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ABSTRACT

The Kauroa Ash beds (K-beds) comprise a 12-20 m-thick sequence of extremely
weathered, clay-rich (40-95% <4 pm clay) beds of tephra and loess, and associated
paleosols. Found in isolated remnants throughout the western central North Island, the
sequence comprises 15 defined members, with as many as 44 constituent mMacroscopic
beds. The type site, “Woodstock’, near Raglan, is the most comprehensive sequence
known, but other sites (e.g. Papakura Creek and Tiritirimatangi Peninsula) contain units
not found or poorly defined at Woodstock.

Field properties as well as magnetic susceptibility measurements and particle-size
analysis characterise the facies in the sequence. Field properties (in particular colour,
consistence, macrofabric) describe the lithostratigraphy. The sequence contains five
interpretive (i.e. genetic) ‘facies’: paleosols, primary tephra, very weathered tephra
(possibly composite beds), loess and ‘tephric loess’ beds. At least seven loess beds are
(newly) identified in the sequence: K4a, K5, K6ai, K8ai, K8bi, K10a and K14ai.

Mass-specific susceptibility and frequency-dependent susceptibility results partly
conform to established models (developed mostly on Chinese loess-paleosol deposits)
of susceptibility enhancement in paleosols and depletion in loess. Many parts of the
sequence do not appear to conform to this model and the results more closely resemble
the inverse relationship found on Alaskan loess-paleosol beds. Frequency-dependent
susceptibility is reliable in delineating paleosols by their ‘ultrafine’ ferrimagnetic
mineral content, and citrate-bicarbonate-dithionite treatments successfully remove all
iron oxides so that remeasurement of susceptibility isolates a strictly ‘pedogenic’, rather
than lithogenic, fraction.

Laser diffraction particle-size analysis shows that the Kauroa Ash beds are texturally
reasonably homogenous. They have bimodal particle-size distributions with the most
dominant mode at around 11.25 ¢ inferred to be the product of intense and prolonged
weathering. Other modes are variously centred on 7-8.5 ¢ and, despite weathering and
pedogenesis, have some relationship to the original depositional particle-size
distributions because trends between facies (i.e. genetic units) are delineated. Principal
components analysis objectively characterises these modes as (Wentworth size classes)
‘very fine clay’ and ‘coarse silt’, although there is no proportional relationship between
them, supporting a post-depositional origin for the former mode.

The chronology of the sequence, previously poorly defined, is greatly improved by a
combination of tephrochronologic correlations, fission-track dating, and
paleomagnetism. Five zircon fission-track dates provide independent age ‘spikes’ and
range from 2.24 + 0.29 Ma in the basal member, K1, to 1.28 £ 0.11 Ma for the distal
ignimbrite unit K12a. Paleomagnetism is invaluable in providing additional age
information. The top of the sequence, member K15, is dated as >0.78 Ma (Brunhes-
Matuyama boundary) because of its reversed polarity; two episodes of normal polarity
are found in beds K14b and K2b and are inferred to represent the Jaramillo (1.07-0.99
Ma) and Olduvai (1.95-1.79 Ma) subchrons, respectively. Beds underlying the Kauroa
Ash sequence are also of normal polarity, indicating that they were deposited in the
Gauss Chron (>2.6 Ma).

Identification and correlation of tephras by conventional means (fingerprinting by their
lithological or geochemical properties) is impossible in the Kauroa Ash sequence

because the beds have no remaining volcanic glass, which has instead been altered to an
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assemblage of authigenic phases (clays) by weathering and pedogenesis. However, a
new technique analysing fresh glass found as melt inclusions in quartz grains is
successful in circumventing this problem. Inclusions represent samples of non-degassed
magma that became entrapped during phenocryst growth prior to eruption. The glass
has remained unaltered because it is hermetically sealed in a chemically resistant
phenocryst, which has protected it from weathering processes. Electron microprobe
analysis of the glass inclusions yield results which are wholly reasonable for glass
(totals ranging from 93-97%; low standard deviations of <1%), and a number of
provisional correlations are established by comparing the major element composition of
Kauroa Ash tephra beds with those of proximal deposits. The Kauroa Ash sequence
may contain deposits correlated with at least seven major TVZ eruptions, in many cases
expanding the known extent of the (distal) deposit and, for the first time answering the
question as to the origin of the Kauroa Ash beds.

These correlations, together with an improved chronology, enable the Kauroa Ash
sequence to be placed in a regional stratigraphic framework alongside other New
Zealand Plio-Pleistocene sequences such as those in the Wanganui Basin, Wairarapa,
Cape Kidnappers and Port Waikato. Using paleosols as chrono- and climatostratigraphic
entities (correlated to warm periods in global climate), the sequence can also be placed
alongside a global reference, the marine oxygen isotope stratigraphy. A further
correlation to the Chinese loess-paleosol record suggests that large parts of the Kauroa
Ash sequence were deposited in an incremental manner akin to deposition of loess, so
that the sequence is not only a record of TVZ volcanism, but also of Plio-Pleistocene
paleoclimate.
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I INTRODUCTION

1.1 NEW ZEALAND PLIO-PLEISTOCENE STRATIGRAPHY

Quaternary marine and terrestrial sequences around New Zealand contain numerous
tephra horizons that are the product of voluminous eruptions (100-1000 km®) from the
central North Island volcanic zone (e.g. Newnham et al., 1999a; Shane, 2000). These
large rhyolitic eruptions typically consist of two main eruptive phases: a plinian fall
phase, and a pyroclastic flow or ‘ignimbrite-generating’ phase. As well as having a
catastrophic effect on proximal locations, the eruptions are of a magnitude that result in
the deposition of material over a vast area of land and sea (e.g. Nelson et al., 1985;
Shane, 1994; Wilson et al., 1995a; Carter et al., 1995; Wilson, in press). This is
especially advantageous to Earth Sciences, because the eruptives are essentially
geologically instantaneous, and, if they can persist through weathering and erosion,
produce distinctive ‘time plane’ marker horizons (e.g. Pillans and Kohn, 1981, 1998;
Kohn et al., 1992). The widespread nature of these deposits and extension into distal
locations means they are more likely to be preserved than eruptives in proximal, near-
vent locations. These are complex and typically incomplete (e.g. Krippner et al., 1998)
whereas deposits in distal locations remain relatively unaffected and thus record a more
complete eruptive history (e.g. Shane et al., 1996a, 1998). The disadvantage of deposits
in distal locations is that they are generally thin (reduced thickness with increased
distance from source) and are thus vulnerable to modification by soil-forming processes,
weathering and erosion (Moore, 1991; Manning, 1996). However, if the volcanic
system is a productive one, as in New Zealand (Houghton et al., 1995; Wilson et al.,
1995b), subsequent eruptions reaching distal locations will bury the antecedent deposit,
thereby usually aiding its preservation. Thousands of years of volcanic activity can
result in a comprehensive suite of deposits and identification of these buried tephra
layers would provide a strong stratigraphic and chronologic framework for Quaternary

studies in New Zealand (Lowe and Newnham, 1999; Shane, 2000).

A terrestrial sequence of deposits has the potential to provide more than a region’s
volcanological history, however. It can also be a record of other environmental
parameters operative at the time of deposition. Tephra deposits are subject to

modification by influxes of other sediments through erosion and deposition. A common
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addition is loess, a fine-grained aeolian deposit generally indicative of increased
comminution and erosion of sediments under glacial climates (e.g. Derbyshire, 1995;
Smalley, 1995). Both types of deposit are subject to weathering of existing minerals and
soil-forming processes in general. Rates and degree of weathering reflect contemporary
climatic conditions, specifically temperature and moisture availability. In due course,
under warmer climates and stable site conditions, a soil will form on the deposit. After
burial by a new tephra deposit, or large influx of other sediments, the soil becomes a
buried soil or paleosol, a bed representative of the old land surface and environmental
conditions present at the time of formation. Together, the various properties of tephra-
loess-paleosol sequences can be very useful in the reconstruction of past climate

changes, particularly in the Quaternary period (e.g. Palmer and Pillans, 1996).

Major advances in this field took place in the 1980s when work on the loess-paleosol
sequences of China demonstrated that terrestrial records (as opposed to deep-marine and
ice-core records) also have the ability to record high-resolution information about past -
climatic change (e.g. Heller and Liu, 1984; Liu, 1985; Kukla, 1987). Several
parameters, such as magnetic susceptibility and particle size analysis, provide proxy
records of paleoclimate and, when measured through a dated sequence, allow inferences
to be made about environmental change in the Quaternary (e.g. An and Porter, 1997;

Meng et al., 1997; Maher, 1998; Lu et al., 1999; Ding et al., 2000).

The Chinese loess record is unparalleled for its thickness and continuity, but New
Zealand is well-suited for the occurrence of these deposits due to a history of periodic
glaciation, active volcanism and tectonic activity, all of which have given rise to
repeated periods of accumulation, weathering and erosion (Newnham et al., 1999a).
Several New Zealand sequences have provided considerable information on Quaternary
history (e.g. Pillans and Wright, 1990; Shane et al., 1996a; Black et al., 1996; Palmer
and Pillans, 1996; Newnham et al., 1999a). The Wanganui Basin, southwest North
Island (Figure 1.1) has, in particular, been a detailed source of information on Plio-
Pleistocene stratigraphy and paleoenvironments (e.g. Alloway et al., 1993; Pillans et al.,
1994; Naish et al., 1996, 1998; Carter and Naish, 1998a, 1999).

Distal tephra deposits in New Zealand are not usually of the extent and resolution of the
thick successions of cyclic sedimentary deposits in the Wanganui Basin. However, they

can provide some very useful paleoenvironmental information, and with reliable
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correlation (by tephrochronology) can be ‘linked in’ to other marine and terrestrial
sequences to take advantage of their established chronologies (Pillans, 1994; Palmer and
Pillans, 1996; Lowe and Newnham, 1999).

Western-central North Island is one such ‘distal location’ with a long history of
deposition of pyroclastic flow and fall deposits originating predominantly from the
adjacent Taupo Volcanic Zone (TVZ; Nelson et al., 1989), but also potentially from the
Coromandel Volcanic Zone (CVZ; Figure 1.1; Lowe et al., in press). Deposition
throughout the Quaternary in particular has resulted in a suite of tephra deposits, some
with loessic material, most with paleosols developed on them, that have the potential to
add to what we know of the region’s history. In the Waikato region one such succession

of deposits is known as the Kauroa Ash Formation.
1.2 BACKGROUND: PREVIOUS WORK ON KAUROA BEDS

1.2.1 Early identification and definition

The name ‘Kauroa Ash Formation’ was first proposed by Ward (Pt::fﬂg;ai:g::a;{gh)
(1967) to describe a sequence of seventeen tephra beds exposed fephras

in an outcrop at the entrance to ‘Woodstock Farm’ near Raglan Hamilton Ash
(hereafter known as the ‘Kauroa Ash sequence’). They were Formation
defined as being those beds underlying a younger formation,

defined as the ‘Hamilton Ash Formation’, and resting on

weathered basalt (Figure 1.2). Ward described these beds as

occurring “north of Otorohanga and west of Tirau in the central

part of the North Island of New Zealand” (Figure 1.1). The age Ké,",f,‘,’:&f.h
of the beds was thought to be late Pleistocene. It was additionally

noted that in some locations the lower beds of the sequence were

intercalated with basaltic deposits, suggesting that the

emplacement of Kauroa beds was co-eval with local (Okete and

Pirongia) volcanism. Subsequently, the New Zealand Soil Survey Yg)iaettgel!;d)
report 1 (Pullar et al., 1973) noted Ward’s findings, adding an basalt

assumed age range for the sequence of 125-150 ka. The sequence Figure 1.2 Generalised
stratigraphic column,

is broadly mapped on the New Zealand Soil Bureau Map 134/1 Woodstock section.
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as part of ‘undifferentiated brown tuffs’ (with the Hamilton Ash Formation and other

post-Kauroa beds).

Ward’s (1967) work was modified by Pain (1975) who described and defined one
Kauroa member, not previously differentiated by Ward, in greater detail. The member
was named the Oparau Tephra and was said to occur consistently in sections southwest
and southeast of Pirongia (Figure 1.3), but not in Ward’s Woodstock section. The
member was described as being a characteristically massive tephra, separated from the
top of the sequence by at least eight tephras, including two other massive tephra-flow
derived (i.e. ignimbrite) units. Pain expressed the view that this member was the distal
end of an ignimbrite sheet that originated in the volcanic plateau of the central North
Island. He further suggested that the well-defined Ongatiti Ignimbrite was a possible
correlative, though was unable to provide any supporting evidence other than assumed
stratigraphic juxtaposition. He was also unable to provide any examples of the
stratigraphic relationships between the Ongatiti Ignimbrite and other Kauroa Ash

members.

Davoren (1976) studied the Kauroa beds exposed in a building site on Waikato
University campus. He identified five separate units, named them (bottom to top) KI,
KII, KIII, KIV and KV, and analysed their physical, mineralogical and elemental
properties. Four of the beds (KI, KIII, KIV and KV), dominated by halloysite with
allophane, quartz, feldspar and cristobalite accessory minerals, were said to be of a
rhyolitic origin. The other bed, KII, was said to be dominated by allophane (estimated
by difference), with halloysite, quartz, and cristobalite accessories, and inferred to be of
an andesitic source. The thesis produced no conclusive evidence as to the source or
chronology of the beds, but suggested that they were of early Pleistocene to late

Pliocene age.

1.2.2 Development of ideas

The most recent detailed work on the stratigraphy and composition of the Kauroa Ash
sequence is Salter’s (1979) thesis study that described the physical, chemical and
mineralogical properties of several beds at Ward’s (1967) Woodstock type-site. Salter
identified twenty-six beds, including ten paleosols, and classified the sequence into

fifteen members, K1 (base) to K15 (top). Distinctive features, such as kaolinite books
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and stacks in beds K3 and K12, were noted. The study could not establish any definitive
age or source area, but did suggest an age range of 0.7 to 1.1 Ma based on the estimated
the time required for the weathering of the ten paleosols, and the Taupo Volcanic Zone

as a source area due to the rhyolitic nature of the deposits.

Kirkman (1980) included some work on the Kauroa Ash sequence, comparing the
mineralogy of some Kauroa beds with those of the so-called rhyolitic Pahoia Tuffs in
the Bay of Plenty region. He concluded that intensive weathering had taken place in the
tephras at both sections. Indeed, analyses showed that all weatherable minerals had been
almost completely destroyed, particularly in the oldest tephras. The large amounts of the
stable clay mineral halloysite in most of the tephras further emphasized the long

weathering history of the beds.

A study of the Alexandra and Ngatutura Volcanics (Briggs et al., 1989) provided further
insight into the age of the Kauroa Ash sequence. As previously reported by Keane
(1985), the basal member, K1, was noted as occurring intercalated with co-eruptives of
K/Ar-dated alkali basalts (basanite) of the Okete Volcanics at nearby Ohiapopoko (2.26
+ 0.08 Ma) and Cleaves cone (2.25 + 0.10 Ma) of the Maungatawhiri centre. This
suggested the base of the sequence was considerably older (2.25 Ma) than previously
thought. An age of <1.81 Ma was additionally assigned by Briggs et al. (1989) to
members K12 (Oparau Tephra; Pain, 1975) and K15 (Waiterimu Ash; Ward, 1967)
because these members unconformably overlie co-eruptives of K/Ar-dated alkali basalts

(hawaiite) of the Ngatutura Volcanics at Foxs centre (1.81 +0.07 Ma).

1.2.3 Recent review and re-evaluation

These earlier findings were summarised in a conference field-trip report (Briggs et al.,
1994a). A modified version of Salter’s (1979) Woodstock stratigraphy was reported
together with new clay mineralogical data. These data were based on more reliable
techniques than used previously to estimate short-range order clays (T.G. Shepherd,
unpublished data; Shepherd, 1994). The Kauroa beds were characterised by very high
clay (<2 um fraction) contents, ranging from 69-92%, and dominated by kandite' (60-
95%), with smaller amounts of goethite (2-15%), and minor allophane (0.5-2%),

! Includes both kaolinite and halloysite.
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ferrihydrite (0.1-1%) and gibbsite (<0.1-2%). The small proportions of primary minerals
present were dominated by quartz, cristobalite, (titano)magnetite, ilmenite and zircon.

A further review of the nomenclature and stratigraphy of the Hamilton and Kauroa Ash
sequences (Lowe et al., in press) additionally illustrated the wide range of possible
correlatives of the Kauroa beds. Numerous widespread silicic pyroclastic deposits found
in sequences across the North Island, and in deep-sea cores, may be co-eval with
members of the Kauroa Ash sequence (on the basis of their inferred age). Possible
source areas were noted to include younger volcanic centres in the southern CVZ or

older volcanic centres in the TVZ, or both (Figure 1.1).

1.2.4 Summary

These previous studies have established that the Kauroa Ash Formation is a sequence of
extremely weathered tephra deposits, predominantly rhyolitic but possibly with some
andesitic content. The sequence spans some considerable duration as evidenced by a
minimum of ten paleosols, as defined by Salter (1979), and the base may be of late
Pliocene age. No detailed chronology has been established; however, some provisional
ages have been reported (Briggs et al.,, 1989; Lowe et al., in press). Sources are
suggested (from inferred age and silicic nature) to be either late CVZ or early TVZ
centres, or both. The Kauroa beds are exposed at disparate locations around the Waikato
region, but typically only poorly so and it is thought that the Woodstock type section is

the most complete sequence available.

1.3 THiSs STUDY

1.3.1 Aims

Fergusson’s (1986) ‘Geology of Inland Kawhia’ thesis study revealed that several
exposures of the Kauroa Ash sequence occur around Kawhia Harbour and noted that,
“The tephrostratigraphy of these ash beds is an exacting study in itself

and beyond the scope of this thesis”.

This study aims to build on previous work by providing such an analysis of the Kauroa
Ash sequence in the western Waikato region. Specifically it aims to elucidate the
distribution, characteristics, chronology, stratigraphic context and paleoenvironmental

significance of the sequence.
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This is a challenging endeavour because of the nature of these beds. Most members of
the sequence are so highly weathered that they are comprised of little else other than
clay. Identification of members and beds is not always clear, and various field
characteristics usually used for correlation have been ‘blurred’ by weathering. Primary
minerals are sparse, preventing mineralogical studies and most dating methods. Initial
reports suggested that no volcanic glass remains, precluding conventional tephra
fingerprinting. Another major aim of this thesis is thus to devise and utilise methods for
circumventing these problems, and to find ways of accessing what information remains

in old, highly weathered deposits such as these.

1.3.2 Objectives

The major objectives of this study are as follows:

1. To provide higher resolution information on the character of Kauroa members
than has been previously reported.

2. To attempt to gain that information using different analytical methods than those
used in previous studies.

3. To identify useful field characteristics so that future workers can more easily
identify major or significant units.

4. To gain a better understanding of the chronology of the sequence.

5. To attempt to identify and correlate some of the tephras.

6. To ascertain stratigraphic relationships to other sequences by placing the Kauroa
Ash sequence into local, regional and global contexts.

7. To assess the paleoenvironmental significance of the Kauroa Ash sequence.

1.3.3 Methodology

Chapter 2 establishes the general stratigraphy of the sequence. It concentrates primarily
on field observations with a view to attaining a lithostratigraphy and facies-like
categorisation of Kauroa Ash members. In particular, it aims to provisionally identify

beds that are primarily paleosol, tephra or loess units.

Chapter 3 analyses the magnetic properties of the sequence. High-resolution magnetic

susceptibility values are reported for two main sections. This work helps to refine the



Chapter 1: INTRODUCTION 10

stratigraphy of the sequence as well as providing some potentially useful

paleoenvironmental information.

Chapter 4 reports detailed particle-size data acquired on a lasersizer. Textual

classification helps to characterise sample types (paleosol, tephra, loess) as well as

acting as a potential paleoenvironmental proxy.

Chapter 5 aims to improve on the chronology of the sequence, reporting known
tephrochonological information and some new zircon fission-track dates. It also
presents the paleomagnetism of the sequence, acquired on the two main sections. Key

geomagnetic boundaries and reversals are identified.

Chapter 6, building on Chapter 5, attempts further tephrochronological correlations.
Members of the Kauroa Ash sequence are used to test a new tool for the identification
of tephras — the acquisition of major element composition from glass inclusions in
quartz grains. The major element composition is presented for several beds and

correlations to known and established tephra units are attempted.

Chapter 7 attempts to take these correlations further, by placing the Kauroa Ash
sequence within the New Zealand Plio-Pleistocene stratigraphic framework. Significant
New Zealand sequences of similar age range are identified and their correlation to the
Kauroa Ash sequence column illustrated. The sequence is placed in a global context,

with a correlation to the marine oxygen isotope record.

Chapter 8 aims to summarise findings of this work with an evaluation of the
paleoenvironmental significance, illustrating what is learnt about the New Zealand Plio-

Pleistocene climate and volcanic system from this sequence.

1.3.4 Field sites

Three main sites, together with reference to less complete sites, are used for analysis of
the Kauroa Ash sequence in this study. The three main sites represent the only sections

known that have over half the Kauroa members present. They are:
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e Woodstock (WS) [S13/095096] - this is the type section of the Kauroa Ash
Formation as proposed by Ward (1967).

e Papakura Creek (PC) [R15/788479] — this is the Oparau Tephra type section
as proposed by Pain (1975).
o Tiritirimatangi Peninsula (TTMP) [R15/748458] — this comprises a thick

exposure on the west coast of a Kawhia Harbour peninsula.

Detailed sampling and laboratory work was undertaken at these sites. Other sections are

used to provide supplementary observations in the thesis:

e Ohiapopoko Cone (OC) [R14/787722] — lower members, includes some
important stratigraphic relationships with other formations.

¢ Foxs Centre (FC) [R13/756076] — K12 and K15 with stratigraphic relations to
local volcanism.

e Aotea Harbour Entrance (AH) [R15/718504] — upper members, particularly
thick K14 and K15.

¢ Bryant Home (BH) [R14/705737] — several upper members, stratigraphic
relationship to local laharic deposits.

e Hinuera Quarry (HQ) [T16/461614] — upper members, stratigraphic
relationship to Ongatiti Ignimbrite.

e Taharoa Comer (TC) [R15/801437] — exposure of some upper members.

e Wyllies Hill (WH) [S15/155445] — upper members.

e Waiterimu (WAI) [S13/095096] — type location for Waiterimu Ash member
(uppermost Kauroa Ash member, K15; Ward, 1967).

Most of the sites are shown in Figure 1.3. Further information (including stratigraphic

columns for the main sites) is given in Chapter 2.

1.3.5 Definitions

1.3.5.1 Definition of the Kauroa Ash sequence

The limits of the Kauroa Ash sequence are defined as follows: the top of the sequence

(top of K15) is distinguished by its sharp contact with the overlying Hamilton Ash
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Formation, a 3 to 5 metre-thick sequence of strongly weathered, clay-textured tephra
beds described in the Waikato region (Ward 1967; Pain, 1975). The oldest member of
this formation, bed H1/2 (also known as the Ohinewai Ash or Tephra; Ward, 1967;
Vucetich et al., 1978; and more recently, the Rangitawa Tephra; Kohn et al., 1992), is
an extremely widespread, prominent marker bed, being distinguished by its typically
pale yellowish brown colour and a yellow, quartz-rich coarse sandy layer forming the
sharp boundary with the underlying Kauroa material. It is dated at c. 0.35 Ma (Lowe et
al., in press). The uppermost Kauroa Ash member, K15, was individually defined by
Ward (1967) as the “Waiterimu Ash Member’. The type locality for this member is near
Waiterimu, about 30 km north of Hamilton (Figures 1.1, 2.8; Lowe et al., in press). This

member is exposed in numerous localities in the northern Waikato (Ward, 1967).

The base of the sequence, K1, rests on a variety of materials, the most common of
which were found to be: weathered basaltic material derived from Okete and Karioi
volcanoes (e.g. at Woodstock type-site); volcanic breccias of the Pirongia Formation
(e.g. at Tiritirimatangi Peninsula); aeolian sands of the Kaihu Formation (e.g. east of
Kawhia Harbour region); weathered Jurassic sediments (e.g. at Taharoa and south

Kawhia Harbour region); and in most other localities weathered greywacke.

1.3.5.2 Nomenclature

Tephra nomenclature follows that of Froggatt and Lowe (1990), Shane (2000), Lowe

and Hunt (in press) and Hunt and Lowe (in press).

‘Tephra’ is defined as the collective term for all unconsolidated, primary pyroclastic
products of a volcanic eruption (Froggatt and Lowe, 1990; Lowe and Hunt, in press).
Since this definition no longer specifies origin or emplacement method (as per earlier
definitions e.g. Thorarinsson, 1974) it is a useful general term for the description of the
volcanic material in the Kauroa Ash sequence. Genetic terms are avoided because,
except in a few circumstances, parent material, origin and mode of emplacement are

usually impossible to discern.

There are a few variants to this definition. A stratigraphic entity composed of tephra
may also be referred to as a ‘tephra layer’, ‘tephra bed’ or ‘tephra horizon’ (Hunt and

Lowe, in press). ‘Tephric’ is used to denote reworked deposits or that weathered from
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antecedent primary tephra deposits (Lowe and Hunt, in press). ‘Pyroclastic’ is a broader
term than tephra as it includes both unconsolidated and consolidated (welded or
hardened) clastic material (Hunt and Lowe, in press). ‘Ignimbrite’ denotes what is
inferred to be the primary deposit of a pyroclastic flow or flows (Froggatt and Lowe,
1990). ‘Ash’ is a grain-size term (Hunt and Lowe, in press) but is retained in the title of
the sequence because (a) its size connotation is still accurate in terms of the Kauroa
members (grain size of deposits are all <2 mm), and (b) the sequence is formally

defined as the Kauroa Ash Formation.

Other derivative terms used include: ‘tephrochronology’ (senso stricto) is defined as the
use of tephra deposits as time-stratigraphic marker beds to establish numerical or
relative ages (Shane, 2000; Lowe and Hunt, in press); ‘tephrostratigraphy’ is the study
of sequences of tephra layers and associated deposits, including their age relationships
and distinctive properties (physical, mineralogical, geochemical or isotopic
composition; Hunt and Lowe, in press); and ‘tephrofacies’ describes different facies of
unconsolidated pyroclastic deposits pertaining to a single eruptive episode (Lowe and

Hunt, in press).

Other terms are defined where appropriate.
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2 LITHOSTRATIGRAPHY

2.1 INTRODUCTION

2.1.1 Lithostratigraphy

Lithostratigraphy is the fundamental building block of stratigraphy, the organisation of
the geological record into stratigraphic units on the basis of observed changes in the
character of the deposits (Boggs, 1995). In this chapter, field descriptions and
observations are presented with the aim of organising the Kauroa Ash sequence into a

lithostratigraphic framework.

Conventional lithostratigraphic units are employed. The Kauroa beds have previously
been termed a ‘formation’, the definition of which is well-defined upper, lower and
lateral boundaries that can be traced and mapped over considerable distances. Field
evidence presented below will show that this is indeed the case for the Kauroa beds,
though the beds are now collectively termed a ‘sequence’. As established in previous
work (e.g. Salter, 1979), the sequence is divided into fifteen members, each of which
consists of one or more beds. Members K1-K15 are thought to be somewhat arbitrarily
defined in places, but the framework is well established and will not be changed.
However, additional constituent units and subunits (volcanigenic) are recognised as a

result of this study and are outlined below.

The intention is to go a step further and organise observed lithostratigraphic members
and beds into a ‘facies-like’ categorisation. A semi-interpretative approach is adopted,
with an inferred method of genesis stated where possible. ‘Facies’, in this case, fall into
three main categories: paleosols, tephra and loess. For the purposes of this study, they

are defined below.

2.1.2 Paleosols

Paleosols are soils of an environment or landscape of the past (Lowe, 1996). They are
important features of New Zealand Quaternary deposits especially, and some can be

correlated over wide areas (Campbell, 1986). Few have been formalised as stratigraphic
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entities, yet identification of paleosols can provide extensive information on buried
geomorphic surfaces, paleolandforms, unconformities and paleoenvironments (Eden
and Furkert, 1988; Palmer, 1994; Lowe, 1996). As such, they are invaluable to
Quaternary studies (Newnham et al., 1999a).

Reliable, unequivocal criteria for recognising paleosols have yet to be developed, but in
the case of paleosols on tephra and loess they are usually distinguished by their darker
colours and finer textures compared with underlying beds (Kennedy, 1994). Paleosols
can also be differentiated by their macromorphology: well-developed blocky,
polyhedral and/or prismatic structures, increased organic matter accumulation or
abundance of root channels (e.g. Campbell, 1986; Rankey and Farr, 1997). Other
studies have used parameters such as amino acid levels, K and P content and bulk
density to identify and characterise paleosols in sequences (e.g. Kimber et al., 1994;

Almond, 1996; Palmer and Pillans, 1996).

A genetic linkage between climate and paleosol development (especially on loess) is
well established (e.g. Derbyshire et al., 1995; Rankey and Farr, 1997; Maher, 1998).
Paleosols developed on tephra sequences also provide potential for paleoclimatic
interpretations even though the rate of accumulation of tephra deposits is not directly
related to climate change and paleosols may be aggradational (Newnham et al., 1999a).
Studies have shown that environmental factors, together with tephra composition,
determine the rate and type of weathering, and resultant clay minerals (e.g. Lowe, 1986,
1995; Hodder et al., 1990; Alloway et al., 1992; Lowe and Percival, 1993; Cronin et al.,
1996). The relationship between accumulation of tephra and loess, and soil formation

under different climates is summarised in Table 2.1.

Table 2.1 Model of the relationship between the accumulation of loess or tephra
and the formation of soil during periods of different climates, Wanganui region.

Climate Accumulation of loess/tephra vs. soil formation

Warm (interglacial) Soil formation > tephra >> AV loess >> QF loess

Mild (interstadial) Soil formation > tephra > AV loess > QF loess

Cool (glacial-stadial) QF loess > or < AV loess > tephra > soil formation

Cold (glacial) QF loess >> AV loess >> tephra >> soil formation
Notes:

AV, andesitic-volcanic; QF, quartzo-feldspathic
Source: After Palmer and Pillans (1996) and Newnham et al. (1999a)
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Whereas the chronology of the last 50 ka is reasonably well known, the stratigraphy and
chronology prior to this is still being developed, and any information that can be added
will be of benefit. Some of the oldest paleosols recognised in New Zealand are on
tephras of the Kauroa Ash sequence (Ward, 1967; Campbell, 1986), and this study has

the potential to add resolution to the existing information available.

2.1.3 Tephra
The definition of ‘tephra’ in this study is outlined in Section 1.3.5.2.

The main value of tephra layers is their geologically instantaneous, widespread nature,
meaning they are extremely useful as stratigraphic time-planes and/or marker horizons.
As such, silicic tephras have been studied in New Zealand for over 60 years leading to a
detailed understanding of their stratigraphy, distribution, and processes of eruption
(Lowe, 1990; Froggatt and Lowe, 1990; Lowe and Newnham, 1999; Shane, 2000).

In the central North Island, eruptions from multiple volcanic centres (Figure 1.1) have
resulted in extensive volcanic deposits, in places tens of metres thick (Lowe and
Newnham, 1999; Shane, 2000). One difficulty near source, however, is that subsequent
eruptions have tended to obliterate earlier deposits, and the stratigraphic record is
incomplete (Krippner et al., 1998). It is possible that the accessible deposits in this
proximal zone represent only a fraction of the eruptive history of the North Island
(Shane et al., 1995, 1996a, 1996b; Shane, 2000). Tephra sequences in distal areas may
be more complete in favourable circumstances, with many eruptions represented by
(albeit) thinner deposits. Distal tephras are also often chemically and mineralogically
more homogenous, and can have consistently distinctive physical characteristics

(Moore, 1991; Manning, 1996; Black, 1992; Shane et al., 1996a).

2.1.4 Loess

Loess has been widely defined by many different authors. Many definitions are
unnecessarily descriptive or prescriptive, when the reality is that, like many deposits,
loess has significant natural variation in terms of thickness, grain size, colour,
mineralogy, geochemical composition, geotechnical characteristics and morphology.

Pye (1995) therefore advocated a relatively simple definition, describing loess as “a
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terrestrial clastic sediment, composed predominantly of silt-sized particles, which is
formed essentially by the accumulation of wind-blown dust”. Lowe (1980) made a
distinction between the descriptive definition of loess, that it is essentially unbedded and
well-sorted silt, and the genetic definition of loess, that it is an aeolian deposit,

ultimately of glacial origin.

Loessic beds have not previously been identified in the Kauroa Ash sequence. However,
in recent years, visitors to the Woodstock section have remarked on the likelihood of
there being some present. Though not comparable to the thick deposits found on the
Chinese Plateau, there are considerable loess deposits in New Zealand (Cowie, 1964;
Collen and Vella, 1984; Campbell, 1986; Kennedy, 1988, 1994). Most recently, Pillans
and Wright (1990) and Palmer and Pillans (1996) described a 17-m-thick, 500 ka
continuous sequence from the Wanganui Basin that contains 11 distinct loess beds. It
seems entirely possible, therefore, that there could be at least some loess in a Waikato-

based Quaternary sequence.

Loess is reported to have several distinguishing features. Colour is dominantly
yellowish brown (Munsell colours 10YR 5/4-5/6); it is of friable to firm consistence
(moderately weak to moderately firm soil strength); and it is usually permeable with
weakly developed blocky or massive structures. Textures may range from clay in the
oldest loesses, to clay loams in the younger loesses, to silt loams and fine sandy loams
in the youngest loess (< 25 ka) (Kennedy, 1988). Pesci (1990) listed additional features,
noting loess is “a loose deposit with coarse silt predominant in grain size, unstratified,

porous, permeable... pale yellow colour”.

2.1.5 ‘Tephric loess’

Pye (1995) recognised that the mineralogical variation between loess in different parts
of the world reflects the nature of the surficial geology. The loess found in North Island,
New Zealand, is likely to be different to a degree from that found elsewhere, in that a
large proportion of it is comprised of reworked rhyolitic (and andesitic) tephra eroded
from the central volcanic region (Vucetich, 1982; Kennedy, 1988, 1994). The term
‘tephric loess’ is suggested to describe such deposits (Pullar and Pollok, 1973; Milne
and Smalley, 1979; Kennedy, 1994; Smalley, 1995; Newnham et al., 1999a).
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There are some difficulties with ‘tephric loess’ as a term, however, such as the amount
of tephra material required to justify using the adjective ‘tephric’. Identification can also
be problematic, especially where post-depositional pedogenic processes have taken
place; any such deposit thus becomes largely indistinguishable from either ‘reworked
tephra’ or ‘loess’ in the classical sense (Lowe, 1980). Therefore, for the purposes of this
study an arbitrary distinction has been made: in the case of loess beds, where little or no
evidence of a volcanic provenance can be discerned, the term ‘loess’ is used; where the
bed is ‘loess-like’ but with evidence of appreciable tephric material (barring pumice

lapilli, as per Kennedy, 1994), the term ‘tephric loess’ is used.

2.2 KAUROA ASH SEQUENCE IN THE WESTERN WAIKATO

2.2.1 Distribution

Reconnaissance fieldwork revealed patchy exposures of Kauroa Ash beds (K-beds) at a
wide range of locations across the western central North Island. The sequence is
incomplete (does not contain all of members K1-K15) in most places, however, and
apart from the two sections already known, Woodstock (Ward, 1967; Salter, 1979) and
Papakura Creek (Pain, 1975), only one other thick (>10 m) section, on the

Tiritirimatangi Peninsula, was found.

The K-beds are particularly well preserved in the Raglan and Kawhia districts on the
west coast (Figure 1.3). In the Raglan district, moderately thick sequences (>2 m) are
found on flat lying and gently sloping surfaces on the tops of ridges composed of
basaltic lava or Tertiary mudstone, and on mounds of scoria and tuff. At Kawhia, K-
beds are especially well exposed in cliffs around the harbour, and in road-cuttings
through the relatively low-lying undulating hill country surrounding it. K-beds are not
found on the ranges between the west coast and SH31, presumably removed by erosion,
though occasional sections are found in the plateau uplands between Raglan and
Kawhia. These latter sections are usually shallow, consisting of just one or two
members or beds, making identification and definition near impossible if a ‘marker bed’
is not present. It is clear that the long comprehensive sequences found are the exception
rather than the norm, and that the majority of the Kauroa Ash sequence has been eroded

away.
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2.2.2 Main field sites

Throughout the thesis, grid references for all sites are based on the 1:50,000 metric map

series NZMS 260, and comprise sheet number and coordinates.
2.2.2.1 Woodstock

‘Woodstock’!, near Raglan (Figure 1.3), is the type locality as proposed by Ward
(1967). The 15 m-thick section contains the 15 members of the sequence, and may
contain as many as 44 constituent beds. It is underlain by basaltic deposits of the Okete
Volcanic Formation, and overlain by the Hamilton Ash Formation with a marked

unconformity.

Figure 2.1 illustrates the section, noting some of the key members. The stratigraphy is

detailed in the Figure 2.2 (key for Figures 2.1-2.14 on page 26).

2.2.2.2 Papakura Creek

‘Papakura Creek’, near Oparau (Figure 1.3), is the type locality of the Oparau Tephra,
as proposed by Pain (1975). The 20 m-thick section contains members K6 to K15 (base
obscured) and is overlain by the Hamilton Ash Formation. Dominating the sequence is
the c. 3.5 m-thick ignimbrite, the Oparau Tephra. The section also contains two other
distal ignimbrites, here informally named PCM1 and PCM3. PCM2 was also assigned a

separate name because of noteworthy field characteristics®.

Figure 2.3 illustrates the section, noting boundaries between members. The stratigraphy

is detailed in Figure 2.4.

2.2.2.3 Tiritirimatangi Peninsula

The ‘Tiritirimatangi Peninsula’ section is a c. 28 m-thick exposure on the western end

of the peninsula. It contains most of units K3 to K15 (K6 to K8 are evidently missing)

! The name derives from the original name of the adjacent farm.
? Extremely high quartz crystal content of the bed.
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Woodstock Type Section ($13/095096)

Major unconformity

Dark brown (7.5YR 3/4) to brown (7.5YR 4/6) clay: ;
developed blocky structure ( ) clay: very fim; strongly

Reddish brown (5YR 4/6) clay; firm; diffuse boundary to:

Yellowish brown (10YR 5/6) to brown (10YR 4/6) clay; firm;
abundant sand-sized quartz crystals; relict pumice

Bright brown (7.5YR 5/6) clay; firm; polyhedral structure

Bright brown (7.5YR 5/6 to 5/8) clay; firm; abundant sand-sized
quartz (and other) crystals; large (5-10 cm) pumice

Bright yellowish brown (10YR 7/6 to 6/6) clay; firm; polyhedral
structures in top 10 cm

Brown (7.5YR clay; firm; medium prismatic structure
Bright yellowish brown (7.5YR 6/6) clay; abundant sand-sized crystals

Brown (7.5YR 4/6) to bright yellowish brown

‘Speckled’ appearance - dark brown, brown and red grains; firm;
coarse polyhedral structure; pumice; crystal-rich

Light yellow orange (7.5YR 8/3) clay with pink mottles, especially in
top 20 cm; firm; massive; crystal-rich; abundant Mn nodules

Brown to bright brown (7.5YR 4/6 to 5/6) clay; extremely firm; strongly
blocky, prismatic structure; ‘speckled’ (white) towards base

Bright brown (7.5YR 5/6) clay; firm; polyhedral structure

Bright yellowish brown (10YR 6/6) clay with yellow-white veins; very
friable; fine-earthy fabric

Brown (10YR 4/6) to bright yellowish brown (10YR 6/6) clay; firm,
becoming less so towards base; polyhedral structure

Bright yellowish brown (10YR 6/8) clay with some brown (10YR 4/6)
mottles; darker and firmer in top 5 cm, becoming friable thereafter

Same as for b); Mn streaks in top 10 cm

Brown (10YR 4/6) clay; firmer than overlying member, though sticky
and ‘plastic’; crystal-rich

Reddish brown (5YR 4/8) clay, yellow mottles; moderately friable
becoming firmer towards top of bed; polyhedral to medium prismatic
structure

Brown (7.5YR 4/6) clay; firm; abundant sand-sized quartz crystals
Yellowish brown (10YR 5/8) clay; firm; prismatic structure, especially
in upper half of bed

Yellowish brown (10YR 5/6 to 5/8) clay; soft; friable; polyhedral
structure; homogenous through unit

Yellowish brown (10YR 5/8) clay with some orange mottles; firmer
than overlying member; polyhedral to weakly prismatic structure

Bright yellowish brown (10YR 6/6) clay; friable, fine-earthy fabric; Mn streaks
Brown (7.5YR 4/6) sandy clay; crystal-rich; darker and firmer at top of bed
Bright reddish brown (5YR 5/8) sandy clay; extremely crystal-rich;

Brown (10YR 4/6) clay; extremely firm (dry or moist); strongly blocky
structure

Yellowish brown (10YR 5/6) clay; firm

Reddish brown (5YR 4/6) clay with some yell. brown (10YR 5/6) veins;
extremely firm; massive

Dull reddish brown (5YR 4/4) clay; firm; polyhedral structure; silt-sized
quartz crystals visible

Purple to dark reddish brown paleosol on weathered basalt

N.B. For further details see Table 2.1

Figure 2.2 Stratigraphy and field properties of Woodstock type site (key on page 26).
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Papakura Creek (R1 5/788479)

Dull yellowish brown (10YR 5/4) clay: ;
Sl yellc ( ) clay; very firm; strongly blocky

Yellow orange to bright yellowish b .
soft, friable O Y rown (10YR 8/6 to 7/6) clay; very

Bright yellowish brown (10YR 6/8) clay; firm; moderately prismatic
structure .

Yellow orange (10YR 7/8) clay; very firm; orange-red weathered lithics;
relict pumice; abundant sand-sized crystals

Brown (10YR 4/6) clay; extremely firm; strongly blocky structure; root
traces; some sand-sized quartz

As above, to bright yellowish brown (10YR 6/8)

Yellow orange (10YR 6/8) clay; firm; crystal-rich

Light yellow orange (10YR 8/4) to pale orange (5YR 8/3) clay; white,
red pumice; some lithics in middle section; crystal-rich

Dull orange (5YR 6/4) to yellow orange (7.5YR 7/8) to orange (7.5YR
6/6) clay; firm; blocky, prismatic structure in top half of bed; abundant
sand-sized crystals (quartz)

Orange (5YR 6/6) to bright yellowish brown (10YR 7/6) clay (top to
base); abundant sand-sized crystals; ?pumice

Yellowish brown (10YR 4/6) clay with red mottles; firm; strongly
blocky in top 15-20 cm; red. brown (5YR 4/6) clay towards base of
bed; abundant mica

Mottled grey, yellow, brown; very soft, friable; crystal-rich

Light grey (2.5Y 8/2) sandy clay at top, becoming pale orange (5YR
8/3) over 20 cm; very firm; abundant crystals, lithics (red. brown,
grey), pumice; extensive Mn streaks

Light grey (7.5Y 8/1) clay with orange-red veins / banding; sticky; Mn
streaks

Dull yellow orange (10YR 7/3) sandy to gravelly clay

Yellowish brown (10YR 5/6) clay; extremely firm; very strongly blocky,
prismatic structure

Bright yellowish brown (10YR 6/6) clay with lighter yellow mottles;
fine-earthy fabric; small (<0.5 cm) halloysite nodules throughout
Bright yellowish brown (10YR 6/6) clay; very firm at top; firm; prismatic
to polyhedral structure

Brown (10YR 4/4) to dark brown (10YR 3/4) sandy clay; ‘mushy’; very
high natural moisture

Bright yellowish brown (10YR 6/6) clay; extremely firm over top 10 cm;
becoming softer; some Mn streaks in top 10 cm

As overlying bed, with grey mottles; very firm over top 20 cm becoming
soft and sticky; abundant sand-sized crystals (quartz)

Bright brown (7.5YR 5/8) clay with some greyish yellow mottles; firm;
prismatic structure; root traces

Figure 2.4 Stratigraphy and field properties of Papakura Creek section (key on page 26).
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Tiritirimatangi Peninsula (R15/748458)
(TTM4)

sl?tﬁ:'c(:t?);gwn (7.5YR 3/4) to brown (7.5YR 4/4) clay; very firm; blocky

Bright brown (7.5YR 5/6) clay; firm

Bright yellowish brown (10YR 7/6) to yellow orange (10YR 8/6) clay:
firm; distinct boundaries; crystal-rich: )r,elict pumicg ( ) clay:

Brown (10YR 4/4) clay; very firm; blocky, prismatic structure

Pale yellow (2.5Y 8/4) sandy clay; very firm; massive; poss. small
(<1 cm) pumice

‘Speckled’ brown, pink, orange, yellow grains; soft, becoming firm
towards top; crystal-rich

Pale orange (5YR 8/3) to orange (2.5YR 7/6) to dull orange (5YR 6/4);
firm; massive; crystal-rich; abundant weathered lithics, pumice

As for overlying unit; distinct boundary between two sheets
Light grey (5YR 8/2) clay with pink mottles / banding

Brown (10YR 4/4) clay; extremely firm; strong blocky structure

Bright yellowish brown (10YR 6/6) clay; soft, friable; polyhedral structure

Bright brown (7.5YR 5/6) to yellowish brown (10YR 5/8) clay; very firm
to firm; prismatic to polyhedral structure (top to base)

Reworked material from underlying ignimbrite unit
Extensive cross-bedding

Pale orange (10YR 8/4) to light grey (2.5Y 8/2) clay matrix; very firm;
massive; lithic-rich; pumice-rich (lenticular in basal 0.5 m); crystal-rich

Vertical jointing in lower c. 1 m; orange veins/banding in lowermost 0.2 m

Dull yellowish brown (10YR 5/3) clay, orange mottles; extremely firm

Brown (10YR 4/6) to yellowish brown (10YR 5/6) clay; firm; Mn,
halloysite
Orange (5YR 6/6) clay with red and white mottles; firm; crystal-rich

Bright yellowish brown (10YR7/6) sand; firm but friable; increasing in
grain size into next bed; thin paleosol over top 20 cm

Contains large (>10 cm) pebbles of varying lithologies

Figure 2.6 Stratigraphy and field properties of Tiritirimatangi Peninsula section (key on page 26).
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This unit was defined by Fergusson (1986). Further south along the peninsula, the

a lahar deposit of the Pirongia Volcanics. At least three other major tephra deposits

(possibly ignimbrites) are seen in the

exposure; they are informally named TTM1 -

TTM3. TTMI1 is provisionally correlated

KEY TO FIGURES 2.1-2.14:

. . . (NRRARRRENR Paleosol
(stratigraphic evidence and field observations) 00000000 Halloysite nodules
with the Oparau Tephra, though it is R R Micaceous flakes
considerably more weathered than that seen at v Acoa Primary volcanic unit
the type section nearby. =2 Cross-bedding

Oe2-° Gravel to pebble-

o
. . . : o i i
Figure 2.5 illustrates the section, noting some 7o O sized material

of the key members. The stratigraphy is /_.\J\ Vertical jointing

detailed in Figure 2.6. Hamilton Ash

HAF Formation
Rang T. Rangitawa Tephra

2.2.2.4 Other sections

Other, shallow, sections examined in this study are illustrated in Figures 2.7 — 2.14.

2.3 FIELD PROPERTIES OF KAUROA ASH MEMBERS

This section is largely a compilation of observations from all sections examined. A
summary of field properties is outlined in Table 2.2. Descriptions are after Milne et al.

(1995).

2.3.1 Visual identification of beds

Individual beds in any single section are usually easily definable in the field due to their
differing characteristics, most notably colour and consistence. Colours vary from dark
to bright browns, to yellowish browns and occasional red, orange, yellow and white-
toned beds. Consistences under moist conditions range from friable to extremely firm.
Where only a few beds are present in shallower sections, identification is somewhat
more difficult and other characteristics, in addition to stratigraphic position, are usually

required for correlation and assignment of member names.
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¢. 70 cm; Reddish brown (5YR 4/3) clay; blocky and prismatic; occ.

/ quartz crystals; paleosol in upper half

/ c. 40 cm; Brownish yellow (10YR 6/6) sandy clay; fine blocky structure
c. 40 cm; Red. yellow (5YR 6/6 to 6/8) gritty cla ding t

" (25YR6/8)cla ( o o rading 1o pae red

Cclay; some coarse sand-sized quartz crystals; Mn streaks,
occ. halloysite

——— c¢. 30 cm; Red (2.5YR 5/6) clay; sand-sized micaceous minerals

Basaltic paleosol; dark red (2.5YR 3/6) slightly gritty clay, grading
:jomr_\\;v?;ds to blotchy, greyish gritty clay; >4 m of weathered basaltic
apilli tuffs

——— ¢. 70 cm; Pale brown (10YR 8/3) greasy clay, strong brown (7.5YR 5/6)

mottles in upper half, massive; many quartz crystals; occ. halloysite

———— Weathered greyish brown (2.5Y 5/2) basaltic tuffs and lava

Maungatawhiri
Ohiapopoko Cone*
(R14/787722)
HAF
7K15
———— NSNS
7K5
K4
K3
avavaa e
Oket <V >A
ete —_—
Volc. >Ax
A<V >
avaaa e
K1
avaYaVe e
<V >A
Okete | A <V
Vole. |v > A <
<V >
> A<V

Figure 2.7 Stratigraphy of section at Ohiapopoko Cone, east side of
Kauroa-Te Mata Road (after Briggs et al., 1989)

* Section ‘4’ on Figure 1.3; key on page 26

Foxs Centre*
(R13/756076)

HAF

K15

K12

Ngatut.

Basalts

~
—

c. 20 cm; reddish brown (5YR 4/3) gritty clay; blocky and prismatic;
occasional quartz crystals; paleosol developed in upper half

c. 45 cm; strong brown (7.5YR 5/6) clay; fine blocky structure; sparse
quartz crystals

c. 20 cm; brownish yellow (10YR 6/6) and pale yell. brown (10YR 6/4) sandy
clay; coarse blocky structure; firm; abundant quartz crystals and mica books

c. 40 cm; reddish yellow (5YR 6/6) clay; many mottles and mica books
c. 30 cm; very pale brown (10YR 7/4) clay; orange mottles; Mn concretions

Weathered basaltic tuffs; dark red. brown (2.5YR 3/4) clay; occasional
weathered basaltic fragments; paleosol developed in upper half

Figure 2.8 Stratigraphy of section at Foxs Centre, south side of Waikaretu
Road (after Briggs et al., 1989)

* Location on Figure 1.1; key on page 26
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Section*
(R14/705757)

, I ‘ | ‘ ‘ ‘ — c. 1.0 m; dark brown clay

Kauroa Ash sequence

K15|- - - -~
c. 0.7 m; yellowish brown clay
K14 c. 0.3 m; pale yellowish brown clay
c. 0.4 m; dark reddish brown clay
K13 c. 0.3 m; pale yellowish brown clay
c. 0.4 m; dark reddish brown clay
K12 c. 0.2 m; orange clay
c. 0.1 m; pinkish blotchy clay
c. 0.2 m; white clay
K11 c. 0.8 m; very dark reddish brown clay (prismatic)
K10 c. 0.4 m; yellowish brown clay (?faulted)

c. 0.4 m; olive clay (blocky); grading to:

>2 m; reddish blotchy clayey laharic debris

Karioi Formation
(Wairake Member)

Figure 2.9 Stratigraphy of the Bryant Home section, east side of
Whanga Road (after Lowe et al., in press)

* Section’5’ on Figure 1.3; key on page 26

Waiterimu*
(S13/095096)
uap [T
(Rang.T) -~~~ ~
cii c. 0.2 m; olive grey (10Y 5/2) clay; firm; moderately developed
- : polyhedral structures; abundant prominent Mn nodules
- cl —— c. 0.25 m; olive grey (10Y 5/2) clay; firm; weakly developed medium
3 B = 1 polygedral structure; many Mn nodules
§ Elw|b — c¢. 0.3 m; olive grey (10Y 5/2) clay; massive; many distinct red mottles
o g 7 il i with prominent live clay ‘veins’ at base (marks base of paleosol)
Sc
S=a| |,
< c. 1.0 m; dull reddish brown (5YR 4/3) clay with earthy fabric; grades
— into: strong brown (7.5YR 5/6) clay; friable; scattered white/cream
?halloysite nodules
I I | I I l | I | —— Paleosol on yellowish to cream-coloured clay (?strongly
(AANAS weathered colluvium)

Figure 2.10 Stratigraphy of Waiterimu section, Tahuna Road (type locality
for Waiterimu Ash Member [K15] of Ward, 1967)
* Location on Figure 1.1; key on page 26
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K15 p
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¢. 1.0 m; yellowish brown (10YR 5/6 to 5/8) clay; strongly blocky and prismatic
structures; root traces; occ. small (<1 cm) halloysite nodules; some mica

¢. 0.6 m; yellowish brown (10YR 5/8) clay; firm

c. 0.5 m; brown (10YR 4/4) clay; very firm; blocky structure; root traces

c. 0.4 m; yellow orange (10YR 7/8) clay; friable structure: abundant sand-
sized quartz crystals and magnetite; occasional small relict pumice (<2 cm)

¢. 1.4 m; yellowish brown (10YR 5/6) clay; very firm; strongly blocky and
prismatic structures; root traces; occasional sand-sized quartz crystals visible
¢. 0.2 m; yellow orange (10YR 8/8) clay; soft, friable; weakly prismatic
structures

c. 0.6 m; yellow orange (10YR 7/8) clay; soft, very friable; relict pumice (<1 cm)
c. 0.4 m; reddish brown (5YR 4/8) clay; very firm; blocky structures; abundant
Mn streaks and nodules; bright yellowish brown (10YR 6/8) mottles

c. 0.4 m; bright brown (7.5YR 5/6) clay; extremely firm; blocky structures

c. 0.3 m; bright yellowish brown (10YR 6/8) clay; firm but friable; occasional
large (c. 200 ym) quartz grains

c. 0.25 m; yellowish brown (10YR 5/8) clay; firm; abundant sand-sized
quartz crystals

c. 0.6 m; bright reddish brown (5YR 5/8) clay; firm; abundant sand-sized
quartz crystals

c. 0.3 m; dull orange (5YR 6/4) and orange (5YR 6/6) clay; firm; massive;
abundant sand-sized quartz crystals, magnetite and mica books; weathered
grey lithics (<2 cm); fine grained matrix

c. 0.4 m above road level; bright reddish brown (2.5YR 5/8) gritty clay; firm
but friable; abundant sand-sized crystals, especially of quartz; Mn streaks
and nodules

Figure 2.11 Stratigraphy of Aotea Harbour section, east side of Aotea Road
* Section ‘6’ on Figure 1.3; key on page 26

(R15/801437)

HAF
(Rang. T)

————— -

K15

T

?

K12

K11

K10

K9

FECETTTTT

AAA/

c. 1.2 m; dark red. brown (5YR 3/4) clay; very firm; strongly blocky
structure; root traces; some sand-sized quartz crystals; occasional
small (< 2 cm) halloysite nodules

c. 0.3 m; yellowish brown (10YR 5/6) clay; firm; moderately prismatic
structure

sand-sized quartz crystals, magnetite; relict pumice (< 3 cm); Mn streaks
c. 0.8 m; dark brown (10YR 3/4) clay; extremely firm; strongly blocky
structure

c. 0.2 m; bright yellowish brown (10YR 6/6 to 6/8) clay; friable, fine-earthy
structure; some Mn and halloysite concretions

c. 0.7 m; bright brown (7.5YR 5/6) clay, to bright yellowish brown (10YR
6/6) towards base; firm; blocky in top 20 cm; abundant Mn and halloysite
concretions

> 0.8 m; yellowish brown (10YR 5/6) clay; firm; moderately prismatic
structure

/
——— c. 1.0 m; light yellow orange (10YR 8/4) sandy clay; pink mottles; coarse
\

Figure 2.12 Stratigraphy of Taharoa Corner section, Kawhia Harbour Road
* Section ‘7’ on Figure 1.3; key on page 26
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>2m

c.3m

c. 1.0 m; dark brown (7.5YR 3/4) clay with grey (10YR 6/1)
mottles; very firm; blocky structure; occasional sand-sized
quartz crystals

c. 0.5 m; reddish grey (2.5YR 6/1 to 5/1) clay matrix; soft;
weathered brownish grey (7.5YR 5/1) lithics; small (<3 cm)
pumice; Mn streaks and nodules

c. 0.3 m; yellowish grey (2.5Y 6/1 to 5/1) sandy clay; firm in top
10 cm, thereafter soft; weathered lithics, pumice; abundant sand-
sized quartz grains, mica flakes; Mn streaks

c. 0.5 m; yellowish grey (2.5Y 6/1) sandy clay; similar to above
though firmer

> 1.5 m; greyish yellow (2.5Y 7/2) sandy clay; very firm; large
(>2 cm) lithics and pumice; abundant sand-sized quartz
crystals, mica books; Mn streaks; thin (2-5 cm) iron pans;
possible paleosol in top 20 cm

Figure 2.13 Stratigraphy of Wyllies Hill section, east side of SH3

* Section ‘8’ on Figure 1.3; key on page 26
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c.4m

c. 1 m; brown to dark red. brown (top half of bed) clay
c. 1.5 m; bright brown to brown (top third of bed) clay

c. 0.5 m; bright yellowish brown to brown (top of bed) clay

>15 m; pale yellow (7.5Y to 2.5Y 8/3) sandy matrix; partially
welded ignimbrite; pumice-rich (10%); crystal-rich (12%);
abundant sand-sized quartz, plagioclase; lithics

Figure 2.14 Stratigraphy of Hinuera Quarry section, off SH27
* Location on Figure 1.1; key on page 26
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Table 2.2 Summary of field properties of the Kauroa Ash sequence.

MEMBER BED DESCRIPTION/LITHOLOGY

K15

C

aii

ai

Distinct but irregular upper boundary with Hamilton Ash. Dark brown

(7.5YR 3/4) clay grading into brown (7.5YR 4/6) clay over 20 cm.

Very firm at top, becoming gradually less so. Well-developed blocky

structure. Abundant sand-sized crystals visible (quartz).

Reddish brown (SYR 4/6) clay. Firm. Diffuse boundary marking

structural change to:

Bright brown (7.5YR 5/6) clay grading into orange (7.5YR 6/6) clay

over 10 cm. Firm. Massive. Abundant (tiny) crystals; possible small

pumice fragments.

Brown (10YR 4/6) clay. Very firm. Very fine-grained. Some small
__pumices (1-6 cm); sand -sized crystals visible.

K14

b ii
bi

Bright brown (7.5YR 5/6-5/8) clay homogenous through unit. Some
sand-sized crystals visible, in places, abundant crystals forming discrete
layers (<1 cm thickness). Firm. Polyhedral structure. Halloysite nodules
mark base.

Bright brown (7.5YR 5/6-5/8) clay. Firm. Abundant sand-sized crystals.
Bright brown (7.5YR 5/6-5/8) clay. Firm. Large pumice fragments (5-
10 cm), red staining. Siliceous concretions. Abundant sand-sized
crystals (mostly quartz). Large halloysite nodules / bed at base.

Distinct colour change to a very much lighter ‘bright yellowish brown’
(10YR 7/6-6/6). Firm. Polyhedral structure. Halloysite nodules forming
a distinct layer at the base of the unit.

K13

Significant colour change from unit above to brown (7.5YR 4/6) clay.
Firm. Medium prismatic structure.

Increasing in value to bright yellowish brown (7.5YR 6/6). Diffuse,
indistinct boundary to:

K12

Brown (7.5YR 4/6) clay gradually increasing in value to bright
yellowish brown (7.5YR 6/6) clay. Firm. Coarse polyhedral structure.
Indistinct boundary to:

Matrix same in colour, but increasing in ‘speckled’ nature, some dark
brown, brown and red grains — coarse polyhedral structure, crystal /
mineral rich. Occasional relict pumice fragments. Suggests is partly or
wholly reworked material from underlying bed. Diffuse boundary but
distinct change into:

Light yellow orange (7.5YR 8/3) clay, with pink mottles, especially
towards the top. Firm, massive. Crystal rich. Extensive small halloysite
(white / pink) and manganese (brown / black) nodules throughout.
Mass-emplaced unit, weathered distal ignimbrite.

K11

Straight, distinct boundary. Brown to bright brown (7.5YR 4/6-5/6)
clay. Extremely hard when dry or moist, large strongly developed
prismatic structure. Towards the base of the unit becomes ‘speckled’
(white, brown, dark brown).

K10

Bright brown (7.5YR 5/6) clay. Firm, abundant (quartz) crystals visible.
Polyhedral structure.

Bright yellowish brown (10YR 6/6-6/8) clay, with yellow-white veins.
Very friable, fine-earthy fabric. Halloysite nodules mark a distinct
boundary at base.
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K9

Brown (10YR 4/6) clay, extensive manganese nodules, and some small
halloysite nodules. Firm, becoming slightly less so towards the base.
Diffuse boundary to:

Colour increasing in value towards the base — brown to yellowish
brown to bright yellowish brown (10YR 5/6-6/6). Polyhedral structure.

K8

Bright yellowish brown (10YR 6/8) clay, with some brown (10YR 4/6)
mottles. Darker and firmer in the top 5-10 cm. Friable thereafter.
Blocky structure. Halloysite nodules mark a distinct boundary to:

Similar in colour and mottling. Extensive manganese nodules towards

the top of the bed. Becoming more friable down the unit. Diffuse lower
boundary.

K7

Brown (10YR 4/6) clay. Distinct textural change. Firmer than overlying
unit, more ‘plastic’. Abundant sand-sized crystals visible; probable
tephra unit.

K6

Reddish brown (5YR 4/6-4/8) clay. Moderately friable, becoming
firmer towards the top of the bed. Polyhedral structure.

Brown (7.5YR 4/6) clay. Firm. Abundant sand-sized crystals visible,
probable tephra unit.

Yellowish brown (10YR 5/8) clay. Firm. Some weak prismatic
structures.

K5

Yellowish brown (10YR 5/6-5/8) to bright brown (7.5YR 5/6-5/8) clay.
Soft, friable. Polyhedral structure. Homogenous throughout the unit.

K4

Yellowish brown (10YR 5/8) clay with some yellow orange (10YR 7/8)
mottles. Firmer than overlying unit. Abundant silt-sized quartz visible.
Polyhedral to weakly prismatic structure.

Bright yellowish brown (10YR 7/6) clay. Moderately firm. Occasional
crystals visible.

Bright yellowish brown (10YR 6/6) clay. Friable, fine-earthy fabric.
Polyhedral structure. Mn staining and nodules. Distinct boundary
marked by halloysite nodules.

K3

Brown (7.5YR 4/6) sandy clay. Abundant sand-sized crystals
throughout. Darker and firmer at the top of the bed.

Bright reddish brown (SYR 5/8) clay. Distinct (primary) tephra bed.
Extremely crystal rich — coarse sand-sized crystals easily visible
(primarily quartz, mica and magnetite). Prismatic structures towards the
top of the unit. Occasional small halloysite nodules. Sharp distinct
boundary marked by halloysite nodules.

K2

Brown (10YR 4/6) clay. Extremely hard when dry or moist. Well-
developed blocky structure. Some small manganese nodules near top of
unit.

Yellowish brown (10YR 5/6) clay. Firm.

K1

Reddish brown (SYR 4/6) clay. Extremely firm. Massive. Some
yellowish brown (10YR 5/6) veins visible.

Dull reddish brown (5YR 4/4) clay. Firm. Polyhedral structure. Possible
relict pumice. Tiny (?silt-sized) quartz grains visible.
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2.3.2 Identification of paleosols

As defined by Ward (1967) and subsequently Pain (1975), the Kauroa Ash sequence is
separated from the overlying Hamilton Ash Formation by a well-defined erosional
disconformity. Below this, the uppermost member, K15, is separated from underlying
members by a minor unconformity. Thereafter, no major discontinuities are discernible,

and deposition appears to have been fairly ‘continuous’.

The presence of some strongly developed’ paleosols indicates, however, that certain
land surfaces persisted (hence soils developed or evolved) for some considerable
amount of time before another significant eruption occurred, or that tephra accumulated
in thin increments via pedogenic ‘upbuilding’ (Almond and Tonkin, 1999). The term
‘paleosol’ is used here in the sense of one or more buried soil horizons, typically B
horizons (e.g. Bt, Btg, Bw), that represent part of the solum of a soil profile once at or

near the land surface.

Very strongly developed paleosols are found at the top of members K1, K5, K6, K11,
K13 and K15. All are a dark brown colour sometimes with a reddish hue, extremely
firm consistence, and often with blocky or prismatic structures. Many also exhibit clay
veins and manganese nodules that appear similar to those found in the modern soil (e.g.
Hamilton or Naike soils) where tephra is exposed at the surface. Furthermore, in many
cases, it is possible to see soil plant and organism impressions (root traces or rootlet
pseudomorphs), all indicative that the material was once part of the solum of a modern
soil profile. As a result, these beds are very distinctive and provide excellent marker

horizons.

Moderately developed* paleosols are also formed on members K8, K9, K12 and K14. In
addition to these ten paleosols previously identified by Salter (1979), this study
recognises four additional moderately developed paleosols. These occur at the top of
beds K2b, K3b, K4c, and K14a (e.g. Figure 2.2). There is also the possibility that weak
paleosols have been formed on K6a, K7, K8a and K14b. Thus there is a total of at least

14 and possibly 18 paleosols in the sequence.

* Dark brown colour, very firm consistence, strongly developed pedality with blocky or prismatic
structures.
* Dark brown colour, firm consistence, blocky or prismatic structures.
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As noted by previous workers (Ward, 1967; Salter, 1979; Kirkman, 1980), all beds have
very high clay contents. Halloysite is by far the major component (T.G. Shepherd,
unpublished data; Briggs et al., 1994a; Shepherd, 1994). It is found throughout the
sequence, sometimes forming a discrete but distinct white bed between adjoining units,
or as layer of nodules’, for example between K14 and K13, K10 and K9, K4 and K3,
etc. It is often found in association with extensive Mn nodules. This would suggest that

silicon enrichment through wetting-drying and perching (slow drainage) has occurred

(Stevens and Vucetich, 1985; Lowe, 1986).

2.3.3 Tephra ( ‘volcanigenic’) beds

Very few of the Kauroa Ash members could unequivocally be called ‘primary tephras’,
such is the extent of their weathering. However, various features are indicative of a
volcanigenic origin (i.e. ultimately tephra deposits). These include the presence of:
pumice fragments (usually small, < 1 cm), abundant silt to sand-sized crystals, siliceous
concretions, streaks of manganese oxides, occasional (weathered-out) lithic
pseudomorphs, and a generally paler colour than the paleosols developed on them. A
sharp contact with underlying members is also suggestive, though not necessarily

definitive, of a rapid emplacement.

Some beds are particularly easy to recognise in the field, forming distinct marker beds:
K3, bright pinkish-orange in colour, has abundant coarse sand and micaceous crystals
and a sharp contact with the underlying K2 paleosol marked with small halloysite
concretions; K12a is a pale pink-white bed with darker pink mottles, abundant sand-
sized crystals visible throughout (especially quartz), extensive Mn staining, massive,

firm and with sharp boundaries.

Other members with characteristics suggestive of a volcanigenic origin are: the lower
portions of K1, K4c, K7, K10b, K12b, K14bi, K15a, b and c. Some units, especially
K12b and K14bii, are thought to represent reworking of the underlying unit or a

subsequent phase of the same eruption. No bedding features are evident, such

5 Vary in diameter from 1 to 10 cm. Nodules are extremely hard but can be broken with a hammer to
reveal a greyish white material with streaks and blotches of pinkish red material, probably an iron oxide.
X-ray diffraction analysis of the white material showed it to be composed of well-ordered halloysite
(Kirkman, 1980).
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characteristics being unlikely to have survived the weathering and pedogenesis that has

taken place.

2.3.4 Loess beds

Some beds appear to have no particularly diagnostic features (K4a-b, K5, K6a, K8ai,
K8bi, K10a and K14a). These beds are typically a yellow-brown to bright-yellowish
brown clay, sometimes with faint bright brown to orange mottles. In consistence, they
range predominantly from moderately firm to friable, have a fine-earthy fabric, and in
structure range from spheroidal to structureless (massive). No sand-sized crystals are
visible to the naked eye. All these features contrast with those of tephra (volcanigenic)
beds. The working hypothesis from these observations is that these beds represent

‘loess’ deposits, and are designated as such hereafter.

2.3.5 Tephric-loess beds

A final type of deposit is recognised and is thought to be a combination of tephra and
loess and is here designated ‘tephric loess’. These are beds that have characteristics of
both tephra and loess (yellow-brown colour, brown mottles, varying in consistency from
firm to friable, visible silt-sized crystals, etc.), and are inferred to be loess formed
through erosion and deposition of tephric material. An alternative origin is that they are
the result of frequent but thin accessions of tephra (and possibly other wind-blown
material) to form a composite bed that is difficult or impossible to definitively
categorise as either ‘tephra’ or ‘loess’. As discussed earlier, a genetic origin is difficult
to prove where the deposits are as strongly weathered as the Kauroa Ash sequence.
However, from field observations, these beds, K2a, K4b, K9a, and Kl4c, have
sufficiently different characteristics from both those described as ‘tephras’ and those
described as ‘loess’ to warrant a separate category. It is appreciated that these beds may
well be extremely weathered tephras, but they are here provisionally separated on the

basis of additional ‘loess-like’ properties.

2.4 FACIES CLASSIFICATION

Based on its field properties alone, the Kauroa Ash sequence has been divided into
facies, loosely based on concepts common in sedimentology. Wilson and Walker (1982)

defined facies as “rock units that can be defined by their morphology, relative
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superposition, composition and grain-size characteristics”. The Kauroa Ash sequence
has been divided as such, though in this case ‘facies’ are also interpretive (i.e. genetic):
paleosols, tephra (‘primary’ and ‘very weathered’), loess and ‘tephric-loess’. Facies

units are defined on a ‘bed-by-bed’ basis (listed in Table 2.3; illustrated in Figure 2.15).

Table 2.3 Facies classification of K-beds at Woodstock.

MEMBER BED PALEOSOL DOMINANT
FACIES
c Paleosol (vs) (Tephra, vw)
K15 b Tephra, vw
an Tephra, vw
ai Tephra
cii Paleosol (m)* (Tephric-Loess)*
ci Tephric-loess
K14 bii Paleosol (w)® Tephra, vw
bi Tephra
aii Paleosol (m)® Loess
ai Loess
K13 b Paleosol (vs)* -
a Tephra
c n Paleosol (m)* (Tephra)
ci Tephra, vw
K12 b Tephra
a Tephra
K11 Paleosol (vs)* -
K10 b Tephra
a Loess
K9 b Paleosol (m)* -
a Tephric-loess
bii Paleosol (m)* (Loess)©
K8 bi Loess
aii Paleosol (w)° (Loess)
ai Loess
K7 b Paleosol (w)° (Tephra, vw)
a Tephra, vw
c Paleosol (vs)? ---
b ii Tephra, vw
K6 bi Tephra, vw
aii Paleosol (w)" (Loess)*
ai Loess
K5 b Paleosol (s)* (Loess)
a Loess
c Paleosol (m)° (Tephra)®
K4 b Tephric-loess
a Loess
K3 b Paleosol (m)” (Tephra)
a Tephra
K2 b Paleosol (m)° (Tephric-loess)*
a Tephric-loess
K1 b Paleosol (vs)* ---
a Tephra, vw
PALEOSOLS:

(vs) very strongly, (s) strongly, (m) moderately, (w) weakly developed paleosol
2 as defined by Salter (1979); ® as defined by this study.

FACIES:
€ best estimation of parent material; ‘vw’ very weathered
--- paleosol is dominant facies / parent material not determinable
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2.5 IDENTIFICATION AND DEFINITION OF ADDITIONAL UNITS

The Woodstock type section is the most comprehensive known and is, by definition,
representative of the Kauroa Ash sequence depositional history. However, some
members or beds are poorly defined at Woodstock and these are better represented at
other reference sites (e.g. Waiterimu Ash, K15; Figure 2.10). Moreover, some reference
sites contain beds that do not appear to be present at Woodstock. Such beds will
therefore be described here, and their stratigraphic relationship to the Woodstock type-

site will be assessed in later chapters.
2.5.1 Oparau Tephra at Papakura Creek

2.5.1.1 Characteristics

At the type-site (R15/788479), the Oparau Tephra (equivalent to K12a, Figure 2.3) is a
massive pyroclastic flow unit, approximately 3-4 m in thickness (Figures 2.3 and 2.4).
Where freshly exposed, the Oparau has a white sandy clay matrix (2.5Y 8/1-8/2),
although weathered surfaces can range from yellowish-browns (e.g. 10YR 6/2-6/6) to
pinks (e.g. 5YR 8/3-8/4) to oranges (e.g. SYR 7/6-7/8). In most cases, the Oparau
Tephra is still reasonably firm (although attempts at drilling for paleomagnetic samples
were unsuccessful due to the high clay content which produced collapse fairly quickly),
but where significantly degraded it can be quite crumbly and friable. It contains
weathered angular to subangular clasts of lapilli-sized pumice, lenticular in lower parts
of the deposit (7.5YR 8/1; SYR 8/3; Figure 2.16), and variably argillised lithics (e.g.
2.5YR 5/1; 2.5YR 4/6; Figure 2.17). It is crystal-rich throughout, with large and
abundant quartz crystals as well as grains of magnetite, glass and zircon immediately

obvious in the field.

In most cases, the base of the unit is easily definable by a sharp wavy contact with an
underlying strongly weathered paleosol developed on an older Kauroa member (as seen
in Figure 2.18 (a) and (b)). The paleosol is extremely firm, with a strongly developed
prismatic structure and a dark yellow brown (10YR 3/4) colour. At other localities (not
underlain by Kauroa members), the contact with aeolian sands of the Kaihu Formation

is sharp and distinct, but is typically more graded and irregular on volcanic breccias of



Figure 2.16 Flattened pumices in lower parts of the Oparau Tephra (pen is 15 cm tall),
Papakura Creek (R15/788479).

Figure 2.17 Small (<1 cm) lithics in the Oparau Tephra (blade is 10 cm long), Wyllies
Hill (S15/155445).




Figure 2.18 (a) Oparau Tephra — K11 contact (basal layer is c. 10 cm thick), Papakura
Creek (R15/788479).

Figure 2.18 (b) Oparau Tephra — K11 contact (hammer is c. 30 cm tall), near Hauturu
(R15/801437).
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the Pirongia Volcanics. The basal contact surface probably represents a significant

disconformity, as attested by the strong paleosol on the underlying Kauroa bed.

The lowermost part of the Oparau Tephra is typically layered in several distinct bands,
inferred to be ‘flow banding’ typical of some pyroclastic flow units (evident in Figure
2.18 a). At Papakura Creek the base of the unit comprises three main parts. The
lowermost unit resting on the K11 paleosol is dull yellow orange (10YR 7/3-7/4), soft
and gritty in consistence because of the presence of predominantly sand- to gravel-sized
grains. It is very crystal rich, with abundant visible quartz grains, some small (<1 cm)
grey lithics (banded rhyolite) and some large (2-6 cm) rip-up clasts derived from the
underlying paleosol (Figure 2.16 (b)). Above this there is a gradual fining upwards of
grain size, before a distinct change to a very much harder, clay-rich consistence,
decreasing in chroma to a greyer shade of dull yellow orange (10YR 7/2). The
aforementioned flow-banding is evident in this 30 cm section, marked by distinct
orange veins. The third section is the base of the main ignimbrite unit, characterized by
a well-defined straight boundary and by a change to hard, virtually lithified clay, and the

typical white/grey/yellow/orange/pink variegated colour scheme.

The top of the Oparau Tephra is less distinct than the base because it grades into the
overlying Kauroa bed (K12b) over several centimetres. K12b, is a yellow brown blocky
clay, crystal rich and of varying thicknesses (0.5-1 m; at the Tiritirimatangi Peninsula
site this bed has cross-bedding structures, very likely indicative of reworking there).
There are considerable differences in texture and colour between the Oparau Tephra and
the overlying beds (including the reworked bed at Tiritirimatangi Peninsula) to make the
unit reasonably easy to recognise in most sections and thus a useful ‘marker bed’.

Particular diagnostic field characteristics are:

1. A (mostly) firm, massive pyroclastic flow unit;

2. Stratigraphic position within the Kauroa Ash sequence;

3. Base resting on extremely firm, strongly developed paleosol;

4. Colour - matrix ranging from white (2.5Y 8/1) to pink (S5YR 8/3) and clasts of
(2.5YR 5/1) to (2.5YR 4/6);

5. Presence of gravel-sized clasts in a massive sandy-clay matrix;

6. Extensive flattening of pumiceous clasts in lower parts of the unit.
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Figure 2.19 Oparau Tephra
outcrops (c. S m thick) on
Kawhia Harbour cliffs
(R15/753484).

Figure 2.20 Maximum observed thickness (c. 8.5 m) of Oparau Tephra, Kawhia
Harbour Road, near Hauturu (R15/801437).
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2.5.1.2 Distribution

The Oparau Tephra is well exposed in road cuttings between Oparau and Otorohanga, in
many of the outcrops along the south-east shoreline of Kawhia Harbour (Figure 2.19),
and in many locations in the inland area bounded by Kawhia, Raglan, Hamilton and
Otorohanga. Indeed, this unit together with assorted other Kauroa beds appears to
provide the main component of the Early to Mid Quaternary cover deposits in this area

(Late Quaternary provided by Hamilton Ash and Post-Hamilton Ash tephras).

Thicknesses appear to vary between 2 and 4 m, with a maximum thickness of c. 8.5 m
being recorded on the Kawhia Harbour Road, 1.5 km north of Hauturu (Figure 2.20). A
distinctive geomorphological feature of this unit was found to be its sudden lateral
‘pinching-out’ and local variability, the most changeable of the unit’s distinctive field

characteristics.
2.5.2 Other units of note at Papakura Creek

2.5.2.1 Unit PCM1

Unit PCM1 appears to be the highly weathered, distal portion of an ignimbrite sheet. At
the Papakura Creek site, it is present as a ‘wedge-shaped’ deposit to the far right
(western end) of the section (Figures 2.3, 2.4 and 2.21), pinching out to a thin
‘composite’ bed in the main part of the section. From the contour of the beds to the left
of the unit, it appears likely that some minor erosional event (possibly marked by a
stream channel) removed a large part of the original PCM1, along with parts of other
underlying units. Subsequent deposits have infilled this depression, in particular unit

PCM3, thereby smoothing over the feature.

PCM1 has a maximum thickness of 1.5 m, and can be divided into three subunits, each
inferred to represent different phases of the eruption (Figure 2.22). The upper 35 cm,
PCM1 c), is a pumice concentration zone, devoid of lithics, with evidence of a paleosol
developed on the top 15 cm. The lower boundary is gradual, but there is a distinct
change to the underlying bed, PCM1 b)ii), which has rare lithics and rare pumice.
PCM1 b)i) has abundant lithics and crystals, and is lithified (indurated). The boundary
with PCM1 a) is sharp, distinct and almost straight. The lowermost 50 cm of the unit
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consists of a further pumice concentration zone. Pumices are well sorted and have an

average size of 3-4 cm in diameter. Occasional siliceous concretions (<2 cm in

diameter) are evident throughout the unit.

The base is marked by an 8-10 cm bed of extremely large halloysite nodules, some

reaching a diameter of 15 cm. Below this is the strongly-developed paleosol of K13b
(K14a thought to be missing).

Figure 2.21 Bed PCM1 at Papakura Creek (R15/788479)

c. 35 cm; pumice concentration zone; possible weak paleosol
c) on top 15 cm; gradational boundary with:

W c. 15 cm; rare pumice; rare lithics
b) ii) c. 20 cm; crystal-rich; increasing lithics to top of bed
------ c. 30 cm; crystal-rich; increasing lithics to top of bed; moderately

) lithified to strongly lithified at base of bed (?welded); sharp
distinct boundary to:

a) c. 50 cm; pumice concentration zone; occasional white/red
siliceous concretions

Ciﬁ)ﬁﬂ? Very large (5-15 cm) halloysite nodules
Very firm; strong blocky structure (paleosol)

K13

Figure 2.22 Stratigraphy of PCM1 at Papakura Creek.
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2.5.2.2 Unit PCM3

PCM3 appears to be an ignimbrite deposit, though is less definitive than PCM1 (Figure
2.23). It has a maximum thickness of 0.8 m (minimum 0.3 m), is poorly sorted and has
no internal bedforms. Possible small (<1 cm) orange-red lithics are observable, together
with abundant sand-sized quartz grains. Relict pumice clasts (1-3 c¢m in diameter) are

evident throughout the otherwise fine-grained matrix, and it is this characteristic that

most readily distinguishes it from other tephra deposits. The unit is lithified in places.

Figure 2.23 PCM3 at Papakura Creek (R15/788479).

Though based on a limited set of features, a likely interpretation of the bed’s origin is
that it is the distant ‘veneer facies’ of an ignimbrite sheet, derived from the depositional
phase where air-ingestion fluidisation affects the entire flow, spreading a thin, fluidised
layer across the whole landscape (Wilson and Walker, 1982). This type of deposit is
commonly found on the outer fringes of rapidly-emplaced ignimbrites where the flow

volume has been significantly reduced.

PCM3 comprises Unit K15a at the Papakura Creek site. It is also present at Woodstock

as K15a, but it is a much thinner layer there.
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2.5.3 Tiritiri ignimbrite at Tiritirimatangi Peninsula
2.5.3.1 Characteristics

First identified and named by Fergusson (1986), the Tiritiri ignimbrite is a distal
pyroclastic flow deposit. It is between 6 and 8 m thick on the Tiritirimatangi Peninsula
(Figure 2.24), displays incipient vertical jointing, and has sharp, well defined
boundaries — at the top, it has a low relief contact with some of the overlying Kauroa
members, and at the base a well-defined lateral contact with breccias of the Pirongia
Volcanic Formation (Figure 2.25). The upper 0.5-2.0 m appears to be reworked,

showing extensive cross-bedding features (seen in Figure 2.26).

Figure 2.24 The c. 7 m Tiritiri ignimbrite on Tiritirimatangi Peninsula
(R15/747456; man is c. 1.8 m tall).



Figure 2.25 (above) Base of
the Tiritiri ignimbrite (just
above grassy material),
Kauroa Ash members and
Pirongia Volcanics (below
trowel; trowel is c. 20 cm
tall). South-west end of
Tiritirimatangi Peninsula
(R15/748455).

Figure 2.26 (left) Cross-
bedding features in the top
of the Tiritiri ignimbrite,
Tiritirimatangi Peninsula
(R15/748459).
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For the most part the Tiritiri ignimbrite is highly weathered, though there are some
patches that are considerably less so. The weathered parts exhibit pale to orange brown
colors (e.g. 10YR 8/4-7/6), while relatively unweathered sections are a paler creamy
brown (e.g. 2.5Y 8/2-8/4). A definitive characteristic of the Tiritiri ignimbrite is the
occurrence of flattened pumices, particularly abundant in the lower 2-3 m of the deposit.
Thus the term ‘lenticulite’ was proposed by Fergusson (1986) and seems appropriate
given the extent of the feature. Also evident in the field are weathered lithic fragments,

usually dark brown, some Mn-staining (matrix), together with abundant sand-sized

quartz and plagioclase crystals.

2.5.3.2 Distribution

Tiritiri ignimbrite has been found only in one location, namely on the west, harbour-
facing, shoreline of Tiritirimatangi Peninsula (R15/748458). Here it is a maximum of 8
m thick and it is somewhat surprising that a pyroclastic flow deposit of some
considerable thickness (presumably resulting from an eruption of a significant
magnitude) is not preserved elsewhere in the region. This produces several hypotheses
as to its existence here: the deposit was valley-ponded in the antecedent Pirongia
Volcanics topography and is thus misleadingly over-thickened in this locality; the
ignimbrite was ‘channeled’ to this area on the west coast while the majority of the
eruption went elsewhere, or; an extremely large erosional event occurred shortly after
its deposition to all-but eliminate the deposit. Alternatively it may only be recorded at
depth (obscured), or it could have significantly different characteristics at other

locations, resulting in the lack of correlation.

2.6 SUMMARY

The Kauroa Ash sequence is found in scattered locations in the western and northern
Waikato, predominantly mantling low-lying hill country. Thick (>10 m) sections are the
exception and have been observed only in three locations. Other, shallower, less
comprehensive sections are observed around the region, but identification of members is
near impossible if a marker bed is not present. This is because several members (as well

as members of the Hamilton Ash Formation) have very similar physical characteristics.

Field observations confirm the strongly weathered nature of all members of the Kauroa

Ash sequence. This pervasive feature creates ambiguity in characterisation of the beds,
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all beds being significantly altered from their primary depositional state. However, field

properties suggest broad facies types are distinguishable for the Kauroa Ash beds.

Multiple paleosols have been identified in the sequence. Indeed, it seems likely that
most of the sequence has undergone pedogenesis to a greater or lesser degree. Where

strongly developed there is almost no indication of parent material and paleosols have

been classified as a separate facies type.

All tephras in the sequence are strongly weathered with only a few retaining enough
characteristics to be called a ‘primary’ (i.e. non-reworked) tephra. The majority of the
tephras are presumed to be fallout deposits, though the presence of pumice in some beds

suggests a pyroclastic flow origin, or that they have been reworked.

Some beds have certain field properties that readily distinguish them from other beds.
Namely, they are considerably softer and friable than most, have a fine-earthy fabric,

and are generally bright yellowish-brown in colour. These beds are inferred to be loess.

Further beds have a similar appearance to those designated loess, but retain
characteristics of weathered tephra beds, such as abundant sand-sized crystals. These

have been provisionally defined as ‘tephric-loess’.

The Woodstock type section may be the most complete section available. However,
certain members (e.g. K13 to K15) are better represented (are thicker) elsewhere. Other
members still may be absent from this site. Some thick tephra units have been observed
in locations other than at Woodstock (e.g. Oparau Tephra, Tiritiri ignimbrite, PCM1,

PCM3). These may or may not correlate to thinner members or beds at Woodstock.
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3 MAGNETIC SUSCEPTIBILITY

3.1 INTRODUCTION

3.1.1 Magnetic susceptibility as a paleoenvironmental proxy

The magnetic properties of certain deposits are known to carry high-resolution
information about their geomagnetic and climatic histories and as a result have become
increasingly important to a wide range of researchers (e.g. Butler, 1992). Of most
interest are the properties of remanence and susceptibility. Remanence is the
‘permanent’ magnetisation acquired at or shortly after deposition; it is this that is
responsible for recording geomagnetic polarity changes and, as such, has been used for
many years in establishing a base chronology on which other chronologies can be
superimposed. This aspect will be discussed in a later chapter on chronology.
Susceptibility is a more recent discovery and can be described as the ‘magnetisability’
of a material, or the degree to which a material reacts when subjected to a known
external magnetic field. Essentially, it measures the type and amount of magnetic
material present, from which inferences can be made about the deposit’s

paleoenvironmental history.

Magnetic susceptibility was first widely used during the 1980s in the study of the
Chinese loess-paleosol sequences. Many studies (e.g. Heller and Liu, 1982, 1984, 1986;
Liu, 1985, 1988; Kukla, 1987; Kukla et al.,, 1988) illustrated how magnetic
susceptibility profiles readily differentiated paleosol and loess units, and noted that
paleosols had susceptibility values over twice those of unmodified loess. Because
paleosols are known to form under conditions that can generally be characterised as
‘warm and wet’, whereas unmodified loess represents a dry, cold environment, the
concept of susceptibility as a climate proxy was initiated (Heller and Liu, 1982) and has
since been utilised in many studies of paleoclimate (e.g. An et al., 1991; Maher and

Thompson, 1992, 1995; An and Porter, 1997; Xiao et al., 1999; An, 2000).

3.1.2 Origin of the susceptibility signal

The specific origin of the susceptibility signal lead to some early controversy, still not
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yet fully resolved (Meng et al., 1997; Han and Jiang, 1999). Heller and Liu (1982, 1984,
1986) suggested that there was a relative enrichment of detrital magnetite in soils during
interglacial periods as a result of concentration by decalcification and soil compaction
processes. Kukla et al. (1988) and Kukla and An (1989), however, proposed that high-
level subaerial transport and deposition of ultrafine magnetite from distant sources
contributed the majority of the susceptibility signal. They assumed that this influx was
constant through time, forming the dominant component during warm interglacials
where sedimentation was low, but was diluted during glacials when large amounts of
low-susceptibility silt were deposited, lowering the overall susceptibility. Both of these
models are plausible, but they also neglect other important aspects of deposition and
pedogenesis, in particular the possibility of authigenesis of magnetite (and other
ferrimagnetic minerals) during soil formation. With further work and revisions to these
models, a clear link has been established between climate and susceptibility. It has been
demonstrated and is now generally accepted that the presence of higher concentrations
of single domain and superparamagnetic (up to c. 0.05 pm) magnetite in paleosol units
is due predominantly to its in situ formation during soil forming periods (e.g. Heller et
al.,, 1991; Liu et al.,, 1990, 1991; Maher and Thompson, 1991, 1995; Verosub et al.,
1993; Singer et al., 1996). Ultrafine-grained magnetite is the characteristic product of
inorganic precipitation (Maher and Taylor, 1988) and bacterial magnetosome formation
(Fassbinder et al., 1990). Both of these processes are sensitive to the temperature and
wetness (drainage) of the soil and hence reflect the climatic regime at the time of soil
formation, production being high during warm interglacial periods. Meng et al. (1997)
further concluded a significant component of the magnetic susceptibility signal derives
from the decomposition of plants' (thereby reflecting density of the paleo-vegetation
cover), adding a further dimension to the pedogenic hypothesis of magnetic
susceptibility enhancement. It is for these reasons that, where resolution and rates of
deposition are high enough, this pedogenically-derived signal can be correlated so well
with the climatically-derived oxygen isotope signal (e.g. Ding et al., 1994; Bloemendal
et al,, 1995; Lu et al., 1999; Liu et al., 1999).

3.1.3 Magnetic susceptibility studies in New Zealand

Froggatt (1988) found that for two late Quaternary sequences in New Zealand, magnetic

! Decomposing plant material releases iron oxides; grains are 0.1 — 1.0 um in diameter, falling within the
single domain or ‘pseudo-single domain’ category (Meng et al., 1997). Secondary ferrimagnetic minerals
have been shown to be present in organically-rich topsoils (Maher and Taylor, 1988).
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properties fitted the established model of susceptibility-enhancement in interglacial
periods. Peaks in susceptibility ()) corresponded to weathered horizons recognised as
paleosols, whereas lower ) corresponded to relatively less-weathered loess or tephra
deposits. In most cases, peaks in ) were approximately twice the value of X-lows in the
loess. Although these sequences are considerably younger than the Kauroa sequence,
Froggatt found that the x-curve could easily be related to the marine oxygen isotope
stratigraphy, illustrating the utility of the magnetic susceptibility method in New
Zealand. Palmer and Pillans (1996) attained a similar outcome with their study if 500 ka

loess-paleosol sequences in the Wanganui area.

Apart from the ultimate aim of providing a magnetic chronology that facilitates
correlation to established Quaternary chronologies, measurements of magnetic
properties of the depositional record in New Zealand have considerable potential to aid
in more fundamental objectives: the recognition of paleosols, loess and degraded tephra
horizons, as well as breaks in deposition, and potentially, the correlation of such units
from section to section. In highly weathered deposits such as the Kauroa Ash sequence,
therefore, magnetic properties can be of use in establishing or refining the stratigraphy
where other methods are inconclusive, and for correlating between Kauroa Ash

sections.

3.1.4 Magnetic susceptibility in the identification of paleosols

Reliable identification of paleosols can be particularly useful for establishing sequences
of Quaternary events. There are, however, a number of problems and potential pitfalls
associated with paleosol recognition and stratigraphy. Lateral changes in paleosols
occur over short distances due to weathering differences in response to parent material,
climate, soil moisture or drainage, and time (Martini and Chesworth, 1992). The extent
of diagenetic alteration after burial also creates doubt in many instances as to the value
of some paleosols as stratigraphic entities, and where tephra deposits are thinly bedded
and the paleosol is not within a distinctive ‘lithological’ unit, superficial features are not
suitable for positive paleosol identification and correlation as they are likely to be time
transgressive (Campbell, 1986). The problem of paleosol identification in thinly bedded
deposits was reported by Birrell and Pullar (1973) where individual paleosols were not
recognised on all of the tephras as the accessions of (distal) ash had been frequent and

thin. As a result composite, rather than discrete, soils and paleosols had been formed
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(e.g. Lowe, 1986). A similar finding was shown by Alloway et al. (1995) for distal,
composite tephra-derived soils in northern Taranaki. All of these phenomena are likely
to be present in the Kauroa Ash sequence and magnetic susceptibility represents a new

and real possibility of paleosol identification in the case of degraded and composite-

tephra units.

3.2 OBJECTIVES

The objectives of using magnetic susceptibility measurements in this study are as

follows:

1. To provide a means to support or modify the stratigraphy established by field
techniques.

2. To determine whether magnetic susceptibility can be used to show differences
between tephra, loess and paleosol units, and to correlate these from section to
section.

3. To evaluate the overall usefulness of magnetic susceptibility as a

paleoenvironmental tool in tephra-loess-paleosol deposits (in New Zealand).

3.3 SAMPLING

Sampling for laboratory magnetic susceptibility measurements took place as part of the
main sampling programme. To first establish a broad idea of magnetic susceptibility
stratigraphy, a hand-held field susceptibility meter (a Gisco Kappameter) was used.
This involved digging the section back as far as possible, typically c. 0.5 m, and taking
an average from five or more readings of the Kappameter, used by applying the end of
the meter flat to the section and pressing a key for the measurement. The instrument
proved remarkably consistent and reproducible, and allowed a useful sampling strategy
to be constructed. It furthermore proved invaluable in getting quick measurements on
some sites where detailed sampling was not undertaken. Samples were thus taken at
intervals with due consideration to the member stratigraphy and suggested by the
Kappameter, distances between samples ranging from 2 to 10 cm in most cases. This
was found to be an appropriate frequency to achieve a good resolution without

generating unnecessarily repetitious data.



Chapter 3: MAGNETOSTRATIGRAPHY 54

As with all techniques, there are some limitations involved with the use of magnetic

susceptibility and these needed to be considered at the outset:

1. Disturbance of deposits and/or obliteration of stratigraphy by bioturbation or

other pedogenic mixing processes, or by geological processes (e.g. redeposition

or erosion).

2. Migration of clays, chemical compounds or elements (e.g. ferrous iron) in

sequences through leaching or other pedogenic processes.

These processes are prevalent in some soils, and it was decided that the best course of
action was to look for indications of such activity and avoid them when sampling or

otherwise note their existence.
3.4 MASS-SPECIFIC SUSCEPTIBILITY

3.4.1 Methodology

In the laboratory, a small amount of sample was first dried and then crushed in a pestle
and mortar and packed into 10 cm® plastic pots. The pots were then inserted in turn into
a Bartington MS2B dual frequency sensor and their response to high and low frequency
fields measured on a Bartington MS2 magnetic susceptibility meter. This does three
things: it creates a magnetic field, detects the magnetisation in the sample, and
calculates the ratio or magnetic susceptibility between the two. The resulting data are
the volume susceptibility, or ‘k‘, and represent the ratio of the field to magnetisation in
dimensionless SI units. Single sample susceptibility is not normally expressed on a
volumetric basis, however, but on a dry mass basis, and so the k value is divided by the
bulk density of the sample. The new adjusted value, the mass-specific susceptibility, is

given the symbol % and has units of m’ kg "' In formula terms:
xlf=x/p
where ‘x If’ is the low frequency mass-specific susceptibility (in m’ kg 1, k is the

volume susceptibility and p is the bulk density of the sample (kg m™). Conventionally,

x If values are expressed on a scale of 106 50 that the units become pm’ kg .
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3.4.2 Results

Calculated magnetic susceptibility values are shown in Appendix A.

This method proved highly reproducible. Repeated measurements of the same sample
produced identical results virtually every time. Remarkably, there is also a strong
correlation between the (high-tech) Bartington laboratory results and the initial (low-
tech) Kappameter field results with, in most cases, good agreement between the two sets
of data’. The Kappameter is therefore highly recommended for providing reliable data
(albeit low resolution) in a quick and easy manner as compared to the laboratory

method, which, although uncomplicated, takes far more time.

Figures 3.1, 3.2 and 3.3 show mass-specific susceptibility curves (bold line; frequency-
dependent susceptibility discussed in section 3.5) for the three main sections,
Woodstock, Papakura Creek and Tiritirimatangi Peninsula. Overall, the data are
pleasing for their coherence, with very few chaotic or anomalous points. Subtle changeé
are likely to be real because of their consistence through two or more samples, and it is
suggested that given the right deposits there may be a high limit to the resolution this
method can provide with only the difficulties of sampling thin layers hindering what is

attainable.

3.4.3 Discussion

3.4.3.1 Mass-specific susceptibility as a stratigraphic correlation tool

The susceptibility curve was invaluable in providing an alternative magnetostratigraphy
to the lithostratigraphy devised previously as a result of field descriptions. Members and
beds are easily definable by breaks and changes in the curve; most units were found to
be distinctive by their magnetic mineralogy alone. The data were also particularly
helpful in the early stages of fieldwork when trying to verify correlation between the
main sections. In places the field observations were not sufficient to confidently
establish a correlation between sequences/members, yet the shapes and magnitudes of
the susceptibility curve proved they were more than likely the same. The opposite can

also be true, however, with the susceptibility data being somewhat misleading in the

% On a volume susceptibility basis.
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middle-lower portion of the sequence (K11-K6). Here the data do not correlate so well,
but in this case field descriptions proved more conclusive (distinctive field properties of
those beds) and the correlation is confident nonetheless. It should be remembered that
although the primary material may have been the same, and the sites will have had
broadly similar environmental and climatic histories, these locations have different
geomorphology, aspect and drainage, the deposits differ in thickness, and so have had
different weathering and pedogenic histories for at least part of the time the sequences

accumulated. Over 1-2 Ma, this can result in dissimilar end products.

For the most part though, and especially in the upper parts of the sequence, the
agreement is good, and in places it is definitive. K15, for example, shows excellent
agreement between the sites with clear definition of the subunits, especially K15b. It
also highlights that subtle changes such as the slight indentation at the top of the K15¢
curve are consistently represented in the results. Although the shapes of the ¥ curves are
more or less the same for the reference sections, the actual ) values can vary
considerably among correlative beds. For example, the peak value at the top of K15c
has a x of 8.8 um® kg™ at Woodstock, 18.4 um> kg™ at Papakura Creek and 22.1 pm> kg’
at Tiritirimatangi Peninsula, yet there seems little doubt, as outlined above and from
field evidence, that K15 is the same unit at all sites. Because this value is consistently
reproducible, there is no reason to believe it is false. Rather, there is some reason for
susceptibility-enhancement in K15 at Papakura Creek and Tiritirimatangi Peninsula
sections though it is at a relative rate (the curve shape is the same). Such enhancement
could be the result of minor geomorphological or paleodrainage differences (i.e.
different weathering pathways and/or amount and type vegetation cover; Lowe, 1986)
between the sites that have resulted in different degrees of fine-grained magnetite
production (i.e. governing the strength of the susceptibility signal). Another possible
explanation is that these sites have received additional thin accessions of loess or tephric
material (e.g. andesitic tephras) as compared to the more-distal Woodstock site. Some
members (e.g. K12 to K15) are certainly thicker at Papakura Creek than at Woodstock,

though this is not the case at Tiritirimatangi Peninsula.

3.4.3.2 Mass-specific susceptibility of paleosols

In the case of paleosols, absolute X values were sometimes conflicting. Initially, the

established model of susceptibility-enhancement in paleosols was adhered to, with -
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high values assumed to represent paleosols. However, further work revealed that this
model is not necessarily valid for this sequence because of the variation in X seen in the
paleosol horizons. For example, some of the strongly developed paleosols identified in
the previous chapter (e.g. K6, K13 and K15) showed moderately high to high x, while
others (e.g. K1, K5 and K11) showed low to very low %. The results for these latter beds

are therefore not reconcilable with the model of susceptibility enhancement in paleosols.

There are two questions to consider here. Firstly, why do certain paleosols have such
low susceptibility when pedogenesis is said to normally enhance susceptibility? And
secondly, why do some paleosols have high susceptibility and some have low

susceptibility (i.e. no trend for the sequence)?

There is precedence for an inverse relationship between magnetic susceptibility and soil
formation, having been reported for Alaskan loess (shown in Table 3.1; Begét and
Hawkins, 1989; Begét et al., 1990; Begét, 1996; Liu et al., 1999), and for Siberian loess
(Chlachula et al., 1997, 1998). The hypothesis in most of these cases was that the
susceptibility-climate signal reflects the influence of wind intensity, strong winds occur
in glacial periods, weaker winds occur in inte:rg]acials3 (Begét et al., 1990; Begét, 1996).
Liu et al. (1999) inferred a different and/or complementary mechanism, suggesting that
x-depletion occurred through waterlogging of soils during interglacial periods, with
reducing conditions tending to gradually transform part of the magnetite and maghemite
content into iron hydroxides (more suited to these soil conditions but their weakly

‘paramagnetic’ properties make only a small contribution to ).

Table 3.1 Magnetic parameters for two sets of samples from Alaska (AK) and
Luochuan (LC), China®.

Sample Type  yum’kg") xfd (%)°

AKl1 Paleosol 3.63 3.40
AK2 Loess 11.56 0.83
AK3 Loess 17.75 0.30
LCl1 Paleosol 14.69 10.02
LC2 Loess 7.55 8.03
LC3 Loess 5.27 6.15

? Data from Liu et al. (1999)
® Frequency-dependent susceptibility, discussed in section 3.5

3 Reflecting density sorting during aeolian transport — dense magnetic minerals are recorded only in distal
locations during strong winds (Begét et al., 1990; Begét, 1996).
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There is evidence of considerable wetting-drying cycles (i.e. short-lived reducing
conditions) in Kauroa Ash beds (abundant Mn nodules) but only limited evidence of
longer periods of waterlogging (gleying; grey veins). However gleyisation cannot be
ruled out as a contributing factor, and typical reductimorphic features of gleying may
have been obscured or destroyed as a result of further weathering or diagenesis.
Similarly, variation in wind intensity is a plausible hypothesis for this locality, being a
distal location with an analogous source of primary ferrimagnetic grains (TVZ) as for
the Alaskan localities. It seems clear that the different magnetic behaviour of these
paleosols (K1, K5, K11) indicates that some aspect of climate (humidity, precipitation,
wind intensity, vegetation?) during these interglacials resulted in the conversion of

ferrimagnetic minerals into hard and/or paramagnetic minerals (resulting in low ).

The puzzling disparity between paleosol beds (some have high-x, some have low-Y) is
also seen in Alaska. A recent study (Vlag, 1998) demonstrated high-y paleosols at two
sites, suggesting at least some interglacials experienced conditions similar to those on
the Chinese Plateau (conditions favouring susceptibility enhancement in paleosols)
rather than that inferred for other Alaskan paleosols (gleyisation and/or low wind
intensity). The Kauroa Ash sequence seems to suggest a similar (variable) pattern of
interglacial highs and lows in %. Since these variations must relate to the production
(and possible destruction) of fine-grained ferrimagnetic minerals (the susceptibility
signal), it must be concluded that the interglacials that these paleosols originate from
were of different intensities or types (i.e. variations in temperature, precipitation, etc.),
thereby invoking different weathering regimes and/or pathways. Paleosols with high-y,
are, in this scenario, inferred to have been formed under lower precipitation and/or
warmer conditions (better soil drainage), while those with low-) are inferred to have

been formed under higher precipitation / slower drainage.

These hypotheses are expanded in subsequent sections.

3.4.3.3 Mass-specific susceptibility of loess beds

The loess beds (K4a, K5, K6a, K8ai, K8bi, K10a and K14a) also show significant
variation. Four of them (K4a, K5, K6a and K14a) have low-Y, following the established

model of susceptibility-depletion in loess. However, K8ai, K8bi, and K10a instead have
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a relatively high-x of 3.0-4.0 pm? kg ', values that are higher than for many of the

Kauroa paleosols.

Following the theories of Begét et al. (1990) and Begét (1996), this could indicate cold
periods of exceptionally high wind intensities, resulting in a greater proportion of dense,
coarse-grained magnetite. Alternatively, since the majority of loess in the central North
Island is specifically tephric-loess, these beds may have received a significant
proportion of (high-ferrimagnet) tephra (e.g. andesite tephra), resulting in the high
X values. A final possible explanation is that these units accumulated as thin increments,
with pedogenic processes (production of superparamagnetic grains) acting on each
increment in an ‘upbuilding’ manner (Almond and Tonkin, 1999; Lowe, in press;
Chapter 8). The paleosols in the upper parts of these units would hence represent either

a prolonged hiatus and/or a transition to a warmer climate.

3.4.3.4 Mass-specific susceptibility of tephra beds

Tephra and other volcanigenic beds (indurated ignimbrite units e.g. Oparau Tephra,
regular basis. K3 has a very low x of 1.4 pm’ kg'; K6 has a moderately high  of 4.4
um® kg'; K12 = 2.2 um® kg, K14b = 4.2 pm® kg and K15a = 2.6 pm® kg™, This is not
entirely surprising as any individual volcanic eruption has its own primary
mineralogical signature that will have a direct effect on susceptibility (authigenesis of
magnetic minerals). Pillans and Wright (1990), for example, concluded that the majority
of variation in susceptibility seen in the Rangitatau East core (Wanganui Basin) was
controlled largely by volcanism rather than by climate. Tephra flux is likely to be a

dominant factor in the susceptibility signal of the Kauroa Ash sequence as well.

There is another consideration, however. Where tephra beds are undifferentiated and are
possibly composite or multisequal soils (i.e. comprising thin accessions of tephra),
differences in x will also result from climate (and pedogenesis) at the time of
deposition. In this case, climate would become the dominant force, presumably bringing
the sequence ‘in line’ with the established model of susceptibility enhancement rather
than the ‘chaotic’ effect that sporadic tephra input has (random input of lithogenic

magnetic minerals). Incremental tephra accumulation and its susceptibility signal
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would, in this manner, closely resemble that of loess in that it is essentially mimicking a

loess-like ‘upbuilding’ system.
3.4.4 Summary

The mass-specific susceptibility measurements have in this study given rather mixed
results. On one hand, the measurements, all reproducible, were invaluable in elucidating
thin, previously unidentified beds/subunits and providing an alternative stratigraphy to
the subjective, broad-scale field observations (a supporting stratigraphy was particular
important in the case of the Kauroa Ash sequence because intense weathering has, in
many cases, ‘blurred’ the boundaries between beds). Susceptibility values also aided

correlation in a consistent manner.

With respect to facies, however, the values were sometimes inconsistent, with lows or
highs in ) failing to regularly identify paleosol, loess or tephra units and therefore
provide use as a reliable characterisation tool in this study. Absolute values were not
always consistent for the same member or bed in two locations, though relative

magnitudes (shape of X curves) were, and can still be effective used in this manner.

Provisionally, it would seem that in the Kauroa Ash sequence, the magnetic mineralogy
of beds has been influenced by a great many environmental and climatic factors, as well
as by the irregular influx of tephric material. While this method lived up to expectation

in some areas (stratigraphy), it provided little help in others (characterisation).

3.4.5 Revised objectives

Magnetic susceptibility has thus far been of limited use in one objective of this study,
characterisation. However, there is still the question of paleoenvironmental significance.
Namely, is it possible to isolate a climate-controlled aspect of the susceptibility signal

for the Kauroa Ash sequence?

Mass-specific susceptibility is only one part of mineral magnetism and there are

additional measurements that can be used to complement and refine these data.
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The aim is to ascertain what paleoclimate signal remains and whether it can be

accessed. The objective is to demonstrate the presence of specifically pedogenically-

derived, ultrafine, magnetite grains.

According to Maher and Thompson (1991), this can be accomplished by three main

methods:

1. the size of the ‘frequency-dependent’ component;
2. citrate-bicarbonate-dithionite treatments to isolate ultrafine (inferred pedogenic-
origin) magnetite (e.g. Verosub et al., 1993; Hunt et al., 1995);

3. particle-size analysis.
3.5 FREQUENCY-DEPENDENT SUSCEPTIBILITY

3.5.1 Methodology

Measurements made at two frequencies are referred to as frequency-dependent
susceptibility. The procedure is to acquire k readings in magnetic fields of low (0.46
kHz; ‘kIf’) and high (4.6 kHz; ‘khf’) frequency. The percentage difference between «lf
and xhf reflects variations in the ferrimagnetic grain size from superparamagnetic (SP)
to single domain (SD) state. SP grains become ‘blocked’ at higher frequencies and act
as SD grains, thus contributing less to the overall susceptibility signal than when
measured at lower frequency (Maher and Thompson, 1991; Heller et al., 1991; Liu et
al., 1992). Samples without these grains will show identical x values at the two
frequencies. Thus a high susceptibility paleosol horizon should theoretically have a
large frequency-dependent component, whereas loess or tephra beds contain little, if
any, SP ferrimagnetic grains and should have a small to non-existent frequency-

dependent component.

Frequency-dependent susceptibility is expressed as a percentage of the original If value:
xfd% = (x1f - xhf / xIf) x 100

Significant differences are usually in the order of 1-10%.
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3.5.2 Results

Figures 3.1, 3.2 and 3.3 also show the frequency-dependent susceptibility for

Woodstock, Papakura Creek and Tiritirimatangi Peninsula sections (dotted line).

As with mass-specific susceptibility, these data are consistent and reproducible. They
are similarly useful in picking out boundaries between members and beds, with (for the
most part) each bed having its own distinctive frequency-dependent susceptibility
signature. This provides further confirmation of the stratigraphy thus far established,

and of the frequency susceptibility method and theory in general.

The data do not, however, vary in accordance with the mass-specific susceptibility data
which, given the inability of the latter to provide use as a characterisation tool, is an

advantageous feature.
3.5.3 Discussion

3.5.3.1 Frequency-dependent susceptibility of paleosols

The frequency-dependent susceptibility (xfd) of beds identified as paleosols in the
previous chapter (tops of K1, K5, K6, K8, K9, K11, K12, K13, K14 and K15) shows
excellent agreement with the model of superparamagnetic susceptibility enhancement.
With the exception of one bed, K15c, all have a moderately high frequency-dependent
component of a significant 2-4%; K15c is slightly lower at 1%. In each case, the top of
the unit is clearly marked by a peak or increase in fd, perfectly picking out the inferred
paleosols. It is even able to distinguish between ‘strengths’ of paleosols (development
of pedality), a provisional classification based on arbitrary percentage boundaries is
suggested in Table 3.2 below. These are based on the average xfd of those beds
identified as ‘weakly’, ‘moderately’ or ‘strongly developed’ paleosols in the previous
chapter. This would not necessarily apply to other sequences. Liu et al. (1999) showed
that xfd is a relative measure, with xfd of c. 3% being considered ‘significant’ and
indicative of paleosols in Alaskan loess (see Table 3.1); Chlachula et al. (1998)
considered anything >1% to be a paleosol in Siberian loess. On the Chinese Plateau, the
xfd for paleosols is generally 7-10%, and for loess, 2-7% (Xifeng, Luochuan sections;
Liu et al., 1992).
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Table 3.2 Development of paleosols as suggested by frequency
dependent susceptibility.

Xfd% Development

1-2 weakly developed paleosol

2-3 moderately developed paleosol
34 strongly developed paleosol

>4 very strongly developed paleosol

The additional beds identified as paleosols as a result of this study (K2, K3, K4, K14a,
K14b) also have significant xfd%, with K3 and K4 suggesting ‘strongly developed’
paleosols, and K2, K14a and b suggesting ‘weakly developed’ paleosols. The xfd% for
the further two beds (top of K7 and K8a) tentatively described as being ‘possible weak
paleosols’ in Chapter 2 is also revealing, with the top of K7 showing a weak though
distinct peak, and K8a showing a very clear peak of ‘moderately developed’

significance, lending weight to their characterisation.

An interesting feature of the paleosol xfd is that it tends to reach a peak at
approximately 10-30 cm from the top of a unit. This is inferred to be the result either of
mixing with lower xfd% material from above the bed, or that some of the ultrafine
material has been translocated and concentrated down the profile as a result of lessivage
or leaching processes. Additionally, paleosols (as determined purely by yfd) seem to
extend deeper into the underlying bed or beds than determined by field observations
alone. This suggests field identification may be somewhat conservative and/or field
properties alone do not show the full extent of the paleosol. It is also likely that the
majority of Kauroa Ash beds have experienced considerable weathering and

pedogenesis.

Thus, in the case of paleosols, yfd conforms well to the established model, with
significant ‘highs’ in xfd% providing evidence of increased concentrations of ultrafine

magnetic material produced as a result of intensive pedogenesis and/or bacterial
magnetosome formation (e.g. through decomposition of vegetation). It seems that in this

study xfd is of ultimate use in elucidating the position and strength of paleosols, where
x did not appear to conform to standard models and field identification was sometimes

only tentative.

There is still the question of why, if ultrafine material (i.e. derived through pedogenesis)
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is high (high xfd%), mass-specific susceptibility is still (relatively) low, when ultrafine
material is supposed to markedly boost the  signal. The answer may be in the type of
ultrafine material present. The ideal conditions for the formation of ultrafine magnetite
are in soils that are well drained but alternately wetted (Fe?* produced) and dried
(Fe**/Fe* oxide precipitated), with a supply of organic matter and Fe, and near-neutral
pH conditions (Maher and Thompson, 1995; Singer et al., 1996; Maher, 1998). Rainfall
is likely the key here, and given a well-drained soil with sufficient iron and organic
matter, higher concentrations of ultrafine magnetite and maghemite will form where
rainfall is high than where rainfall is low, resulting in higher susceptibility* (Maher and
Thompson, 1995; Maher, 1998). Absence or loss of magnetic iron oxides (low
susceptibility) is apparent in very acid, podsol-type profiles and waterlogged (modem)
soils (Maher, 1998). Alternatively, where the climate is drier, and the more oxic forms

of iron are dominant, susceptibility is also lower (M.J. Singer, pers. comm., 1999).

Therefore where Kauroa beds have high xfd% but low or moderate ¥, it is fair to

assume there is ultrafine material present, but that the more oxic iron oxides (e.g.
hematite) are prevalent. If that frequency-dependent component were magnetite or

maghemite, y would be significantly higher and vary in accordance with xfd%.

3.5.3.2 Frequency-dependent susceptibility of loess beds

Trends in fd in the beds designated as possible loess units are not as clear-cut as for
paleosols. The upper four loess beds, K14a, K10, K8bi and K8ai (moderately high to
high-x), have a relatively low xfd of 0-1%, certainly not a ‘significant’ frequency-
dependent component and therefore are inferred not to have much, if any, ultrafine
magnetic grains. This would conform to the previously established model where a low
xfd% is typically associated with loess units. However, the lower three loess beds, K4a,
K5, K6a (low-y), also have a moderate to high xfd of 2-4%, a finding inconsistent with

the established model.

It should be remembered, however, that yfd is a ratio of xhf/If, so that a xfd of 1%, ¥, of
5um’® kg! is the same as a xfd of 5%, x of 1pum® kg, ie. 0.05 pum® kg' of

* This is because ferrimagnetic iron oxides like magnetite and maghemite have greater susceptibilities
than the weakly magnetic oxides, e.g. hematite and goethite (Singer et al., 1996; Maher, 1998; Fontes et
al., 2000).
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susceptibility from ultrafine grains. Table 3.3 illustrates x—parameters for each loess
bed, demonstrating that all beds actually have approximately similar amounts of
ultrafine grains. The exception is K5, which is not surprising as this bed is considered to
be a paleosol throughout as well. The average contribution of ultrafine material to the
loess beds (excluding K5) is 0.04 pm® kg!; the average contribution for the paleosols is

0.07 um? kg™'; and for the tephras 0.03 pm’ kg

Table 3.3 Contribution of ultrafine grains to mass-specific susceptibility in loess beds.

Loess bed Mean fd Mean ), Ultrafine grains

%) (mkgh)  wm’kgh
Kl4a 1.83 1.69 0.03
K10a 1.17 3.97 0.05
K8bi 1.04 5.00 0.05
K8ai 0.54 3.52 0.02
K6a 2.96 1.15 0.03
K5 4.48 1.60 0.07
Kda 4.09 0.90 0.04

These results (that loess beds have a similar contribution of ultrafine grains to %) do not
totally explain the difference between the two groups of loess beds however. They may
have similar contribution from ultrafine grains, but overall susceptibility still varies —
some beds have more magnetic material than others. One answer to this disparity is that
the latter group of beds (K4-K6) is not, in fact, loessic in origin. This explanation is not
favoured, however, because the field properties (colour, consistence etc.) of this latter
group are, if anything, more convincing of a loessic origin than the former group.
Alternatively, a range of climatic and environmental factors could account for these
differences. Singer et al. (1996) listed up to seven different pedogenic processes5 that
determine the magnetic properties of deposits; further climatic® and geomorphic factors’

could apply.

Of relevence may be the coarse-grained magnetite theory (high wind intensity) of Begét
et al. (1990) and Begét (1996). The fact that ultrafine grains are only a small percentage
of the total x of these beds, illustrates that a greater proportion of the signal has been

acquired through coarser-grained magnetic minerals.

3 Preferential accumulation, transformation, lessivage, neoformation, biosynthesis, leaching,
solubilisation (Singer et al., 1996).

s Temperature, precipitation, wind intensity, organic matter content etc. (e.g. Maher and Thompson, 1995;
Meng et al., 1997).

7 Slope, drainage, depth of burial, thickness of deposit etc. (e.g. Lowe, 1986)
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3.5.3.3 Frequency-dependent susceptibility of tephra beds

Tephra beds were found to have reasonable consistency (between beds) in xfd%. Most
had low to no frequency-dependent component indicating a relative dearth of ultrafine
pedogenic grains. Where x was also moderate to high, this would indicate that the
magnetic material present is comprised primarily of inherited lithogenic magnetic
minerals. The clearest example of this is the weathered distal ignimbrite unit K12a that
has an average x of 2.2 pm’ kg " and a xfd% that is slightly negative (i.e., in reality,
0%). This shows that the magnetisability of this sample was actually higher (only
marginally so) at the higher frequency magnetic field, indicating a complete lack of
ultrafine magnetic material, so that any remaining susceptibility signal may be attributed
to primary, lithogenic, minerals. Other tephra units have similarly non-existent yfd%,
for example K15a, K7a, and K6b; some have a low xfd of around 1%, namely K15b,

K14b, and K13a. These are inferred to be beds of a volcanic origin but which have had

some considerable pedogenic processes acting on them®.

3.5.3.4 Summary

In general this method, which has sometimes been ineffective in other studies, appears
to have worked well here. xfd% has routinely picked out paleosol beds, and lows in
xfd% seem to represent tephra horizons quite well. The beds designated as loess are
somewhat ambiguous, but probably have a relatively small frequency-dependent
component in conjunction with a reasonably high mass-specific susceptibility. This, in
broad terms, would at least set them apart from paleosols that appear to have a high

xfd% and a strangely low %, while tephra units are the opposite, with low xfd% and

intermediate ¥ (summarised in Table 3.4).

Table 3.4 Range of susceptibility values by sample type.

Sample type X (um’® kg™) xfd (%)
Paleosol 05-2.0 High:2.0-5.0
(max. range: 0.5-9.0)

Tephra 20-40 Low:-0.5-1.5
(max. range: 0.5-9.0)

Loess 1.0-5.0 Intermediate: 0.5 - 4.0

8 Field properties do not suggest they are ‘paleosols’. The xfd% in this case merely indicates some
contribution of pedogenic iron oxides.
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The entire Kauroa sequence is so highly weathered that it is likely all beds have been
affected by ultrafine material production (or comminution to) to some degree. In this
study (and others) it is probably more effective to look at relative values, how the yx or
xfd% of any particular bed compares to those above and below it. Absolute x and xfd%

values are unlikely to be reliably definitive, though can provide many clues to their

origin.
3.6 CITRATE-BICARBONATE-DITHIONITE ANALYSIS

3.6.1 Theory

Frequency-dependent susceptibility is one method of determining the percentage of
ultrafine ferrimagnetic grains in a sample. Fine and Singer (1989) reported that an
alternative method, the citrate-bicarbonate-dithionite (CBD) treatment and extraction
(first developed by Mehra and Jackson, 1960), could more accurately distinguisﬁ
between pedogenic and lithogenic (inherited) magnetic grains in soils. Sodium
dithionite is a strong reducing agent that reduces and solubilises secondary iron oxides
(goethite, hematite and maghemite); once reduced, the Fe** is chelated by the citrate
(Hunt et al, 1995). After centrifugation the supernatant is extracted and the

susceptibility of the residue re-measured.

Studies have subsequently shown (Fine and Singer, 1989; Fine et al., 1989; Singer et al.,
1992, 1996; Hunt et al., 1995; Sun et al., 1995; van Oorschot and Dekkers, 1999) that
CBD extraction is particularly effective in the dissolution and removal of strictly
pedogenic ferrimagnetic grains (superparamagnetic and single domain grains, less than
0.5 um), while leaving the primary magnetic grains inherited from the soil parent
material essentially untouched. Evidence presented in those studies and in Verosub et al.
(1993) and Singer et al. (1996) supports the use of the term “pedogenic” to describe
whatever the CBD process removes from samples, and is thus a useful tool in the

identification of paleosols where the distinction between beds is difficult to determine.

3.6.2 Methodology

1. Place 4 g of ground sample into a 50 ml centrifuge tube
2. Add 4 g of sodium dithionite powder and 20 ml of 22% citrate solution
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3. Mix by shaking vigorously by hand, sitting 10 minutes in an ultrasonic bath, and
leaving for 16 hours on an end-over-end shaker

Centrifuge tubes at 1500 rpm for 15 minutes

Carefully pipette off solution

Add 20 ml more citrate solution, repeat steps 3 - 5.

Put tube and residual contents into an oven to dry

Gently grind the residual and put into a 10 cm? susceptibility pot, weigh contents
and pack with foam to prevent movement of grains

9. Re-measure / re-calculate mass-specific susceptibility.

© NNk

3.6.3 Results

Figure 3.4 shows the difference between pre- and post-CBD mass-specific susceptibility
for the Woodstock section. For ease of comparison, post-CBD Y is expressed here as a
percentage difference from the original ), value so that if a sample has a ¥“®°% of 10,

10% of the susceptibility signal has been lost and is inferred to be the result of the loss

of ultrafine magnetic grains.

3.6.4 Discussion

The most noticeable feature of the x“®P% is its relative similarity to the frequency-
dependent curve. This is entirely expected as the two methods essentially measure the
same thing in two different ways — this method by extraction of the relevant fraction and
remeasurement at the same field, the latter by measurement at two different magnetic
fields taking advantage of grain size differences in ‘magnetisability’. It is pleasing,
therefore, that the two data sets are so similar for it confirms that both methodologies

are working correctly and that the variation between beds is real.

There are slight differences between some beds and in general this can be described as

the x®°%

being somewhat more ‘exaggerated’ as compared to the xfd%: highs in
X% are proportionally greater than lows in x“®°%; the range between ‘high’ and
‘low’ is greater than in xfd%. This is likely because x“P° measures (the removal of)
superparamagnetic grains and single domain grains, while xfd measures (the effect of)
only superparamagnetic grains. Theoretically, the difference between the two
parameters would measure the contribution of single domain grains. The result is that

the paleosols become even more noticeable as evidenced by peaks in xPP% at e.g.

K14c, K13b, K12c, K11 etc., reinforcing the interpretation established in the previous
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Figure 3.4 Post CBD-treatment change in mass-specific susceptibility (Woodstock).
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section. Sometimes the xCBD% can prove helpful in deciding characterisation where xfd
was ambiguous. For example, weak paleosols were suggested for the units K14a and b
and in both cases the x“®®% is more pronounced, lending weight to their previously
tentative characterisation.

Lows in XCBD%

are similarly marked, with a relative dearth of ultrafine material
(SP+SD grains) suggested for beds K15, K13a, K12a, K10a, K8ai, K6bii, etc. Once
again, as seen with xfd, these units are those that are high in primary volcanic material.
Following the pedogenic vs. lithogenic magnetic material theory, this is as expected,
with relatively® less pedogenic processes having acted on these probably mass-emplaced

units.

The post-CBD susceptibility varies significantly from the yfd in only a few places.
Aside from the usual exaggeration described earlier, there are two beds where x®°% is
completely divergent from xfd%. K4b shows a particularly marked peak as compared to
the underlying and overlying beds, a feature that is absent in the bed’s yfd%. In

addition, the XCB De,

of K3a is extremely low where its xfd% was particularly high, the
former making more sense because of its marked primary volcanic nature; soil
formation processes are evident in unit K3b (where reworking of the underlying bed has
resulted in a paleosol) but not K3a, and it would therefore be hypothesised that this unit
should not have any ultrafine magnetic material as is the case with other tephra units.
These are the only two cases of serious disagreement and it seems there must have been

some unusual processes at work here.

In general it can be seen that CBD treatments have produced similar results to xfd in
that it accurately picks out paleosol units as having a high percentage of ultrafine
material, and tephra beds as having a low percentage of ultrafine material. It provided
no further help in the case of loess units, having much the same proportion that xfd

suggested.

® The keyword is ‘relatively’, since all the Kauroa Ash sequence is extremely weathered and has probably
experienced some degree of pedogenesis.



Chapter 3: MAGNETOSTRATIGRAPHY 74

3.7 CONCLUSIONS

Magnetostratigraphy forms a fundamental part of this study for its role in establishing
an alternative stratigraphy for the Kauroa Ash sequence. Each susceptibility parameter,
and especially all three taken together, is able to distinguish between beds in a clear and
definitive manner. Furthermore it is consistent and reproducible making it a reliable

stratigraphic tool. Table 3.5 summarises the magnetic susceptibility properties of each
of the K-beds.

While individual beds may be characterised by their magnetic susceptibility signature,
facies (e.g. paleosol, loess, tephra) are not so easily distinguished. Some resemble the
model established for Chinese loess-paleosol samples while others more closely
resemble that noted for Alaskan samples, making the Kauroa beds particularly difficult

to decipher:

e Paleosols were seen to display predominantly high yfd% and %“®°%, so much so
that this may be considered a diagnostic characteristic. Conversely, ) was seen
to vary to a considerable degree and no clear pattern could be established. The
former parameters suggest paleosols contain a greater proportion of ultrafine
magnetic grains compared to other beds. However, this does not appear to have
a significant effect on the overall Y, the latter being neither consistently high nor
low. This suggests differences in either quantity and type of primary magnetic
minerals (inherited from parent material), or that differing amounts and types of
secondary iron oxides have been formed and/or lost as a result of varying

climatic, and weathering or pedogenic regimes.

e Loess beds showed some variation in magnetic parameters, ranging from low to
moderately high y, xfd% and xCBD%. There is an inverse relationship between X
and yfd%, with some beds having high x and low xfd%, and other having low
x and high xfd%. Despite the apparent differences, this actually points to
approximately similar contributions from ultrafine grains, being less overall than
paleosols. There is evidence, however, that some or all of the loess beds have
experienced considerable pedogenesis, presumably upbuilding in an incremental
manner. The differences in X point again to the numerous climatic and/or

environmental factors that could have influenced the evolution of these deposits.
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Table 3.5 Simplified summary of magnetic susceptibility values of K-beds.

Member Bed Mass-specific Frequency-dependent Post-CBD treatment
susceptibility susceptibility susceptibility
' (xfd)? (x°®P)*
c high* low’ moderate®
K15 b moderate low low
aii high low low
ai moderate to low low low
cii moderate moderate high
ci moderate high high
K14 b 11 h?gh moderate high
bi high moderate moderate
aii moderate moderate moderate
ai low moderate high
K13 b high high high
a moderate moderate low
cii high high high
K12 ci high moderate to low low
b moderate moderate high
a moderate low low
K11 low moderate high
K10 b high moderate moderate
a high low low
K9 b moderate moderate high
a moderate high high
bii moderate high moderate
K8 bi high moderate low
aii moderate high high
ai high moderate low
K7 b low moderate moderate
a moderate low moderate
c moderate high high
b ii high moderate low
K6 bi high to moderate low moderate
aii moderate moderate high
ai moderate high moderate
K5 b moderate high moderate
a moderate high high
c moderate high high
K4 b moderate high high
a low high high
K3 b low high high
a low high moderate
K2 b low moderate ---
a low moderate ---
K1 b low moderate ---
a low moderate ---
KEY* *‘high’ _ °‘moderate’ > ‘low’
1 x (um?'kg']) >4 1-4 <1
2y fd (%) >3 1-3 <1
3 %8P (%) >30 10-30 <10

*These values are arbitrary, and are designed to show relative differences between K-beds. They will
not (necessarily) apply to other sequences. Refer to Figure 3.4 for precise values.
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* Tephra beds show the variation in magnetic properties that was expected of an
independent, allochthonous source of magnetic minerals. ) shows considerable

CBD%

variation, though xfd% and ¥ are usually low, indicating the small

contribution (less than for loess beds) of ultrafine grains to the susceptibility
signal. There is no doubt the tephra beds are strongly weathered, but they have
experienced proportionally less pedogenesis than other beds (probably less
contribution from organic matter). That being said, it is possible some of the
tephra beds have accumulated as thin deposits in an incremental manner to form
composite beds. In this case, they may have experienced upbuilding pedogenesis
in effectively the same manner as for loess beds. For the most part, however, the
magnetic properties illustrate the dominant effect of volcanism on the
susceptibility signal, being overridden by climatic (pedogenic) factors in a few

instances only.

Since the susceptibility signal is likely dependent on so many climatic, environmental
and geomorphic factors (which govern the type and amount of secondary minerals
formed), it is difficult or impossible to isolate the cause of any differences in
susceptibility parameters. There is no simple explanation, for example, why the
sequence does not consistently follow either the Chinese or Alaskan models. There are
two main possible factors at work: either there has been great variation in climate —
‘glacial’ and ‘interglacial’ are insufficient to describe the variation in conditions, in
particular, there may be great variation between interglacials, or, significantly different
weathering or pedogenic regimes have been in operation at various times in the

development of the sequence.

The magnetic properties of modern soils (e.g. Maher, 1998) indicate that interpretation
of paleosol-loess-tephra magnetic properties must be done on a site-specific basis;
disparity in results from studies in China, Alaska and Siberia further confirm this
assertion. Kauroa Ash sequence magnetic properties also support a sequence-by-
sequence analysis (or at least region-by-region), following none of these previous

studies to a complete degree.
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4 PARTICLE-SIZE ANALYSIS

4.1 INTRODUCTION

4.1.1 The study of particle size

The proportion of particles in different size fractions can be an important parameter in
the study of soils and associated parent materials including tephras. Textural
classification may allow inferences to be made about provenance, as well as being an
indicator of the degree of weathering. In a study undertaking a characterisation and
paleoenvironmental analysis of paleosol, loess and tephra beds, these parameters are

clearly important.

A study by Vandenberghe et al. (1997) demonstrated the usefulness of particle-size
analysis in paleoclimatic reconstruction. Measurements on a Chinese loess column
provided clear differences between (buried) soil and loess units, with loess samples
shown to have a more positively (larger size) skewed particle-size distribution than soil
samples. This study also utilised the ‘U-ratio’, the ratio of 44-16 pm and 16-5 pm size
material, to illustrate the paleoclimatic uses of particle-size analysis: the 44-16 pm
fraction is inferred to represent the dust-bearing monsoons typical of glacials, while the
16-5 um is inferred to represent the finer dust of interglacials. The ratio between these
fractions was used to illustrate inferred paleoclimatic differences over time and was able

to be compared with an oxygen isotope curve.

Particle-size analyses have also been employed in the study of loess (e.g. Benney et al.,
1988) and tephric-loess (e.g. Lowe, 1981) in New Zealand. ‘Typical’ loess is usually
characterised in the literature as ranging from 20-50 pm with a modal particle size of
about 30 um (Kennedy, 1982; Pye, 1987). However, Pye (1995) reported that in
practice the modal size could show considerable variability depending on location. It is
generally accepted, though, that the great majority of primary loess deposits contain
more than 50% silt-sized particles (Winspear and Pye, 1995). Weathered loess is
primary loess whose aeolian sedimentary characteristics have been markedly modified

by weathering, soil formation or diagenesis. The deposit usually contains more clay (up
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to 60%) than unweathered loess (Pye, 1987).

Various parameters of particle-size analysis were measured on the Kauroa samples with
the aim of identifying trends in particle-size characteristics for each sample type.
Positive identification would provide an additional means of characterising these
deposits, as well as provide a potential proxy for paleoenvironmental interpretation. The
study of loess plays a large part in this chapter because this unit type, more than the

others, is most often defined by its particle-size characteristics.

4.1.2 Particle-size analysis of the Kauroa Ash sequence

Salter (1979) analysed 26 samples for particle size in his study of the Kauroa Ash
sequence. Methodologies used in that study were hydrometer, centrifuge and
hydrophotometer. This study aims to provide a higher resolution study, in terms of both
quantity and accuracy, of the particle-size characteristics of the Kauroa Ash sequence.’
With this in mind, half of the samples from the Woodstock type-site (a total of 90) were
analysed, with selected samples (representative of each unit, totaling 34) chosen from
the Papakura Creek site. Analysis of further samples was deemed unnecessary due to
the repetitious nature of the results (samples proving quite similar) and the cost-

constraint on large numbers of samples.

4.1.3 Laser diffraction particle-size analysis

Samples were analysed on a Malvern Mastersizer-S, a fully automatic particle sizer,
based on the laser diffraction principle. This states that particles of a given size diffract
light through a given angle, the angle increasing with decreasing particle size. In the
case of the Mastersizer, a laser is passed through the suspension, and the diffracted light
focused on a multi-element ring detector, which senses the angular distribution of
scattered light intensity. The distribution is expressed in terms of equivalent spheres,
and is volume-based; output is in a set of size classes that have been optimised to the
detector geometry and optical configuration to give the best resolution. All parameters

are derived from this fundamental distribution (Rawle, 1993).

According to Buurman et al. (1997), particle-size analysis by laser diffraction has great

potential for use in soil science, especially for detailed comparison of samples from the
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same sequence to establish homogeneity of parent materials, for textural changes caused
by weathering, and for changes in aggregation. The laser sizer, in particular, gives easily
accessed, detailed and accurate information relating to fine fractions (clays) (Muggler et
al., 1997). This is in contrast to traditional methods (e.g. hydrometer or pipette analysis)
that are time-consuming and can be inaccurate in these smaller fractions (Konert and

Vandenberghe, 1997; Beuselinck et al., 1998).

4.2 SAMPLE PREPARATION

There are several considerations in the preparation of samples for laser diffraction

particle-size analysis.

4.2.1 Sample size

Determining a suitable sample size for laser diffraction is an important issue because the
clay content of a sample contributes strongly to ‘obscuration’' which, if too high or low
(>30%, <10%), can render the measurement inaccurate. Coarse sands would require
several grams of sample, but in this study where clays dominate, only very small
samples in the order of 100s of milligrams are required. Several pilot samples were
analysed to determine the optimum sample weight, and it was demonstrated that 0.5 g
was an appropriate amount that produced satisfactory obscuration values for most
samples. Some samples required re-sampling and remeasurement at 0.3 g, and it is
suggested that future workers of similar sorts of samples (depending on estimated clay
fraction) consider a range of 0.2-1.0 g. It is useful to get this right at the outset as the
extensive pretreatments required of these samples means that multiple replicates of

samples are impractical, and time-consuming.

4.2.2 Sample homogeneity

Soil samples can be notoriously inhomogenous, and it is obvious that the
representativeness of samples of a few hundred milligrams may be questionable

(Buurman et al., 1997). Efforts must therefore be made to ensure the best selection of

! The measure of the amount of sample added to the tank. Unscattered light is focused on the obscuration
detector. If there is no sample present then the obscuration is zero. When the sample is introduced some
of the light is absorbed, reflected, diffracted and scattered (Rawle, 1993).
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subsample. In this study, subsamples were taken from air-dried samples, and care was
taken to first homogenise the material in an attempt to eliminate any sorting that may

have taken place in the storage container.

4.2.3 Sample pretreatment

Samples for laser diffraction have to be pretreated to remove aggregation and dispersed
to prevent flocculation, the latter being particularly important where allophane (which
has a variable charge and a high propensity for flocculation) may be present.
Consideration was given to pretreatment and dispersion techniques suggested by Wada
and Harward (1974), Whitton and Churchman (1987), Al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>