment sequence, including pollen, chironomids, carbon and nitrogen con-
tents and various isotopic ratios, biomarkers and high-resolution micro-facies
analyses on resin-impregnated sediment sections have been mentioned in sec-
tion 4.6. These approaches will aid in disentangling local drivers of catchment
changes and reconstruction of the climatic development of northern New
Zealand and abrupt climate shifts recorded in the Orakei sediment sequence.
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A Detailed Methods
Details to be considered and specific steps that need to be undertaken for successful
application of the methods introduced in chapter 3 are outlined in this appendix.

A.1 µ-XRF core scanning
A.1.1 µ-XRF core scanning specific challenges
Sample density

Density variations throughout the sediment core influence the results measured
with the Itrax µ-XRF core scanner. The use of the ratio of coherent and incoherent
(coh/inc) scattering (see section 3.1) from the Itrax measurements has been used
as a non-destructive method to evalute the sediment density. It is noisier than
computer tomography (CT)-Scans or destructive density measurements but provides
high-resolution and reliable continuous measurements of the density variability of
the sediment profile due to its dependence on the atomic number of the measured
sample (Thomson et al. 2006; Fortin et al. 2013). Destructive methods are more
precise but are also expensive and slower (Kido et al. 2006; Fortin et al. 2013).

Sample desiccation, surface topography and defects/cracks

While scanning, the core is exposed to the surrounding air which leads to sample
desiccation and therefore to shrinkage of the core (Jarvis et al. 2015; Rodríguez-
Germade et al. 2015). The latter authors show that the first 25h of analysis at
∼20 °C do not influence the length of the core noticeably. To avoid or minimize
desiccation, it is common practice to place a thin plastic film on top of the core
(Croudace and Rothwell 2010; Jarvis et al. 2015). However, the film reduces the
transmission of fluorescent X-rays from the sample to the detector and if the cores
are very moist, a thin water film can develop between the core material and the
plastic film throughout the measurement process which enhances the absorption of
X-rays (Kido et al. 2006; Jarvis et al. 2015). This is a more significant problem
for the lighter elements due to the lower energy of the emitted X-rays calling for
an evaluation of absorption (see below for attempts of water content correlation;
Kido et al. 2006). Jarvis et al. (2015) showed a smaller effect of the film on
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elements Ca and heavier and the thinnest film tested (1.5 µm) to cause the lowest
attenuation in element counts. COX Analytical supplied the Itrax lab at the
School of Environment, University of Auckland, with a 1.4 µm-thin polyester film
(personal communication Per Engström, COX Analytics) which is used throughout
this project. The attenuating influence seems to be small enough to be neglected.
The microtopography and textural variation, cracks, voids and clasts all influence
the quality of the XRF data (Kido et al. 2006; Jarvis et al. 2015). Core preparation
before scanning includes careful scraping and smoothing of the surface of the split
core which minimizes the effect of small surface topography changes. Furthermore,
the Itrax uses a laser scan to determine the surface as the first step of every process.
Based on this surface scan the sensor moves up and down to keep a constant
distance to the sample surface. If this is not possible and the sensor touches the
surface, it is recorded in the data output file and the data can be excluded from
interpretation.

Water content

In contrast to conventional XRF measurements which are performed on dry sediment
powder, most split sediment cores have significant water content. The moisture
present influences X-ray mass attenuation. Wet mass concentration of elements in
water saturated sediment is only a fraction of its dry mass concentration equivalent
(Ge et al. 2005; Kido et al. 2006; Tjallingii et al. 2007; Jarvis et al. 2015; MacLachlan
et al. 2015; Rodríguez-Germade et al. 2015). Throughout the core the water content
changes, i.e., at prominent transitions from inorganic to very organic sediment or
at the sediment-water-interface (Boyle et al. 2015). The influence of the water
content varies over the entire core, especially when the water content is >40 %
(MacLachlan et al. 2015). This requires a correction for water content.
If the water content can be estimated, the XRF signal can be corrected for it. Part of
the information in every energy dispersive XRF spectra is strongly associated with
the water content. In sediments with high-water content the Compton scattering
of X-rays is favoured due to the low mean atomic number of hydrogen and oxygen.
If the water content is the primary control over the mean atomic mass, i.e., the
sediment composition is constant, it can be estimated based on the scattering
ratio coh/inc. However, sediment composition often varies significantly (Fortin
et al. 2013; Boyle et al. 2015). It has been proposed that the inc/coh ratio is
very sensitive to topographic irregularities (Cuven et al. 2007). Hence, extreme
care must be taken when basing water content indications on the inc/coh ratio.
Another approach is to measure a small number of samples in the conventional
way of weighing and drying and calibrate results from core scanning with dry mass
concentrations based on a simple regression to produce quantitative data which
can be compared between sites and to conventional measurements. In the case of
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highly variable water content the regression method fails because dry and wet mass
concentrations are not proportional but correction with scattering can be highly
effective. In the case of relatively stable water content, the elemental regression
is just as effective as scattering correction but less noisy (Boyle 2002; Boyle et al.
2015; Rothwell and Croudace 2015).

Organic matter content

The ratio of incoherent and coherent scattering (inc/coh) has been used for the
determination of the organic matter content (Burnett et al. 2011; Rodríguez-
Germade et al. 2015), which alternatively can only be done destructively via
LOI where the samples are ashed (Gadd et al. 2015). Woodward and Gadd
(2019) recommend calibration of the inc/coh ratio to carefully selected loss on
ignition (LOI) samples depending on sediment composition and consideration of
changes in the water content. Alternatively, Rodríguez-Germade et al. (2015) also
propose the element Br and the Br/Cl ratio as organic matter indicators.

Grain size

Grain size and its variation influence XRF results (Finkelshtein and Brjansky 2009).
Large grains on the core surface have a shadowing effect thus blocking fluorescence
from smaller particles (Criss 1976) while small grains packed around large ones
may absorb fluorescence from the larger grains (Finkelshtein and Brjansky 2009).
However, if the textural variation is ≤10 µm it has only limited influence on the
quality of the data, which is often the case in lacustrine sediments. If the grain size
variation is greater, a correction of the water content already leads to significant
improvements of the scanning measurements (by a factor of three, Bertrand et al.
2015; Boyle et al. 2015; Rothwell and Croudace 2015).

A.1.2 Detailed technical considerations of µ-XRF core scanning
X-ray tube

The Itrax core scanner offers the possibility to use different types of standard
diffraction anodes/tubes with molybdenum (Mo), chromium (Cr) and rhodium
(Rh) the most commonly used (Jarvis et al. 2015). The Itrax at the School of
Environment, University of Auckland used in this project has the option of the
Mo and Cr tubes. In general, the Cr tube is optimal for the detection of light
elements (Z ≤ 26) with decreased detection of heavy elements (St-Onge et al.
2007; Jarvis et al. 2015) and cannot detect Cr (Z = 24) and elements with similar
atomic number. The Mo (and Rh) tubes provide the excitation of the full range of
detectable elements but increased quality for heavier elements (Z ≥ 26, Francus
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et al. 2009; Jarvis et al. 2015). For this study, the Mo tube has been chosen for
two major reasons:

• Cr and similar elements (V [Z = 23], Mn [Z = 25]) are of interest and likely
much more abundant in the studied sediments than Mo.

• Most studies which will be used for comparison also used the Mo tube. Use
of the same tube reduces one factor which can introduce variability in data.

Exposure time

The Itrax core scanner allows exposure times of minimum 1 s with no maximum.
Typical choices are 10 s to 30 s. Increasing the exposure time results in higher
scanning elemental counts reducing the uncertainties, decreasing the number of
zero-counts and increasing the signal-to-noise ratio linearly (Jarvis et al. 2015;
Rodríguez-Germade et al. 2015; Huang et al. 2016). Based on a detailed study
comparing different choices of acquisition time to reach the highest data quality
by Cuven et al. (2007), Cuven et al. (2011) recommend an acquisition time of 10 s
to 20 s for sediment rich in organic matter as is the case in the present project.
Rodríguez-Germade et al. (2015) recommend 20 s as the optimal exposure time.
This choice is based on achieving the highest quality results for the majority of
the analysed elements whilst the total analysis time is not detrimental to the core
condition.

X-ray tube voltage

The X-ray tube voltage (in kV) can be adjusted which can affect the quality of the
radiography and µ-XRF data. It sets the potential through which the electrons
are accelerated and hence determines their energy at the anode target. A change
in voltage changes the shape of the bremsstrahlung (Jarvis et al. 2015). Higher
voltage penetrates thicker and higher density samples, but a lower voltage produces
a better contrast in the radiography. All µ-XRF scans of this study have been
performed with a voltage of 30 kV and all radiographs have been recorded with a
voltage of 60 kV.

X-ray tube current

Additionally, the X-ray tube current (in mA) can be adjusted. Increasing the
current results in more electrons that can be accelerated in the tube which increases
the intensity of fluorescent X-rays produced. Changing the current has a linear
effect on the signal. In practice, a balance between reduced noise and optimal
contrast and high-count rates has to be found. All µ-XRF scans of this study have
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been performed with a current of 55mA and all radiographs have been recorded
with a current of 50mA.

Tube ageing

Long sediment core sequences require a rather long time for all core segments to be
scanned which leads to potential problems associated with X-ray tube ageing. With
long usage of the X-ray tube, the primary tube power decreases leading to lower
count rates, hence to lower element intensities (Ohlendorf et al. 2015; Rothwell
and Croudace 2015). The latter authors recommend keeping a constant count rate
for long sequences, i.e., constant voltage and adjusted tube current per section to
maintain the constant count rate. Ohlendorf et al. (2015) suggest normalisation of
the data to level out the shifts resulting from tube ageing: (1) For elements with
mid to high atomic numbers, the division of the element intensity with the coherent
scattering yields best correction results; (2) For elements with low atomic numbers,
this can result in an over-correction because these elements are less affected by
the energy loss from tube ageing. In this case a correction by normalization with
elements of comparable atomic numbers is advised (Ohlendorf et al. 2015).

A.1.3 Important elements and ratios
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Table A.1: Summary of important µ-XRF elements and ratios.
Element or
ratio

Reference

Indication: Detrital/Lithoclastic/Terrigenous input (flood layers) – relation to grain size
Al Langereis and Dekkers (1999), St-Onge et al. (2007), Lauterbach et al. (2011), Kämpf

et al. (2012), and Davies et al. (2015)
Ca Balascio (2011)
K Kylander et al. (2011), Moreno et al. (2011), Aufgebauer et al. (2012), Kämpf et al. (2012),

and Balascio et al. (2015)
Mn Moreno et al. (2008)
Rb Kylander et al. (2011), Kalugin et al. (2013), and Davies et al. (2015)
Si Cuven et al. (2007), Marshall et al. (2011), Martin-Puertas et al. (2011), Moreno et al.

(2011), Kämpf et al. (2012), and Davies et al. (2015)
Si/Ti Shala et al. (2014)
Sr/Rb Kalugin et al. (2007) and Fedotov et al. (2012)
Ti Langereis and Dekkers (1999), St-Onge et al. (2007), Metcalfe et al. (2010), Balascio

(2011), Kylander et al. (2011), Corella et al. (2012), Martin-Puertas et al. (2012), Stansell
et al. (2013), Czymzik et al. (2013), Jouve et al. (2013), Berntsson et al. (2014), and
Davies et al. (2015)

Ti/Ca Litt et al. (2009)
Ti/K Marshall et al. (2011) and Davies et al. (2015)
Ti/Sr St-Onge et al. (2007)
Zr Langereis and Dekkers (1999), Cuven et al. (2010), Kylander et al. (2011), Marshall et al.

(2011), and Davies et al. (2015)
Zr/Fe Wilhelm et al. (2013)
Zr/K Cuven et al. (2011)
Zr/Rb Croudace et al. (2006), Kylander et al. (2011), and Chawchai et al. (2013)

Continued on next page
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Table A.1 – continued from previous page
Element or
ratio

Reference

Zr/Ti Shala et al. (2014)

Indication: Fine silt and clay - relation to grain size
Fe/Si Van Daele et al. (2014)
Fe/Ti Croudace et al. (2006), Marshall et al. (2011), and Davies et al. (2015)

Indication: Organic Matter and biological productivity
inc/coh Brown et al. (2007), Guyard et al. (2007), Burnett et al. (2011), Fortin et al. (2013), Jouve

et al. (2013), and Rodríguez-Germade et al. (2015)
Ba Langereis and Dekkers (1999) and Thomson et al. (2006)
Ba/Ti Croudace et al. (2006)
Br Kalugin et al. (2007), Kalugin et al. (2013), and Fedotov et al. (2012)
Ca Lauterbach et al. (2011)
S/Cl Croudace et al. (2006)
S/Ti Moreno et al. (2007)
Si, Si/Ti,
Si/Zr

Diatoms Brown et al. (2007), Stansell et al. (2010), Balascio (2011), Brown (2011), Burnett
et al. (2011), Cuven et al. (2011), Kylander et al. (2011), Melles et al. (2012), and Croudace
and Rothwell (2015)

Indication: Nutrient enrichment
P Corella et al. (2012)

Indication: Sediment density
coh/inc Fortin et al. (2013)

Continued on next page
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Table A.1 – continued from previous page
Element or
ratio

Reference

Indication: Palaeoredox conditions
Ba, Fe/Al Langereis and Dekkers (1999)
Fe/Mn Haberzettl et al. (2007), Cuven et al. (2011), and Corella et al. (2012)
S Langereis and Dekkers (1999)

Indication: Oxygenation of bottom water (lower lake level)
Mn Kylander et al. (2011) and Jouve et al. (2013)
Mn/Fe Unkel et al. (2008) and Melles et al. (2012)
Mn/Ti Croudace et al. (2006), Moreno et al. (2007), and Kylander et al. (2011)

Indication: Physical >chemical weathering (drier conditions)
K Foerster et al. (2012)
K/Al Burnett et al. (2011) and Davies et al. (2015)
K/Ti Arnaud et al. (2012) and Davies et al. (2015)

Indication: Chemical >physical weathering
Rb/K Brown (2011), Burnett et al. (2011), and Davies et al. (2015)
Rb/Sr,
log(Rb/Sr)

Unkel et al. (2010) and Fernández et al. (2013)

Indication: Sea spray/Salinity/Marine influence
Br Unkel et al. (2010)
log(Br/Ti) Scholz et al. (2007) and Brown (2011)
Ca Cuven et al. (2011)
S Balascio (2011)

Continued on next page

190



Table A.1 – continued from previous page
Element or
ratio

Reference

Indication: Tephra
low inc/coh Kylander et al. (2012)
Ca Elbert et al. (2013)
Cu, Cu/K,
Fe/K

Basaltic tephra (Balascio et al. 2015)

K Vogel et al. (2010), Kylander et al. (2012), and Damaschke et al. (2013)
Mn Kylander et al. (2012) and Balascio et al. (2015)
Mn/K Basaltic tephra (Balascio et al. 2015)
Rb Guyard et al. (2007) and Damaschke et al. (2013)
Si Balascio et al. (2015)
Sr Vogel et al. (2010) and Damaschke et al. (2013)
Ti Westerhold and Röhl (2009), Kylander et al. (2012), and Balascio et al. (2015)
Ti/K Balascio et al. (2015)
Zr Westerhold and Röhl (2009) and Vogel et al. (2010)

Indication: Calcite precipitation/evaporite concentration/Detrital carbonates
Ca Scholz et al. (2007), Brown (2011), and Foerster et al. (2012)
Ca/Ti Haberzettl et al. (2007), Haberzettl et al. (2009), Kylander et al. (2011), and Jouve et al.

(2013)
Ca/Σ(Ti,Fe,Al) Mueller et al. (2009)

Indication: Biogenic carbonate:detrital clay ratio
(correlation with sedimentary units, sediment grading and source)
Ca/Fe Croudace et al. (2006) and Elbert et al. (2013)

Continued on next page

191



D
etailed

M
ethods

Table A.1 – continued from previous page
Element or
ratio

Reference

Indication: Pyrite
As Croudace et al. (2006)
S/Ti Moreno et al. (2007)
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A.1.4 Procedure of µ-XRF core scanning
Itrax µ-XRF core scanner from Cox Analytical (Gothenburg, Sweden).

µ-XRF scan

1. Clean and smooth sediment core surface.

2. Place sediment core on scan bed and secure with clamps.

3. Record optical image and laser surface scan.

4. Cover sediment surface with thin Ultralene plastic foil against desiccation.

5. Move a representative interval of the sediment under the beam.

6. Adjust the radiographic settings (60 kV, 50mA and different exposure time
used in this study) for a good contrast between background and signal).

7. Adjust XRF settings: 30 kV, 55mA and settings file (measured elements and
instrument specific parameters) for the X-ray tube and sediment type.

8. Record primary signal: The radiographic image will be normalised based on
the primary signal by the software.

9. Set scanning start and end, spatial resolution (here 1mm), XRF exposure
time (here 10 s) and start the scan.

magnetic susceptibility scan

Always conduct after µ-XRF scan as the MS meter leaves imprints on the core
surface.

1. Conduct right after XRF scan (optical image and laser surface scan saved in
the software).

2. Start magnetic susceptibility scan: set start, end and step size (here 5mm).

Data processing

1. Itrax software returns sumspectra and individual spectra for each measured
interval.

2. Open sumspectra in Qspec software and load settings file.
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3. Adjust list of measured elements if necessary.

4. Adjust detector and X-ray tube parameters to decrease the mean squared
error (MSE).

5. Start batch evaluation for all individual spectra and save results.

6. Investigate MSE of results and adjust settings for individual spectra if neces-
sary.

A.2 Tephrochronology
The term ‘tephra’ has been implemented by Thorarinsson (1944) describing material
erupted explosively through the air based on the Greek word τεφρα meaning ‘ash’.
Tephrostratigraphy and tephrochronology are used to correlate and date geological
records, respectively. The broad term ‘tephrochronology’ has been widely adopted
as referring to tephra studies generally (Lowe 2011; Davies et al. 2012).

A.2.1 Limitations
Tephrochronology is only regionally specific, i.e., it relies heavily on the presence of
volcanic systems producing ash deposited as tephra layers (Walker 2005). This,
however, is a minor problem in New Zealand’s North Island with its many volcanic
areas, especially the Taupo Volcanic Zone (TVZ) (Fig. 3.3), which is considered
to be the most frequently active, large rhyolitic centre on Earth (Wilson et al.
1995; Shane 2000). The many lakes in New Zealand, especially the maar lakes of
the Auckland Volcanic Field (AVF) provide good tephra preservation potential
(Green et al. 2014). The dispersal of tephras depends on the magnitude and type
of eruption as well as strength and direction of prevailing winds at the time of
eruption (Walker 2005) and therefore can lead to incomplete records of tephra
through time and space. Direct dating of tephra is not always possible. Dating
of strata just below and/or above usually does not add a large error, however the
dating methods available for the pre-50 000 yr record are rather small. In any case,
dating of tephra layers is often not necessary when tephra can be correlated to
known age tephra horizons.
The tephra record for New Zealand is not complete in space or time. The post-
50 000 yr record is well established. However, the pre-50 000 yr record suffers from
poor age control and many discontinuous sequences (Venuti and Verosub 2010).
Manning et al. (1996) reported numerous rhyolitic tephra older than 50 000 yr but
they lack numeric age control (Shane 2000). The dispersal of tephra depends
strongly on the prevailing wind patterns. In New Zealand, the westerly winds
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control the dispersal of tephra during most times, resulting in deposition mostly
on the east side of the North Island and the adjacent ocean (Shane 2000).
Post-depositional features of tephra (Dugmore et al. 2004) and reworking of glass
shards have been documented by Molloy et al. (2009) and Zawalna-Geer et al.
(2016) indicating possible errors from density settling (Beierle and Bond 2002)
through the water column producing multiple tephra layers from one eruption
and downward displacement of tephra layers leading to potential additional error
sources for the construction of age models (Walker 2005).
Geochemical fingerprinting is not always straight forward as the elemental com-
position often plots with overlaps and/or data of the eruptive history of volcanic
events might be missing (Dugmore et al. 2004; Walker 2005). Major element data
alone is often not sufficient for unequivocal identification of a tephra. Furthermore,
tephra identification relies on support from relative stratigraphic positions in which
a layer is found, any possible age assignment and/or minor and trace element data
(e.g., Knott et al. 2007; Hopkins et al. 2015).

A.2.2 Sample pre-treatment
1. Extract small sample of tephra layer in sediment core.

2. Wet-wash sample over a 63 µm nylon mesh .

3. Dry sample in oven at 100 °C.

4. Investigate sample under microscope.

5. The analysed samples are very glass rich, no handpicking of glass shards was
required. If low abundance of glass shards, handpick shards.

6. Preparation of EMPA stubs.

7. Mix epoxy following the manual and pour into plastic form.

8. After hardening drill sample holes into epoxy stub and polish the surfaces
until smooth.

9. Glue stub to glass plate with double-sided tape.

10. Pour sample material into holes, carefully note the position of each sample.

11. Add epoxy into holes and mix. Carefully remove all air bubbles.

12. After hardening polish stubs on subsequently finer grids until sample is
smoothly exposed.

195



Detailed Methods

13. Investigate sample surface under microscope.

The electron microprobe analysis (EMPA) measurements were performed at the
University of Wellington and are described in chapters 6 and 7.

A.3 Radiocarbon dating

A.3.1 Calibration of radiocarbon ages to calendar ages

Ages obtained by radiocarbon dating need to be calibrated to correspond to calendar
ages (Bronk Ramsey 2009). The basis for this calibration is the dendro-chronological
record and beyond its limit, uranium-series dated fossil corals (Bronk Ramsey 2009).
The calibration curve established reflects the natural variations in long-term 14C
activity and depending on the shape of the curve and measurement uncertainties,
radiocarbon ages relate to a (sometimes large) range of calibrated ages (see example
from one sample of this study in Fig. A.1). Long-term variations in 14C production
are a major problem in radiocarbon dating. The atmospheric 14C concentration has
changed significantly over time with plateaux of reduced atmospheric radiocarbon
activity and hence of roughly constant 14C ages and very large variations in 14C
activity beyond 25 000 yr (Kitagawa and van der Pflicht 1998; Hua et al. 2009).
The causes for these fluctuations are unclear but modulations of cosmic ray flux by
changes in the Earth’s geomagnetic field and/or variations in the intensity of solar
activity have been suggested as well as changes in patterns of ocean circulations,
which influences the release of carbon dioxide (CO2) to the atmosphere (Stuiver
et al. 1991; Goslar et al. 1995; van Geel et al. 2003). Calibrated ages are expressed
as calendar or calibrated years before present (cal. yr BP) where ‘present’ refers to
1950AD. Calibrated radiocarbon ages have non-normally distributed probability
density functions (see Fig. A.1) which prohibits the application of many standard
methods of classical statistics (Bronk Ramsey 2009). Much effort has been focused
on the development of statistical frameworks to incorporate probabilistic methods
for calibration and the incorporation of multiple 14C dates to Bayesian wiggle match
dating where closely-spaced 14C ages are fitted to the wiggles of the calibration
curve (Christen et al. 1995; Blaauw et al. 2003; Bronk Ramsey 2009). See section
A.8 for more detail on Bayesian statistics and the incorporation of radiocarbon
calibration techniques into age models.
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Figure A.1: Illustration of calibration with SHCal13 curve (Hogg et al. 2013) (blue)
of radiocarbon age of 10 505 ± 45 yr (red) to 12 351 ± 142 cal. yr BP
(grey).

A.3.2 Limitations
Hard-water effect

The so-called hard-water effect stems from old carbon, which has already undergone
14C-decay for a certain amount of time and is washed into the lake from the
catchment and then taken up by organisms from the lake water. This effect is more
significant if the local bedrock contains old carbonate (e.g., limestone) and/or in
volcanic crater lakes where volcanic CO2 de-gasses into the lake providing a further
source of old carbon (Philippsen 2013). Due to the common associated presence of
calcium ions, this effect is called hard-water effect and can add up to 1200 yr to
the apparent age of lacustrine material (Peglar et al. 1989; Walker 2005).

Reservoir effect

In the ocean and to a smaller degree in lakes, the reservoir effect complicates
radiocarbon dating. The 14C/12C ratio in the ocean/lake water may be lower than
in the atmosphere as the exchange between the surface water and the atmosphere is
slow and lower water masses have a reduced 14C concentration (older radiocarbon
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ages) than the atmosphere (Revelle and Suess 1957; Stuiver and Braziunas 1993).
A correction factor of typically several hundred years based on the study area is
applied in marine samples, but the magnitude of this effect can vary significantly
depending on the surface-to-volume ratio of the water body as this constrains the
rate of exchange with atmospheric CO2. Hence, it is usually unknown for lakes
and may vary significantly over time (Walker 2005).

A.3.3 Sample pre-treatment
For organic macrofossils (twigs, leaves, wood):

1. Extract samples from sediment core.

2. Remove sediment remains from macrofossil with distilled water and brush.

3. Dry in oven at 60 °C.

4. Clean macrofossil surface and remove any possibly altered parts with clean
scalpel blade.

5. Cut macrofossils in small pieces with scalpel blade.

For bulk sediment:

1. Dry sample in oven at 60 °C.

2. Grind sample into fine powder.

The acid-alkali-acid treatment is the same procedure for organic macrofossils and
bulk sediment:

1. Weigh sample (ca. 20mg to 50mg ideally) into clean and labelled 50ml
centrifuge tube and record mass.

2. Add 10ml to 15ml of 2M HCl and place in 60 °C waterbath for 2h to remove
carbonate from shell or groundwater contamination and infiltrated fluvic and
humic acids.

3. Discard acid extract (if necessary centrifuge tube for 2min at 3600 rpm to
settle the sample).

4. Rinse sample minimum 3 times with milliQ water.

5. Add 10ml to 15ml of 0.5 % NaOH solution to the sample to remove infiltrated
fulvic and humic acids.

198



6. Place tube in 60 °C waterbath for ca. 1h.

7. Discard dark extract (if necessary centrifuge tube for 2min at 3600 rpm to
settle the sample).

8. Rinse sample twice with milliQ water.

9. Repeat NaOH treatment with stronger NaOH solution if necessary (increase
stepwise from 0.5 %, 1 %, 2 %, to 4 % maximum) and place in the 60 °C
waterbath for 1h.

10. Always rinse sample twice with milliQ water before adding new NaOH
solution.

11. Repeat NaOH treatment until extract is clear after 1h in the waterbath.

12. Repeat NaOH treatment with same concentration one more time to ensure
all traces of humic contamination have been removed.

13. Rinse sample three times with milliQ water.

14. Add 10ml to 15ml 2M HCl to sample and let sit at room temperature for
minimum 2h.

15. Discard acid extract.

16. Rinse sample three times with milliQ water.

17. Transfer pretreated sample material to labelled beaker, pipette of excess
water, cover with watch glass and place in 60 °C oven until dry.

18. Transfer dried sample to a clean, labelled glass vial and note final mass.

19. Sample is ready for combustion.

A.4 OSL/post-IR IRSL
A.4.1 Limitations
Incomplete bleaching

optically stimulated luminescence (OSL) dating relies on the fact that the sample
was exposed to daylight during transport to reset the pre-existing luminescence
signal. Whilst several minutes in bright sunlight are considered sufficient, this
can be a problem for samples transported and deposited 1) very fast over a very
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short distance, 2) at night, or 3) in water where light attenuation through the
water column reduces the efficiency to reset the luminescence signal. In this case,
commonly called ‘incomplete or partial bleaching’ the time since deposition will
be over-estimated (e.g., Preusser et al. 2005; Walker 2005; Roberts 2008; Buylaert
et al. 2013; Roberts et al. 2018).

Uncertainty of past water content

The water content during time of burial plays an important role in determining the
dose rate and therefore has a strong influence on the calculated age. 1 % change
in water content causes ∼1 % change in age (Roberts et al. 2018). Changes in
water content over time are possible, related to 1) desiccation or wetting of the lake
(likely negligible for deeper sediment) and/or to 2) sediment compaction (Roberts
et al. 2018).

A.4.2 Sample pre-treatment
In the darkroom:

1. Extract sediment from sediment core.

2. Treat sediment with 10 % HCl and let sit over night.

3. Discard acid extract and wash sample twice with milliQ water.

4. Treat sample with 30 % H2O2 and let sit over night.

5. Discard H2O2 extract and wash sample 4 times with milliQ water.

6. Dry sample at 40 °C.

7. Sieve sample into following grain size fractions:

<63 µm

63 µm to 125 µm

125 µm to 250 µm

>250 µm

8. Pack sample in lightproof boxes and send to Luminescence lab Max-Planck-
Institute Mainz.
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A.5 Dosimetry
A.5.1 XRF

1. Extract sample around sample location of luminescence sample.

2. Dry known volume of extracted sample at 100 °C and note weight and volume.

3. Weigh dried sample.

4. Ash sample at 550 °C and 925 °C and note weight after both steps, calculate
LOI value.

5. Grind ashed sample, weigh XRF flux and add to sample: 10:1 flux:sample
ratio (8 g flux:0.8 g sample).

6. XRF flux:
CLAISSE
Lithium Tetraborate with Lithium Metaborate Fused, Anhydrous
(35.00 % Li2B4O7 - 65.00 % LiBO2)
Grade: Pure

7. XRF disks fused at XRF Analytical Facility Waikato University, Hamilton
New Zealand.

8. XRF measurements at SPECTRO X-LAB 2000 (polarizing energy disper-
sive X-ray fluorescence spectrometer) at XRF Analytical Facility Waikato
University, Hamilton New Zealand.

A.5.2 ICP-MS
1. Extract sample around sample location of luminescence sample.

2. Dry sample in oven at 100 °C.

3. Microwave digestion conducted at ANSTO:
Sample digested with 15 % nitric acid (HNO3) and 0.3 % hydrofluoric acid
(HF) heated to 180 °C over approx. 5min followed by ca. 8min at 180 °C.

4. Dilute resolution solution for ICP-MS to <5 % total acid concentration.

5. ICP-MS measurements for U, Th at Mass Spectrometry Centre University of
Auckland: Agilent 7700 ICP-MS.
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A.6 Palaeomagnetism
A.6.1 Limitations
Sediment composition

Concentration, composition, and size of the magnetic grains have a major influence
on the natural remanent magnetisation (NRM). To avoid reconstructing a stronger
palaeo-field simply because of increased concentration of magnetic grains instead of
a stronger field, normalisation by a magnetic parameter that compensates for this
influence is necessary. anhysteretic remanent magnetisation (ARM) is generally a
measure of the concentration of ferrimagnetic material but also strongly grain-size
dependent (Stoner and St-Onge 2007, p. 110). The NRM/ARM ratio is well-
suited as the relative palaeo-intensity proxy (King et al. 1983) if the NRM is a
depositional remanent magnetisation (DRM) and carried by magnetite in the 1 µm
to 15 µm single domain/pseudo-single domain grain size range. The acquisition
of retention of NRM and ARM is grain size dependent with sub-micron grains
and coarse multi-domain magnetite grains being efficient carriers of ARM but not
carrying a stable DRM efficiently (Stoner and St-Onge 2007). Thus, it becomes
clear that different sediment types and lithological units are variably suited for
relative palaeointensity (RPI) studies and grain size and mineralogy changes need
to be considered.

A.6.2 Sampling and measurements
Sample extraction in standard palaeomagnetic box cubes:

1. Drill a small hole into the plastic cube to allow air and water to escape when
pressing into the sediment.

2. Place plastic cube on sediment core surface in correct orientation: Labelled
‘Up’ on cube needs to match ‘Up’ along the core axis precisely.

3. Carefully push the cube into the sediment avoiding deformation of the sedi-
ment.

4. Carefully extract the cube with magnetically clean (e.g., stainless steel or
plastic) equipment.

5. Close the lid on the cube and close the hole to avoid desiccation.

Palaeomagnetic measurements:
All measurements were conducted at Lund University Palaeomagnetism Laboratory
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using a 2G-Enterprises model 760-R SQUID magnetometer equipped with an
automatic three-axis AF demagnetisation system.

1. Clean sample tray.

2. Measure sample tray.

3. Place sample in sample holder in correct orientation.

4. NRM measurements of pilot samples:
Progressive AF demagnetisation at 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70,
80mT with three-axial intensity measurements after each step.

5. Further NRM measurements:
Progressive AF demagnetisation at 0, 5, 10, 15, 20, 25, 30, 40, 60, 80mT
with three-axial intensity measurements after each step.

6. ARM measurements of pilot samples:
ARM induced by subjecting samples to decreasing AF at 80, 60, 40, 30, 25,
20, 15, 10, 5, 0mT in the presence of a direct current (DC) bias field of
0.05mT using the coils of the magnetometer with intensity measurements
after each step.

7. Further ARM measurements:
ARM induced by subjecting samples to decreasing AF at 40, 30, 20, 0mT in
the presence of a DC bias field of 0.05mT using the coils of the magnetometer
with intensity measurements after each step.

8. isothermal remanent magnetisation (IRM) measurements:
Pulse induced magnetisation with a DC field at 1T using a Redcliffe 700
BSM pulse magnetizer followed by progressive AF demagnetisation at 0, 20,
30, 40mT with intensity measurements in Z-direction after each step.

magnetic susceptibility measurements:

1. Place sample into sample holder in correct orientation.

2. Automatic zeroing of measurement chamber.

3. Sample moves into measurement chamber and records magnetic susceptibility
(κ).
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A.7 Meteoric Beryllium-10
A.7.1 Limitations
Complex and time-varying catchment processes in lakes and often unknown accu-
mulation rates poses difficulties for the reconstruction of 10Be production in the
lacustrine environment. The only solution to this is a focus on small lakes with
a limited catchment area, stable depositional environment and (near-) constant
sedimentation rate or very well constrained accumulation rates (Ljung et al. 2007;
Berggren et al. 2010; Nilsson et al. 2011).

A.7.2 Sample pre-treatment at ANSTO
Acid bath for cleaning of centrifuge tubes, beakers etc.:
1M HNO3, soak in overnight (or longer). Rinse min. 3 times with milliQ water
and dry in clean oven.

1. Weigh a known volume of sediment.

2. Dry sediment and weigh after drying (calculate dry density for later Be-flux
calculations).

3. Powder sediment.

4. Clean 50ml centrifuge tubes in acid bath (see above).

5. Label centrifuge tubes and lids.

6. Accurately weigh empty centrifuge tubes and lids.

7. Add approximately 0.5 g dried sediment into the 50ml centrifuge tube and
weigh accurately.

8. Slowly add 10ml 6M HCl to sediment. Start with a small amount to test for
the strength of reaction. Adjust to 20ml 6M HCl for samples of 1 g.

9. Weigh centrifuge tube with lid, sediment, and HCl after reaction subsides.

10. Gently swirl and allow digesting for 2h to 3h (no longer).

11. Centrifuge at 3600 rpm for 10min.

12. Extract 2ml of supernatant into labelled and tared 15ml centrifuge tube and
weigh accurately.

13. Add milliQ water to fill up to ca. 10ml total volume and weigh accurately.
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14. Diluted extract is sent for ICP-MS or inductively coupled plasma-atomic
emission spectrometry (ICP-AES) for measurement of native 9Be.

15. Add 0.5ml of Be carrier (kept in fridge) to remaining leachate in 50ml
centrifuge tube; note weight and concentration of 0.5ml carrier accurately.

16. Swirl centrifuge tube and let stand for ca. 2h; swirl again after ca. 1h.

17. Centrifuge for 10min at 3600 rpm.

18. Label new, cleaned centrifuge tubes (acid bath, see above).

19. Carefully pipette supernatant into new centrifuge tubes; careful not to include
any solids (Centrifuge again if necessary).

20. Wash residue with 1ml milliQ water (2ml for 1 g samples).

21. Centrifuge for 10min at 3600 rpm.

22. Carefully pipette supernatant and add into same centrifuge tubes.

23. Repeat washing, centrifuging and pipetting.

24. Set sediment residue aside (can be discarded after successful sample prepara-
tion).

25. Add milliQ to supernatant in centrifuge tube to make up to volume of 25ml.

26. Condition and calibrate the pH probe as given in probe manual.

27. Prepare centrifuge tubes and pipettes with NH3 conc., NH3 diluted (ca. 10 %
to 15 %), 10 % HCl for probe cleaning.

28. Prepare separate squeeze-/wash bottles with 5 % HNO3 and milliQ.

29. Neutralise the solution in 50ml centrifuge tube with NH3 (diluted when
necessary). Constantly mix with the pH probe. Raise pH to ca. 7 (reaction
will raise the temperature; as the solution cools, pH will still go up). Between
each sample carefully clean the probe with HNO3 and milliQ from squeeze
bottles.

First reaction signs: Fumes and warming.
Colour change around pH 2 to orange/red: Fe Oxides.
Thick precipitate at the bottom.
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30. Let stand for 2 h to 3h; check pH again. Between 7.8 and 8 is ok. Otherwise
lower it with conc. (or diluted 1M) HNO3.

31. Centrifuge the precipitate for 10min at 3600 rpm.

32. Decant supernatant carefully to waste; do not lose the precipitate.

33. Wash supernatant with 1ml milliQ (2ml for 1 g samples).

34. Centrifuge for 10min at 3600 rpm.

35. Decant supernatant carefully to waste; do not lose the precipitate.

36. Wash supernatant with 1ml milliQ (2ml for 1 g samples).

37. Decant supernatant carefully to waste; do not lose the precipitate.

38. Add 1ml 6M HCl to dissolve the precipitate.

39. Centrifuge for 1min at 3600 rpm to bring down all the drops.

40. Clean Teflon beakers and lids with conc. HNO3 (69 %): add ca. 5ml HNO3
into beaker, put on lid, and place on hotplate (ca. 160 °C). Let fume for
minimum 1h and rinse minimum 3 times with milliQ.

41. Carefully pipette solution into cleaned and labelled Teflon beakers.

42. Rinse centrifuge tubes with milliQ and dry.

43. Teflon beakers to HF fume hood.

44. Put on all HF PPE.

45. Carefully add 15ml conc. HF (48 %) and 2.5ml conc. HClO4 (70 % to 72 %).

46. Carefully swirl beaker and place on hotplate (ca. 180 °C).

47. Fume to small bead (takes several hours).

48. Carefully add 2.5ml conc. HClO4 and fume again to small bead.

49. Carefully add 5ml conc. HCl while hot, swirl gently and allow to cool.

50. When cool, transfer back to centrifuge tubes. Rinse Teflon beakers gently
with milliQ water and add to centrifuge tubes up to ca. 25ml volume in
centrifuge tube.
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51. Rinse and dry Teflon beakers.

52. Prepare anion columns as per standard procedure (place waste container
under column holder):

Weigh ca. 8 g of Dowex IX8-200 anion resin (kept in fridge) in small
plastic beaker (per column)

Add small amounts of milliQ, resin turns liquid.
Pour into column and let drip.
Close with lids (top and bottom).

53. Condition anion columns (cannot stand overnight! Can be prepared if previous
steps will finish soon):

Add 20ml 1M HCl to column (20ml = one time fill up entire column).
Let drain.
Add 20ml 2M HCl to column and let drain.
Add 20ml 4M HCl to column and let drain.
Add 20ml 6M HCl to column and let drain.
Add 50ml 9M HCl to column and let drain (50ml = 2 times fill up entire

column, 1 time to the neck).

54. Spin centrifuge tubes for 1min at 3600 rpm to bring down the drops (and
settle crystals if present, do not pipette crystals).

55. Place Teflon beakers under column (same beaker as before!).

56. Pipette sample into column.

57. Let sample drain completely through the column into the beaker.

58. Run 4 aliquots of 5ml 9MHCl each through the column to elute the Beryllium.
Each time let it drain completely before adding the next aliquot.

59. Place the beaker on the hotplate (ca. 180 °C) and fume to small bead.

60. If some solids present: add some drops of conc. HCl.

61. Add ca. 5ml milliQ and allow to cool.

62. Carefully transfer to centrifuge tube when cool, wash beaker with small
portions of milliQ and add to centrifuge tube up to 25ml volume.
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63. Make up volume to 25ml with milliQ.

64. Calibrate pH probe.

65. Mix 50 % NaOH solution (does not last long when exposed to air) in small
Nalgene bottle.

66. Adjust solution to pH 11.5 with 50 % NaOH solution (mix with pH probe)
and diluted NaOH. Between each sample carefully clean the probe with
HNO3 and milliQ from squeeze bottles.

67. Allow to stand for 2 h to 3h. Check pH again, raise with diluted NaOH or
lower with HNO3 if necessary.

68. Centrifuge for 10min at 3600 rpm.

69. Carefully decant supernatant to waste.

70. Wash precipitate with 5ml milliQ.

71. Centrifuge for 10min at 3600 rpm, decant supernatant, wash again with 5ml
milliQ, repeat centrifugation and decant the supernatant.

72. Dissolve the precipitate in 40ml sulphuric acid peroxide solution (see below)
and leave to dissolve for several hours or overnight.

73. Prepare the cation columns according to standard procedure:
8 g Dowex 50W-X8 200 Cation resin (kept in fridge) into columns same

way as anion columns
Prepare sulphuric acid peroxide solution and place in fridge:
In 950ml of milliQ carefully add 13.5ml of 98 % H2SO4, then add 0.5ml

30 % H2O2 and make up to 1 l volume with milliQ.

74. Condition the cation columns according to standard procedure:
Add 100ml 6M HNO3 to column and let drain.
Add 20ml 4M HNO3 to column and let drain.
Add 20ml 2M HNO3 to column and let drain.
Add 20ml 1M HNO3 to column and let drain.

75. Place large plastic beaker under each column.

76. Immediately before the sample, add 50ml of cold peroxide solution (see 73)
and let drain completely.
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77. Add sample to column (stepwise) and let drain.

78. Stepwise add cold peroxide solution to column and let drain each time.
Maximum peroxide solution to add after sample 250ml.

79. First outgoing solution (into beaker) is clear.

80. A dark band in the resin goes down.

81. Solution becomes yellow when band is flushed out.

82. Drops from the last ca. 50ml should be clear. Once outgoing solution is clear,
process is done.

83. 2 fresh, clean 50ml centrifuge tubes for every sample needed, label with:
1.2M HNO3 wash.
Be/F1.

84. Place 1.2M HNO3 wash tube underneath the column.

85. Add 20ml of 1.2M HNO3 into column. Let drain.

86. Close centrifuge tube and set aside.

87. Place Be/F1 tube underneath the column. Add 40ml 1.2M HNO3, let drain.
Close centrifuge tube and set aside.

88. Cap and lids on columns and set aside.

89. Calibrate pH probe as per manual.

90. Neutralise solution with NH3 to pH 7.8 as above. Much less warming will
occur. pH around 7.6 target for first adjustment.

91. Let sit for 2 h to 3 h, check the pH again and possibly adjust as above.

92. Centrifuge for 10min at 3600 rpm.

93. 3mm to 4mm of clear gel should accumulate at the bottom.

94. Carefully decant the supernatant. Wash precipitate with 2ml milliQ and
centrifuge again for 10min at 3600 rpm.

95. Repeat previous step and carefully decant the supernatant.
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96. Weigh empty crucibles (with lids, lids serve as stand) and record weight
accurately.

97. Transfer gel into crucibles. If necessary, use few drops of 1M HNO3.

98. Dry crucibles over night at 90 °C.

99. Close crucibles and transfer to furnace.

100. Ashing in furnace at:
15min at 50 °C.
15min at 100 °C.
15min at 150 °C.
15min at 200 °C.
15min at 250 °C.
6h at 800 °C.
Let cool (over night or longer).

101. When cool, weigh crucibles with lid and ashed sample.

102. Close crucibles and secure with parafilm.

103. Cathode preparation at ANSTO:
Place the cathode in the cathode holder.

104. Weigh Nb powder: approx. 4 times the mass of the BeO sample.

105. Add Nb powder to sample in crucible, mix well with glass pestle.

106. Scrape mixed sample with spatula until all material is loose.

107. Tip sample material into cathode and carefully tap until all powder is in the
cathode.

108. Add small copper plug on top of the cathode.

109. Press the copper plug in place at ca. 100psi.

110. Check the cathode under the microscope for a smooth surface of exposed
sample.
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A.7.3 10-Beryllium extraction from sediment samples at Lund
University/EAWAG method:

1. Add 9Be carrier to dried and homogenised sample in large beaker.

2. Add 1ml 30 % H2O2, 1ml 37 % HCl and 4ml H2O!

3. Mix and wait over night.

4. Centrifuge and decant into beaker.

5. Add 2ml 37 % HCl and 2ml H2O! to centrifuge tube, centrifuge and decant
into same beaker. Discard precipitate

6. Add 1ml 65 % HNO3 and 1ml 37 % to beaker. Mix and wait until sample
dissolved.

7. Transfer solution into small centrifuge tubes.

8. Add 2–4ml 25 % ammonia solution to reach hydroxide precipitation at pH
10. Mix and wait until precipitation.

9. Centrifuge and discard solution, keeping the precipitate. Wash sample and
repeat.

10. Add 4ml 40 % NaOH (fresh!) to sample and wait >5h. Removal of Fe at pH
14.

11. Centrifuge and decant into small centrifuge tube discarding the precipitate.

12. Add 2–4ml 37 % HCl to solution to pH 3. Wait 30min at room temperature.
Centrifuge and decant into small centrifuge tubes.

13. Add 2–4ml 25 % ammonia solution to precipitate 10Be at max pH 10. Wait
1–2 h, then centrifuge and wash sample twice.

14. Transfer precipitate to quartz crucible and dry.

15. Oxidize to BeO in muffle furnace (110 °C, 600 °C).

16. Press with Nb into AMS cathode.
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A.8 Bacon age-depth-modelling software

‘Bacon’ (“partly inspired by how specific prior information will produce smooth
‘floppy’ or ‘crispy’ Bayesian accumulation models” (Blaauw and Christen 2011))
employs a gamma autoregressive semiparametric model with an arbitrary number of
subdivisions along the sediment for control on the core accumulation rates with the
smoothness of accumulation rate being a controlling feature (Blaauw and Christen
2011; Blaauw et al. 2018). The model relies strongly on prior knowledge about
realistic accumulation rates using informative priors and a self-adjusting, robust
Markov-Chain Monte-Carlo sampling algorithm (t-walk, (Christen and Fox 2010))
which has proven to work acceptably well in many situations and allows the use of
Bacon without input from an experienced statistician (Blaauw and Christen 2011).
Outliers from radiocarbon dating are better addressed with the Student-t model
(Christen and Pérez E 2009), a symmetric distribution with longer tails than the
Gaussian distribution (Blaauw 2010; Blaauw and Christen 2011).
Bacon divides the core into K equally spaced sections and the accumulation rate is
constant over each of these. A semiparametric model establishing the relationship
between depth and age follows Equation A.1.

G(d, θ, x) = θ +
i∑

j=1
xj∆c+ xi+1(d− ci) (A.1)

where ci ≤ d <ci+1, i <K, and c0 <c1 <. . . <cK are depths uniformly spaced
along the core with difference ∆c and x = (x1, x2, . . . , xK). xj is the accumulation
rate of section j.
The accumulation rate at section j is defined as xj = wxj+1 + (1-w)αj, where w
∈ [0,1] and αj ∼ Gamma(aα, bα) iid, with aα and bα known representing the a
priori information available on accumulation rates. Hence, the accumulation rate
at depth cj is a weighted average of the accumulation rate of the previous (above)
depth cj+1 and an independent noise αj. The value of w provides the coherence in
accumulation rates with w = 0 (independent) to w = 1 (completely fixed) which is
a measure of the smoothness avoiding extremely low or high and extreme variations
in the accumulation rate. xj >0 results in an increasing age-depth model and a
prior distribution for the intercept θ, f(θ), is also assumed (Blaauw and Christen
2011).
Bacon can incorporate depth where a hiatus is known or suspected. The jump
length of the hiatus is sampled from a prior Gamma distribution in which short
hiatuses are more likely but longer are still possible (Blaauw and Christen 2011).
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A.8.1 Limitations
Blockley et al. (2007) recommend an integrated approach of testing more than
one model with strict error calculations and integration of radiocarbon data with
sedimentological analyses of site formation processes.

Dating density

Overall, with more dates, the age-depth models achieve a closer match with the
true sedimentation history (Blaauw 2010) but many studies still do not reach
the necessary dating density (depending on scientific questions investigated, but
generally 2 dates per millennium for centennial resolution are recommended), often
for financial reasons (Blaauw et al. 2018). However, the success of the model is
still dependent on the data (Blockley et al. 2008) and thus careful consideration of
the results of the methods mentioned in chapter 3 and this appendix A is not to
be neglected.

Outliers and dating scatter

Blaauw et al. (2018) report that ‘Bacon, remarkably, remains accurate until over
50 % of dates are outlying’ by assuming a student’s t-distribution for radiocarbon
ages (see section 3.4.1).
Dating scatter from the many ways that result in offset of radiocarbon ages from
their true age (see section 3.3.2) and inter-laboratory differences, is more disruptive
to the accuracy of the age-depth model than error sizes of the ages but has no
influence on the model’s precision (Blaauw et al. 2018).

Extrapolation

For various reasons it is often impossible to directly-date the base of a sediment
sequence, especially when the record extends beyond the limit of the radiocarbon
method. In these cases it becomes necessary to extrapolate the age-depth model
beyond the dated levels and this automatically introduces a large degree of uncer-
tainty for the undated parts of the sequence (Blaauw 2010).
Furthermore, the conceptual ideas for the presented age-depth modelling techniques
have been developed with Holocene or late glacial-Holocene sequences in mind,
which often do not show drastic changes in sedimentation regime. This is certainly
reflected in the sophisticated treatment and incorporation of radiocarbon ages.
Whilst general approaches should be transferable on the Late Quaternary time-scale
this may have to be considered and adjusted in extreme cases.
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Choice of appropriate priors and understanding of the sedimentation rate

The main consideration in Bayesian statistics is the selection of appropriate priors,
which is not straightforward (Bronk Ramsey 2009). Bacon determines a ballpark
estimate for the prior of the accumulation rate by a quick investigation of the
provided dates (Blaauw and Christen 2011) which can be adjusted by the user
and may become necessary in more complex records with significant changes in
the accumulation rate. Changes of the shape of the prior influence the resulting
age-depth model (Blaauw and Christen 2011; Trachsel and Telford 2017) where
testing of the model behaviour with simulated ages may become necessary to find
the best choice of prior.
A further value to be specified (or for which to accept Bacon’s suggestion) with
potentially significant influence on the resulting age-depth model is the segment
length over which accumulation is constant, called ‘thick’. Changing this parameter
has an unpredictable effect and a large interaction between accumulation shape
and segment length complicates the determination of the best choice of either
parameter (Trachsel and Telford 2017). While the manual accompanying Bacon
does not provide helpful information for a reliable choice of this parameter, Trachsel
and Telford (2017) recommend to set the segment lengths to a value shorter than
the mean distance between dated levels and prioritise for rapid convergence of the
sampling algorithm (see below).
The prior is the numerical representation of our understanding of the sedimentation
processes in time and space over the entire duration of sediment sequence for
which the age-model is developed. However, the true sedimentation history is
rarely known before commencement of the dating study (Blockley et al. 2007).
Obvious lithostratigraphic boundaries observed in the sediment sequence likely
infer changes in the sedimentation rate (and regime) and inflection point in the
age-depth model are expected at those depths (Blockley et al. 2007; Bronk Ramsey
2008a). Necessary information on the shape and evolution of the lake basin over
time is often not present to infer correct lake accumulation rates (Bennett and
Buck 2016). The basin shape has a large influence on the observed sedimentation
rate in sediment cores: An increasing sedimentation rate up-core relates to a real
increase in sediment volume transported to the basin. In contrast, a decrease in
sedimentation rate up-core may be a simple response to the upwards widening
basin shape under constant, decreased or slightly increased sedimentation rate
(Bennett and Buck 2016).
Thorough testing of different kinds of age-depth models by Trachsel and Telford
(2017) concluded that all the Bayesian age-depth models perform well regarding
precision and uncertainty estimation as long as the number of input (radiocarbon)
dates is not too low. However, the same authors report that no presently available
age-depth modelling routine produces reliable sediment accumulation rates nec-
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essary for calculations of fluxes into the studied basin but median accumulation
rates obtained by Bacon with many radiocarbon dates seem realistic.

MCMC-Algorithms

The t-walk algorithm in Bacon normally needs no adjustments by the user (Christen
and Fox 2010) but rarely MCMC algorithms can fail to converge or even to start in
which case it may be necessary to estimate reasonable starting points for boundary
events and/or to break down the record into smaller units to be treated separately
(Bronk Ramsey 2009). The MCMC-algorithm used in Bacon (“t-walk”) produces
many millions of iterations but the implementation in C++ still ensures good speed.
Additionally, to save disk space, only accepted iterations from the MCMC-algorithm
are saved (Blaauw and Christen 2011).

A.9 Wiggle matching
So-called ‘wiggle matching’ has been developed for matching radiocarbon dates
to the ‘wiggles’ of the calibration curve where the age difference between the 14C
dates is known. This allows more precise chronologies than calibration of the single
dates but is most commonly applied to tree-ring sequences (Bronk Ramsey et al.
2001). As a general technique, ‘wiggle matching’ can be applied to cases where the
relationships are not known in actual 14C years but in terms of sequences, phases
and other similar constraints (Bronk Ramsey et al. 2001) and the underlying idea of
the technique may be applied to different data types. Starting out from an unknown,
but assumed to be linear, accumulation rate for a core, the best fit to the calibration
curve is attempted through step-wise alteration of the accumulation rate. In order
to match the ‘wiggles’ in the calibration curve, the record in question needs to be
segmented and each segment treated with a slightly different modification of the
accumulation rate. The number of segmentations is somewhat subjective and should
be guided by the smallest number of segmentations that achieves a reasonable fit
and lithostratigraphically-constrained changes in the sediment sequence (Blockley
et al. 2007). The curve needs to be stretched or compressed and shifted which can
be easily achieved with two parameters involved in the function which modifies the
record in question. Theoretically, this technique is not restricted to radiocarbon
data and the calibration curve but can be applied to any two sequences where one
serves as the comparison curve from which to obtain calendar ages through the
comparison of the ‘wiggles’ in the measured parameter. A synthesised example is
shown in figure A.2.
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Detailed Methods

Figure A.2: Simplified methodology for curve matching (adapted from radiocarbon
‘wiggle matching’). Independent comparison curve (top) supplies ages
for the study curve on a depth scale (middle). Comparison of both
(bottom) shows good fit of the ‘wiggles’.
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B.1 Peti and Augustinus, 2019. Scientific Drilling

Table B.1: Summary of 16 lithostratigraphic units and 31 subunits in the Orakei
maar sediment sequence.
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0 Marine/Estuarine Mud 0 0 sharp
1a Peat 0.3 0.3 gradual
1b Beige (10YR 3/1 to 10YR 4/1) massive

clay
0.58 0.58 sharp

1c Peat 1.38 1.38 gradual
2a Beige (10YR 3/1 to 10YR 4/1) massive

clay
1.74 1.74 sharp

2b Sand 1.96 1.96 sharp
2c Light brown (10YR 3/2) massive clay with

bioturbation
9.32 9.30 sharp

3a Finely banded sand (10YR 4/4) / silt
(10YR 5/3)

10.08 10.06 gradual

3b Banded sand, disturbed, lots of organic
remains

13.80 13.78 gradual

Continued on next page
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Table B.1 – continued from previous page
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3c Fine light beige (10YR 4/4) sand bands in
brown sand/silt (10YR 5/3), some larger
organic remains

16.93 16.91 sharp

4 Light brown (10YR 4/3 to 10YR 5/3) clay,
fine laminations (small colour change be-
tween laminations), some drilling distur-
bance

26.60 26.545 gradual

5 Brown, greyish (10YR 6/2 to 10YR 6/4)
very fine clay with light wavy laminations

27.92 27.865 sharp

6 Massive light brown clay (2.5Y 4/2) with
basaltic tephra and disturbance

29.24 29.125 sharp

7 Reddish brown (10YR 3/4) clay with fine
laminations and very abundant basaltic
tephra

31.40 30.84 sharp

8a Dark brown (10YR 2/2 to 10YR 3/2) fine
laminations (small colour contrast between
laminations)

45.125 44.393 sharp

8b Dark brown (10YR 2/2 to 10YR 3/2) fine
laminations (stronger colour contrast be-
tween laminations)

50.94 49.798 sharp

9a Structureless dark silt (disturbed) 51.17 50.028 sharp
9b Banded sand/silt (10YR 3/3) 55.71 54.143 sharp
9c Dominantly sand 56.45 54.443 sharp
10 Fine brown (10YR 2/2) laminations,

stronger colour contrast between lamina-
tions (darker), frequent (thin) turbidites

65.69 63.363 sharp

11a Silt with thin sand layers 67.86 65.533 sharp
11b Abundant sand layers/bands in silty matrix 68.30 65.973 sharp
11c Coarse sand with big wood pieces 70.825 67.348 sharp

Continued on next page
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11d Thick sand bands in silty matrix, some
wood

73.485 69.618 gradual

12a Finely laminated clay with abundant silt
and sand layers, some larger organics

75.36 71.423 sharp

12b Finely laminated brown (10YR 2/2) clay
with some turbidites and disturbance

76.71 72.773 sharp

13a Very dark brown (10YR 3/4 to 10YR 2/2)
clay with abundant turbidites, fine lamina-
tions

77.86 73.763 sharp

13b Finely laminated very dark brown (10YR
3/4 to 10YR 2/2) clay, laminations in very
high frequency and strong colour contrast,
very abundant (sometimes thick) turbidites

82.57 77.823 sharp

14a Massive light brown (10YR 5/3 to 10YR
5/4) clay and layered basaltic ash

82.89 78.078 sharp

14b Massive light brown (10YR 5/3 to 10YR
5/4) clay (very fine)

84.075 79.243 gradual

15 Basaltic ash with some wood debris 86.34 a sharp
16 Country rock, sandstone 88.44 a base of core

a Facies units 15 and 16 are entirely removed on the event corrected depth being the
ejecta from the formative eruption (15) and underlying sandstone (16).
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Table B.2: Overview of identified rhyolitic tephra layers in the Orakei sediment
sequence identified in Peti et al. (2019b) and AVF1 with published ages.

Tephra
name

ECD (m)
in Orakei
sequence

Age
(cal. yr BP)

1 standard
deviation (yr)

Reference

Rotorua 5.23 15 635 412 (Lowe et al. 2013)
Okareka 20.74 21 858 290 (Lowe et al. 2013)
Maketu 40.37 35 928 585 re-calibrated

with SHCal13
(Hogg et al. 2013) after
Molloy et al. (2009)

Tahuna 41.988 37 855 805 re-calibrated
with SHCal13
(Hogg et al. 2013) after
Molloy et al. (2009)

Rotoehu 45.138 45 100 1650 (Danišik et al. 2012)
AVF1 60.043 83 100 ca. 1000–

2000
(Molloy et al. 2009)

AVF1 60.043 106 170 4300 (Hopkins et al. 2017)
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B.2 Peti et al., 2019. Quaternary International

Table B.3: Overview of sediment maar crater lake cores scanned with three Itrax
µ-XRF core scanners as specified in Table 5.2
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Hopua HP1_run26 1.6 Marine and
lacustrine

Tuhua 3.2

Hopua HP1_run26 1.6 Marine and
lacustrine

Mamaku 0.4

Hopua HP1_run26 1.6 Marine and
lacustrine

Rotoma 2.3

Hopua HP1_run26 1.6 Marine and
lacustrine

Opepe 0.3

Hopua HP2_run3 1.5 Marine and
lacustrine

Tuhua 2.6

Hopua HP2_run3 1.5 Marine and
lacustrine

Mamaku 0.4

Hopua HP2_run3 1.5 Marine and
lacustrine

Rotoma 3

Hopua HP2_run3 1.5 Marine and
lacustrine

Opepe 0.7

Onepoto One2011_run2A 0.7 Lacustrine Rotoma 4.2
Onepoto One2011_run2B 0.94 Lacustrine Rotoma 17.4
Onepoto One2011_run2B 0.94 Lacustrine Waiohau 1.4
Onepoto One2011_run4 1.33 Lacustrine Okaia 0.9
Onepoto One2011_run4 1.33 Lacustrine Hauparu 0.6
Onepoto One2011_run4 1.33 Lacustrine Maketu 5.1

Continued on next page
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Table B.3 – continued from previous page
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Onepoto One2011_run4 1.33 Lacustrine Tahuna 1.5
Onepoto One2011_run5 1.14 Lacustrine Rotoehu 25.8
Orakei OB07_run41 1.635 Lacustrine Tahuna 0.5
Orakei OB16A_run47 0.63 Lacustrine Rotoehu 22.5
Orakei OB16B_run47 1.17 Lacustrine Rotoehu 32.1
Panmure PB2_345-36 1.38 Lacustrine Mamaku 0.1
Panmure PB2_345-36 1.38 Lacustrine Rotoma 2.4
Panmure PB3_38-395 1.2 Lacustrine Rotoma 2.7
Panmure PB2_39-405 0.97 Lacustrine Waiohau 1
Panmure PB2_39-405 0.97 Lacustrine Rotorua 5.3
Pukaki Puk08_H1_-

run6b
1.37 Lacustrine Rotoma 3.2

Pukaki Puk08_H1_-
run6b

1.37 Lacustrine Opepe 0.7

Pukaki Puk08_H1_-
run7a

0.5 Lacustrine Waiohau 0.9

Pukaki Puk08_H1_-
run7a

0.5 Lacustrine Rotorua 1.6

Pukaki Puk08_H1_-
run9a

0.2 Lacustrine Okareka 1.1

Pukaki Puk08_H1_-
run10a

1.25 Lacustrine Kawakawa
(KOT)

1.6

Pukaki Puk08_H1_-
run10b

0.6 Lacustrine Okaia 1.3

Pukaki Puk08_H1_-
run14b

0.7 Lacustrine Maketu 1

Continued on next page
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Table B.3 – continued from previous page
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Pupuke Pup_2b1_15 1.9 Lacustrine Hauparu 1.1
Pupuke Pup_2b1_15 1.9 Lacustrine Maketu 2.3
Pupuke Pup_2b1_15 1.9 Lacustrine Tahuna 1.6
Pupuke Pup_2b2_16 0.9 Lacustrine Rotoehu 60
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B.3 Peti et al. Journal of Quaternary Science
B.3.1 Supplementary Material 1: Resin-embedded >63 µm

fraction
The traditional tephra identification based on glass shard geochemistry using
electron microprobe analysis (EMPA) targets selected glass shards extracted from
the tephra rather than the bulk samples scanned by the Itrax µ-XRF core scanner
used in this study. For this reason, we developed an experimental approach that
involved scanning a tephra using an approach more analogous to EMP analysis
of the glass shard mounts. The thick Rotoehu tephra provides plentiful sample
and consists predominantly of glass shards with minor amounts of interstitial clay
deposited coeval with the glass shards (which can be easily removed by washing
through a 63 µm sieve as is done for EMPA). In this way, we intended to compare
two different techniques (EMPA1 and Itrax µ-XRF scanning) on a very similar
sample and expected geochemical similarities between the different samples (bulk
sample in the sediment core vs resin-embedded >63 µm fraction).

Method

The thick Rotoehu tephra layer was sampled in contiguous 0.5 cm steps. The
samples were washed through a 63 µm sieve and the captured coarse fraction was
oven-dried. A slab of 35 cm length was prepared from general purpose polyester
resin. Small holes (∼3mm along the long axis) for each 0.5 cm sample were drilled
into the slab, dried ash samples were loaded into the holes and sealed with resin.
The hardened resin was then polished to expose the embedded coarse fraction.
Itrax µ-XRF scans of this slab were conducted at 200 µm steps to obtain several
data points per 0.5 cm thick sample and 100 s exposure time on both the Mo- and
Cr-X-ray tube at ANSTO. Only the samples at the positions 20.5 cm to 30 cm
were scanned as they correspond to the cleanest tephra material in the sediment
core.

Results and Discussion

In the µ–XRF data produced using the Mo- as well as the Cr-tube, each tephra
sample displays a much stronger elemental signal than the resin (Fig. B.2A, B)
giving general confidence in the veracity of scanning small amounts of dry sample
embedded in resin. However, comparison of Si/K vs. Ca/Sr from the resin slab to
the corresponding intervals in the sediment core shows strong discrepancies with

1EMPA data not shown as no similarities between resin-embedded sample and core Itrax µ-XRF
scans were found. See below.
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Figure B.1: Schematic explanation of Itrax µ-XRF scanning of the resin embedded
>63 µm fraction.
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neither the elemental ratio values nor their general trends overlapping (Fig. B.2C).
Whilst our original concern that the resin µ-XRF signal may not be distinguishable
from the sample µ-XRF signal is easily avoidable by thorough polishing, overall
this approach did not prove to be successful failing to recognise similarities between
the tephra material in the slab and core (Fig. B.2C). The difference between the
µ-XRF data from the core and resin slab cannot be explained easily. Either the
tephra surface in the sediment core is so variable in grain size that it strongly
influences the data by a shadowing effect of larger grains (an issue which is removed
in the resin impregnated slab), or any moisture, clastic sediment or organic content
of the core distort the elemental data.
More detailed preparation (such as hand-picking of glass shards for this slab) and
further scanning experiments could resolve these discrepancies though would defeat
the purpose of undertaking the rapid and non-destructive µ-XRF scans in the first
place.
We recommend development of an extensive database of µ-XRF data from tephra
layers found in similar environments (such as the deep Auckland Volcanic Field
maar lakes) that can be used for cross-core correlation (see sections 6.6.2 and 6.6.3
in chapter 6).
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Figure B.2: Resin impregnated tephra samples (Rotoehu). A: Si vs. K (Cr-derived)
sample and resin µ-XRF count data. B: Same as A but Mo-derived.
The difference between the tephra signal (red and blue; full circles)
and the resin signal (grey; open symbols) in the µ-XRF signal becomes
obvious. C: The slab derived (blue; stars) and core derived (black; full
circles) µ-XRF (Si/K vs. Ca/Sr) signals are entirely different giving
low confidence in using this approach for calibration purposes.
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Table B.4: Details of µ-XRF scans at ANSTO Itrax.
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U430 OB16A43 T-04 Mo C 1 407.9 429.7 10 200
U430 OB16A43 T-04 Mo C 2 407.9 429.7 10 200
U430 OB16A43 T-04 Mo C 3 407.9 429.7 10 200
U431 OB16A44 T-05 Mo C 1 682.4 688 10 200
U431 OB16A44 T-05 Mo C 2 682.4 688 10 200
U431 OB16A44 T-05 Mo C 3 682.4 688 10 200
U431 OB16A44 T-05 Mo -1 1 682.2 688.2 10 200
U431 OB16A44 T-05 Mo -1 2 682.2 688.2 10 200
U431 OB16A44 T-05 Mo -1 3 682.2 688.2 10 200
U431 OB16A44 T-05 Mo -2 1 675.8 683.3 10 200
U431 OB16A44 T-05 Mo -2 2 675.8 683.3 10 200
U431 OB16A44 T-05 Mo -2 3 675.8 683.3 10 200
U432 OB16A47 T-06 Mo C 1 251.1 503 10 200
U434 OB16B23 T-01 Mo -1 1 380.7 387.8 10 200
U434 OB16B23 T-01 Mo -1 2 380.7 387.8 10 200
U434 OB16B23 T-01 Mo -1 3 380.7 387.8 10 200
U434 OB16B23 T-01 Mo -1 1 380.7 387.8 20 200
U434 OB16B23 T-01 Mo -1 1 380.7 387.8 100 200
U434 OB16B23 T-01 Mo -2 1 380.7 387.8 10 200
U434 OB16B23 T-01 Mo -2 2 380.7 387.8 10 200
U434 OB16B23 T-01 Mo -2 3 380.7 387.8 10 200
U434 OB16B23 T-01 Mo -2 1 380.7 387.8 20 200
U434 OB16B23 T-01 Mo -2 1 380.7 387.8 100 200
U434 OB16B23 T-01 Mo C 1 380.7 387.8 10 200
U434 OB16B23 T-01 Mo C 2 380.7 387.8 10 200
U434 OB16B23 T-01 Mo C 3 380.7 387.8 10 200
U434 OB16B23 T-01 Mo C 1 380.7 387.8 20 200
U434 OB16B23 T-01 Mo C 1 380.7 387.8 100 200
U435 OB16B27 T-02 Mo C 1 351.7 390.6 10 200
U435 OB16B27 T-02 Mo C 2 351.7 390.6 10 200
U435 OB16B27 T-02 Mo C 3 351.7 390.6 10 200

Continued on next page

228



Table B.4 – continued from previous page
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U435 OB16B27 T-02 Mo C 1 351.7 390.6 20 200
U436 OB16B33 T-03 Mo C 1 78.8 89.3 10 200
U436 OB16B33 T-03 Mo C 2 78.8 89.3 10 200
U436 OB16B33 T-03 Mo C 3 78.8 89.3 10 200
U436 OB16B33 T-03 Mo C 1 78.8 89.3 20 200
U436 OB16B33 T-03 Mo C 1 78.8 89.3 100 200
U438 OB16B47 T-06 Mo 1 1 67.2 390 10 200
U438 OB16B47 T-06 Mo -1 1 67.2 390 10 200
U438 OB16B47 T-06 Mo C 1 67.2 390 10 200
U438 OB16B47 T-06 Mo C 2 67.2 390 10 200
U438 OB16B47 T-06 Mo C 3 67.2 390 10 200
U438B OB16B47 T-06 Mo C 1 78.3 388.2 1 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 2 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 5 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 10 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 20 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 30 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 40 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 50 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 60 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 70 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 80 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 90 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 100 1000
U438B OB16B47 T-06 Mo C 1 78.3 388.2 120 1000
U430-Cr OB16A43 T-04 Cr C 1 410.4 429.9 10 200
U430-Cr OB16A43 T-04 Cr C 2 410.4 429.9 10 200
U430-Cr OB16A43 T-04 Cr C 3 410.4 429.9 10 200
U431-Cr OB16A44 T-05 Cr 1 1 683.7 688.4 10 200
U431-Cr OB16A44 T-05 Cr 2 1 679.8 683.9 10 200
U431-Cr OB16A44 T-05 Cr C 1 683.7 688.4 10 200
U431-Cr OB16A44 T-05 Cr C 2 683.7 688.4 10 200

Continued on next page
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Table B.4 – continued from previous page
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U431-Cr OB16A44 T-05 Cr C 3 683.7 688.4 10 200
U432-Cr OB16A47 T-06 Cr C 1 249.4 490.6 1 200
U432-Cr OB16A47 T-06 Cr C 1 249.4 490.6 10 200
U432-Cr OB16A47 T-06 Cr C 2 249.4 490.6 10 200
U432-Cr OB16A47 T-06 Cr C 3 249.4 490.6 10 200
U434-Cr OB16B23 T-01 Cr -1 1 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr -1 2 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr -1 3 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr -1 1 381.2 386.9 20 200
U434-Cr OB16B23 T-01 Cr -1 1 381.2 386.9 100 200
U434-Cr OB16B23 T-01 Cr -2 1 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr -2 2 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr -2 3 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr -2 1 381.2 386.9 20 200
U434-Cr OB16B23 T-01 Cr -2 1 381.2 386.9 100 200
U434-Cr OB16B23 T-01 Cr C 1 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr C 2 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr C 3 381.2 386.9 10 200
U434-Cr OB16B23 T-01 Cr C 1 381.2 386.9 20 200
U434-Cr OB16B23 T-01 Cr C 1 381.2 386.9 100 200
U435-Cr OB16B27 T-02 Cr C 1 358.5 386.9 10 200
U435-Cr OB16B27 T-02 Cr C 2 358.5 386.9 10 200
U435-Cr OB16B27 T-02 Cr C 3 358.5 386.9 10 200
U435-Cr OB16B27 T-02 Cr C 1 358.5 386.9 20 200
U435-Cr OB16B27 T-02 Cr C 2 358.5 386.9 30 200
U435-Cr OB16B27 T-02 Cr C 1 358.5 386.9 60 200
U435-Cr OB16B27 T-02 Cr C 1 358.5 386.9 100 200
U436-Cr OB16B33 T-03 Cr C 1 87 93.6 10 200
U436-Cr OB16B33 T-03 Cr C 2 87 93.6 10 200
U436-Cr OB16B33 T-03 Cr C 3 87 93.6 10 200
U436-Cr OB16B33 T-03 Cr C 1 87 93.6 20 200
U436-Cr OB16B33 T-03 Cr C 1 87 93.6 100 200

Continued on next page
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U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 1 200
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 1 100
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 2 200
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 2 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 5 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 10 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 20 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 30 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 40 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 50 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 60 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 70 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 80 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 90 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 100 1000
U438-Cr OB16B47 T-06 Cr C 1 66.5 388.2 120 1000
U438-Cr OB16B47 T-06 Cr C 1 62.9 388.2 10 200

Table B.5: Electron microprobe analyses of six tephra layers.
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T-01
T-01_1 78.28 0.15 12.45 1.15 0.02 0.06 0.64 3.52 3.73 0.24 4.36
T-01_2 78.48 0.13 12.51 0.95 0.02 0.15 0.77 3.41 3.58 0.17 7.47
T-01_3 77.98 0.09 12.60 0.91 0.04 0.08 0.70 3.70 3.90 0.18 3.60
T-01_4 78.21 0.09 12.66 1.04 0.03 0.08 0.76 3.44 3.69 0.18 6.52
T-01_5 78.19 0.15 12.48 0.85 0.04 0.07 0.70 3.51 4.01 0.16 4.36
T-01_6 78.10 0.13 12.48 0.95 0.04 0.10 0.70 3.50 4.01 0.12 3.15
T-01_9 78.37 0.16 12.48 0.98 0.05 0.12 0.72 3.46 3.67 0.14 4.46
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T-01_10 78.12 0.13 12.45 0.96 0.03 0.10 0.73 3.48 4.01 0.14 4.07
T-01_11 78.23 0.18 12.82 1.13 0.05 0.18 1.02 3.37 3.02 0.16 7.36
T-01_12 78.46 0.16 12.43 0.81 0.04 0.11 0.76 3.62 3.61 0.18 8.47
T-01_13 77.91 0.15 12.57 1.18 0.03 0.08 0.73 3.71 3.65 0.21 5.16
T-01_14 78.40 0.14 12.67 1.06 0.01 0.10 0.78 3.21 3.63 0.19 8.14
T-01_15 78.45 0.16 12.60 0.89 0.04 0.13 0.81 3.50 3.43 0.17 6.23

T-02
T-02_1 78.44 0.12 12.56 1.17 0.05 0.12 0.96 3.44 3.13 0.19 6.89
T-02_2 78.03 0.10 12.64 1.24 0.06 0.11 0.95 3.75 3.12 0.19 5.34
T-02_3 78.02 0.18 12.62 1.17 0.04 0.11 0.97 3.80 3.11 0.17 5.81
T-02_4 78.49 0.14 12.57 1.16 0.02 0.12 0.94 3.60 2.95 0.17 6.56
T-02_5 78.06 0.12 12.70 1.31 0.02 0.10 1.06 3.72 2.90 0.20 6.04
T-02_6 78.17 0.12 12.54 1.18 0.01 0.10 0.92 3.75 3.20 0.18 4.82
T-02_7 78.37 0.15 12.56 1.08 0.05 0.08 0.94 3.54 3.22 0.20 5.55
T-02_8 78.12 0.14 12.69 1.16 0.06 0.13 1.06 3.80 2.84 0.17 5.17
T-02_9 78.34 0.13 12.42 1.24 0.03 0.11 0.95 3.89 2.88 0.17 5.33
T-02_10 78.26 0.17 12.52 1.37 0.01 0.12 0.97 3.49 3.08 0.18 6.34
T-02_11 78.00 0.12 12.55 1.36 0.05 0.13 1.02 3.71 3.05 0.18 5.32
T-02_12 78.04 0.18 12.70 1.17 0.04 0.14 1.04 3.75 2.93 0.16 5.76
T-02_13 78.24 0.14 12.64 1.16 0.04 0.12 1.01 3.62 3.04 0.18 6.08
T-02_14 78.31 0.16 12.56 1.19 0.03 0.12 0.94 3.71 2.98 0.18 5.83
T-02_15 78.14 0.18 12.55 1.13 0.05 0.11 1.08 3.76 3.01 0.19 1.49

T-03
T-03_2 78.18 0.16 12.40 1.13 0.03 0.10 0.94 3.63 3.42 0.15 3.89
T-03_3 78.13 0.15 12.51 1.12 0.04 0.17 0.98 3.58 3.33 0.16 3.58
T-03_4 78.15 0.12 12.52 1.12 0.06 0.09 0.98 3.60 3.35 0.14 4.07
T-03_6 78.24 0.19 11.97 1.07 0.03 0.03 0.28 3.03 5.17 0.26 3.82
T-03_7 77.75 0.16 12.63 1.42 0.01 0.13 1.14 3.71 3.05 0.14 3.98
T-03_8 78.04 0.19 12.79 0.98 0.04 0.12 0.94 3.50 3.40 0.20 6.46
T-03_9 78.09 0.13 12.48 1.20 0.03 0.14 0.93 3.45 3.55 0.16 3.51
T-03_10 77.94 0.15 12.44 1.38 0.06 0.12 1.10 3.66 3.14 0.16 2.35
T-03_11 78.64 0.17 12.51 1.29 0.00 0.16 1.09 2.88 3.26 0.16 4.84
T-03_12 77.82 0.14 12.49 1.16 0.06 0.13 0.98 3.78 3.44 0.14 3.16
T-03_13 77.89 0.17 12.66 1.27 0.06 0.14 1.01 3.59 3.19 0.15 4.61
T-03_14 78.11 0.12 12.54 1.21 0.06 0.12 1.01 3.67 3.14 0.15 3.36
T-03_15 77.71 0.19 12.59 1.29 0.04 0.11 1.13 3.74 3.21 0.13 3.15
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T-04
T-04_1 74.96 0.43 13.70 1.92 0.06 0.30 1.46 4.73 2.44 0.20 0.73
T-04_2 74.49 0.44 13.93 2.06 0.11 0.39 1.53 4.56 2.49 0.19 2.25
T-04_3 73.75 0.55 14.13 2.25 0.08 0.50 1.92 4.41 2.41 0.19 2.67
T-04_4 73.44 0.54 14.22 2.29 0.11 0.55 1.95 4.51 2.39 0.18 2.47
T-04_5 76.63 0.31 13.31 1.35 0.09 0.29 1.30 4.13 2.58 0.17 2.34
T-04_6 76.43 0.29 13.26 1.44 0.07 0.28 1.36 4.27 2.60 0.19 6.18
T-04_7 73.60 0.51 14.19 2.38 0.09 0.51 1.93 4.47 2.32 0.14 3.50
T-04_8 77.41 0.29 13.48 1.38 0.09 0.29 1.37 3.14 2.54 0.20 3.63
T-04_9 73.81 0.57 14.09 2.28 0.09 0.52 1.88 4.48 2.27 0.17 2.37
T-04_10 76.30 0.29 13.27 1.52 0.04 0.30 1.40 4.31 2.56 0.19 3.76
T-04_12 76.16 0.29 13.31 1.42 0.08 0.28 1.36 4.46 2.64 0.16 2.67
T-04_13 74.66 0.40 13.96 1.94 0.11 0.40 1.61 4.60 2.32 0.19 3.27
T-04_15 77.54 0.09 12.23 1.21 0.00 0.03 0.46 3.48 4.96 0.11 1.30

T-05
T-05_1 78.23 0.17 12.37 0.99 0.02 0.12 0.83 3.39 3.89 0.13 3.87
T-05_2 77.78 0.17 12.44 1.00 0.03 0.12 0.91 3.51 4.04 0.14 3.77
T-05_3 77.95 0.16 12.60 1.04 0.02 0.13 0.88 3.29 3.93 0.18 3.90
T-05_4 78.36 0.14 12.36 1.07 0.02 0.12 0.84 3.11 3.98 0.13 4.01
T-05_5 77.90 0.16 12.64 0.99 0.01 0.16 0.95 3.21 3.97 0.13 2.88
T-05_6 77.83 0.16 12.52 1.14 0.02 0.14 0.92 3.35 3.92 0.17 1.72
T-05_7 78.09 0.16 12.47 0.98 0.04 0.13 0.91 3.24 3.97 0.12 3.05
T-05_8 78.22 0.14 12.44 0.96 0.02 0.12 0.90 3.27 3.94 0.15 4.20
T-05_9 78.08 0.15 12.37 1.04 0.04 0.13 0.89 3.39 3.90 0.13 3.72
T-05_10 78.60 0.15 12.53 1.01 0.04 0.14 0.89 3.14 3.49 0.14 4.22
T-05_11 77.82 0.18 12.60 1.05 0.01 0.13 0.88 3.43 3.90 0.15 3.00
T-05_12 77.93 0.16 12.51 1.08 0.02 0.13 0.93 3.46 3.80 0.13 2.96
T-05_13 77.90 0.19 12.60 1.04 0.03 0.13 0.88 3.34 3.89 0.14 3.83
T-05_14 78.19 0.15 12.31 1.11 0.01 0.13 0.94 3.19 3.96 0.16 4.28

T-06
T-06_1 78.23 0.13 12.65 0.90 0.05 0.16 0.79 3.98 3.11 0.20 1.59
T-06_2 78.25 0.14 12.63 0.98 0.06 0.15 0.80 3.83 3.16 0.18 4.07
T-06_3 78.32 0.12 12.80 0.79 0.05 0.15 0.77 3.79 3.19 0.19 4.73
T-06_4 78.05 0.16 12.60 1.05 0.05 0.15 0.76 4.00 3.19 0.20 3.57
T-06_5 78.17 0.15 12.63 0.99 0.03 0.13 0.79 3.84 3.27 0.19 3.21
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T-06_6 78.02 0.15 12.75 0.91 0.03 0.14 0.78 4.05 3.17 0.19 2.28
T-06_7 78.34 0.14 12.68 0.98 0.04 0.15 0.79 3.69 3.21 0.16 4.03
T-06_8 78.26 0.14 12.74 0.85 0.01 0.14 0.81 3.74 3.31 0.18 5.06
T-06_9 78.30 0.14 12.68 0.89 0.03 0.12 0.78 3.86 3.20 0.20 3.40
T-06_10 78.28 0.14 12.54 0.83 0.06 0.14 0.79 3.86 3.36 0.15 3.62
T-06_11 78.29 0.17 12.70 0.95 0.04 0.14 0.84 3.77 3.10 0.17 4.92
T-06_12 78.35 0.15 12.63 0.90 0.03 0.13 0.79 4.05 2.97 0.20 4.13
T-06_13 78.06 0.15 12.56 0.82 0.03 0.14 0.81 4.02 3.40 0.17 3.98
T-06_14 78.51 0.16 12.52 0.75 0.05 0.15 0.80 3.79 3.27 0.17 3.71
T-06_15 78.43 0.15 12.50 0.92 0.03 0.15 0.79 3.96 3.07 0.18 3.64
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B.4 Development of the multi-method chronology
from Orakei maar lake

B.4.1 Supplementary Material: Tephrochronology

Re-calibrated radiocarbon ages for three tephra layers

The ages for the Okareka, Maketu and Tahuna tephra layers were re-calculated
using 14C ages from (Molloy et al. 2009) as follows: the ages OZK291 and OZK293
(bulk sediment samples 10mm above Maketu and Tahuna, respectively) were
reservoir-corrected with the correction of 410 ± 120 yr as both layers are located
in facies unit 8 of the composite Orakei sediment sequence (section 7.5.2). The
reservoir-corrected ages, as well as OZK292 and OZK294 (macrofossil charcoal
samples 10mm below Maketu and Tahuna, respectively), were calibrated with the
SHCal13 calibration curve (Hogg et al. 2013). The pairs from above and below the
tephra (OZK291, OZK292 for Maketu; OZK293, OZK294 for Tahuna) were then
combined in OxCal 4.3 (Bronk Ramsey 2009) with the “C_combine” command to
obtain a new age for the tephra layers.
Only 14C ages from leaf fragments were accepted for the age determination of the
Okareka tephra layer from the Molloy et al. (2009) 14C-dataset. The 14C ages
OZK262 and OZK263 were combined in OxCal 4.3 (Bronk Ramsey 2009) with the
“R_combine” command to obtain a combined conventional radiocarbon age for
the Okareka tephra (used in section 7.4.2 for reservoir-correction determination),
which was then calibrated with SHCal13 (Hogg et al. 2013).
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B.4.2 Supplementary Material: Palaeomagnetism
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Figure B.3: Orthogonal plots and intensity of magnetisation after step-wise demag-
netisation of pilot samples OB16B42 - OB16B51
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Figure B.4: Orthogonal plots and intensity of magnetisation after step-wise demag-
netisation of pilot samples OB16B52 - OB16B61
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Figure B.5: Orthogonal plots and intensity of magnetisation after step-wise demag-
netisation of pilot samples OB16B63 - OB16B75

239



Supplementary material to publications

S/Up

W

Inc: -43.5° Dec: 7.4° MAD: 2.8° AD: 1.6°

-6 6

-6

6

OB16B76_0455
std fit

0 20 40 60 80

AF (mT)

0

1

2

3

4

5

6

7

8

9

10

M
ag

n
et

is
at

io
n

 (
m

A
m

-1
)

S/Up

W

Inc: -33.4° Dec: 193.4° MAD: 4.2° AD: 4.5°

-4 4

-4

4

OB16B78_0440
std fit

0 20 40 60 80

AF (mT)

0

1

2

3

4

5

6

M
ag

n
et

is
at

io
n

 (
m

A
m

-1
)

S/Up

W

Inc: -36.9° Dec: 53.7° MAD: 3.2° AD: 1.2°

-6 6

-6

6

OB16B79_0490
std fit

0 20 40 60 80

AF (mT)

0

1

2

3

4

5

6

7

8

9

10

M
ag

n
et

is
at

io
n

 (
m

A
m

-1
)

S/Up

W

Inc: -53.1° Dec: 282.4° MAD: 4.7° AD: 6.6°

-6 6

-6

6
OB16B81_0505
std fit

0 20 40 60 80

AF (mT)

0

1

2

3

4

5

6

7

M
ag

n
et

is
at

io
n

 (
m

A
m

-1
)

S/Up

W

Inc: -42.6° Dec: 247.5° MAD: 1.8° AD: 1.4°

-10 10

-10

10

OB16B82_0470
std fit

0 20 40 60 80

AF (mT)

0

2

4

6

8

10

12

14

16

M
ag

n
et

is
at

io
n

 (
m

A
m

-1
)

S/Up

W

Inc: -44.1° Dec: 179.6° MAD: 4.4° AD: 7.3°

-5 5

-5

5
OB16B83_0420
std fit

0 20 40 60 80

AF (mT)

0

1

2

3

4

5

6

7

M
ag

n
et

is
at

io
n

 (
m

A
m

-1
)

S/Up

W

Inc: -57.7° Dec: 24.2° MAD: 10.8° AD: 11.5°

-1 1

-1

1

OB16B84_0450
std fit

0 20 40 60 80

AF (mT)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

M
ag

n
et

is
at

io
n

 (
m

A
m

-1
)

71.32 m 73.23 m

74.17 m 75.88 m

76.50 m 77.59 m

78.56 m

Figure B.6: Orthogonal plots and intensity of magnetisation after step-wise demag-
netisation of pilot samples OB16B76 - OB16B84
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Figure B.8: Orakei ARM vs NRM at 20mT. Note how datapoints in coarser units
with sandy and silty lithology follow a linear trend with a shallower slope
(red) than clay-dominated lithologies (blue; laminated or structure-less).
The NRM values in sand- and silt-dominated lithologies have been
corrected to follow the slope of the linear trend of the clay-dominated
lithologies.

B.4.3 Supplementary Material: Age-depth modelling
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Figure B.9: Orakei age-depth model. Grey lines indicate linear alignment from wiggle matching options. The darker
the line, the better the fit between the Orakei RPI and PISO-1500 VADM and hence higher weighting in
the weighted mean final age-depth model. Orange line is the weighted mean final age-depth model as in
Figure 7.15 with ±1 and 2σ. Inset is a zoom-in of the interval between 50 and 55m ECD for illustration
purposes.243
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B.5 Chemo- and lithostratigraphic variability over
the Last Glacial Interval

B.5.1 Comparison of Molybdenum- and Chromium-X-ray tube
based Itrax µ-XRF data from the Orakei sediment
sequence

The School of Environment, University of Auckland, Itrax µ-XRF core scanner is
equipped with a Mo- and Cr-X-ray tubes. In accordance with the X-ray energy
of Cr (Kα at 5.411 keV), the Cr-X-ray tube has a higher sensitivity for lighter
elements but cannot detect Cr or Mn well and is not ideal for heavier elements
(St-Onge et al. 2007; Francus et al. 2009; Jarvis et al. 2015; Huang et al. 2016). The
Mo-X-ray tube (Mo Kα at 17.443 keV) is often favoured for studies with a broad
range of elements of interest. Given the length of the Orakei sediment sequence of
over 80 m composite depth established from two overlapping cores, conducting all
scans on both X-ray tubes was not feasible. However, selected cores covering the
broad spectrum of different facies units encountered in the Orakei sequence have
been scanned with the Itrax µ-XRF core scanner at the School of Environment,
University of Auckland, using the Cr-X-ray tube (30 kV, 55mA, 10 s) additionally
to the scans presented in this manuscript. Hence, we present a comparison of results
from both datasets here and highlight the strong similarities obtained between
data derived from the Mo- and Cr-X-ray tubes.
The trends in the elemental downcore variation of selected elements/ratios are very
similar in all sediment types (Figs. B.10, B.11). For elements heavier than Cr, the
Mo-derived data shows slightly higher values and vice versa in agreement with the
energy-dependent sensitivity. Only ln(Sr/inc) shows a significant offset between the
Cr- and Mo-derived curves but the observed trend and variability are consistent
between both datasets (Figs. B.10, B.11).
This comparison confirms strong agreement between elemental variability through-
out all sediment types and thus we are confident that we capture all significant
changes in the dataset obtained with the Mo-X-ray tube.
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Figure B.10: Comparison of Itrax µ-XRF elemental ratios between data acquired
with the Molybdenum (black) and Chromium (blue) X-ray anode
(upper Orakei sediment sequence).
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Figure B.11: Comparison of Itrax µ-XRF elemental ratios between data acquired
with the Molybdenum (black) and Chromium (blue) X-ray anode
(lower Orakei sediment sequence).
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Figure B.12: Broken-stick plot for up to 30 clusters in the stratigraphically-
constrained hierarchical clustering. 10 clusters were selected based on
the fact that the black line levels out at 10 groups.
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Figure B.13: k-means partitions comparison following the ssi criterion
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