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Frontispiece

Lakes Ngaroto (background), Ngarotoiti, and Rotopiko (foreground)
in Waipa County, c.15 km south of Hamilton City. The lakes are
c.16 000 years old and were formed during the final stages of
alluvial aggradation of the Hinuera Formation by the ancestral

Waikato River.

Such lakes, containing soft, fine-grained organic lake sediments,
have proved ideal sites for elucidating late Quaternary
tephrostratigraphy in the central Waikato area, and record a

comprehensive sequence of eruptives derived from six North island

volcanic centres. Photograph by D.J. Lowe.
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of the late Margaret Mary Lowe.



ABSTRACT

Aspects of late Quaternary tephrostratigraphy and
tephrochronology of the Waikato and other regions in northern North
Island. New Zealand, are investigated using distal tephras contained
in lake sediments and peats. Such environments are advantageous for
tephra studies, particularly in distal localities where tephra
identifications have previously been difficult, because the tephras
are preserved as discrete layers relatively little affected by
postdepositional reworking or weathering processes. Tephras can thus
be correlated with confidence much further from source and mapped with
a degree of thickness resolution around 10-100 times better than
previously possible. Sediment cores from lakes and bogs enable the
stratigraphic, chronologic, and compositional relationships of tephras
erupted from different sources to be elucidated, and a record of

explosive volcanism to be documented.

Forty-one distal tephras of rhyolitic or andesitic composition
have been deposited in lakes in the Waikato area over the past 5;17
000 years. The tephras originated from six volcanic centres and are
identified using their mineralogy (particularly ferromagnesian
silicate assemblages) and glass and mineral composition (determined
by electron microprobe) in combination with stratigraphic position and
'4C chronology. The correlated tephras associated with each source
(approximate ages in years B.P., old T% basis) are: Taupo: Taupo
(1800), Mapara (2200), Whakaipo (2800), Hinemaiaia (4500), Opepe
(8900): Okataina: Whakatane (4800), Mamaku (7000), Rotoma (8500),
Waiohau (12 200), Rotorua (13 300). Rerewhakaaitu (14 700), Okareka
(17 000): Maroa: Puketarata (14 000): Mayor Island: Tuhua (6200).
uncorrelated (14 500); Tongariro: Mangamate (Te Rato Lapilli?) (9950),
Okupata (8 informal units Oa-1 to 0a-8: 10 100, 10 500. 10 800.
11 050, 11 200, 11 700, 12 100, 12 700), uncorrelated (13 100).
Rotoaira (13 700); Egmont: 15 informal (uncorrelated) units Eg-1 to
Eg-15 (2500, 3700, 3750. 4100, 4400, 5250, 5850, 5900, 9300, 9600,
10 100, 11 050, 14 500, 15 000, 15 500).



vi

Eleven Holocene tephras, mostly rhyolitic, are identified in bogs
in Urewera National Park (Kaipo Lagoon, Te Rangaakapua): Kaharoa (700
years B.P.), Taupo, Mapara, Waimihia (3200 years B.P.), Hinemaiaia,
Whakatane, Rotoma. Opepe, Poronui (9900 years B.P.), Karapiti (10 100
vears B.P.), and Okupata (10 300 years B.P.). Distal rhyolitic
tephras identified in Auckland (Lake Waiatarua) include Tuhua,
Mamaku(?), Rotoma, and Opepe(?): in Northland (Lake Omapere), Mamaku

and Rotoehu (c.50 000 years B.P.) tephras are identified.

New methods for detecting thin tephra layers in organic sediments
are investigated: x-radiography of unopened. small diameter sediment
cores, rapid x-ray fluorescence of peat samples, and the application
of subsurface interface radar (SIR) to tephra-bearing lake sediments
and peats. SIR is fast and precise with depth penetration up to 10 m,
and could be very effective in mapping shallow tephra layers in

various environments.

Controls on the rates of weathering and the genesis of clay
minerals in tephras of acid to intermediate composition are reviewed.
A study of controls on weathering and clay mineral genesis in
subaerial late Quaternary tephra deposits and soils in the Waikato
region is greatly facilitated by the stratigraphic, compositional, and
pattern of distribution of the unweathered counterpart tephras
preserved in adjacent lakes and bogs. The study demonstrates that
rates of weathering and clay mineral transformations in tephra
materials are strongly influenced by composition and environmental
factors, especially microenvironmental factors, rather than a tephra

age-dependent factor.

The dated tephras in c.17 000 vear-old lakes in the Waikato
region provide time-stratigraphic markers for multidisciplinary
palaeoenvironmental studies, many of which are currently in progress.
on the lake sediments. The developmental history of Lake Maratoto,
near Hamilton. is investigated using tephrochronology and '*C dating,
and enables some aspects of postglacial climatic change to be

inferred.
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INTRODUCTION

Current plate tectonic models show that the North Island of New
Zealand lies on the leading edge of the Australian Plate and is being
obliquely underthrust by the subducting oceanic Pacific Plate (e.g.,
see Hatherton 1978; Walcott 1978, 1984; Kamp 1984, 1986; Cole 1986).
Volcanic activity resulting from the interaction of these lithospheric
plates has been a feature of the geological development of much of the
central North Island in the Quaternary, and large quantities of lava
and pyroclastic material, mainly of rhyolitic and andesitic
composition, have been erupted from volcanoes in the Taupo Volcanic
Zone (TVZ). and from Mt. Egmont and Mayor Island (Fig. 1; Cole and
Nairn 1975; Buck et al. 1981; Nairn 1981; Healy 1982; Wilson et al.
1984, 1986; Cole et al. 1986; Neall et al. 1986). These eruptives,
especially the lavas, have been the subject of study for around 100
years (e.g., see Suggate et al. 1978), but it is only in the past 50
years or so that the pyroclastic deposits have received any detailed
attention. Of particular interest are the airfall pyroclastic
deposits or tephras - the principal subject of this thesis - which are
widespread and form a more or less continuous mantle over about 20% of
the North Island (Pullar et al. 1973; McCraw 1975). To provide a
background to the research objectives of the thesis, the development
of tephra studies in New Zealand, largely pertaining to rhyolitic and

andesitic eruptives, is reviewed.

TEPHRA STUDIES IN NEW ZEALAND - A HISTORICAL PERSPECTIVE

The development of tephra studies and the establishment of

tephrochronology (a method of dating past geological events and



Fig.

1.

Generalised distribution of volcanic centres or districts
(bold names) in North Island active in the last c.0.5
million vears. The tephras studied in this thesis were
erupted in late Quaternary times (past c.50 000 yvears) trom
the Taupo, Maroa, Okataina, and Mayor Island centres
(rhvolitic), and the Tongariro and Egmont centres
(andesitic). TVZ = Taupo Volcanic Zone (dashed). @ =
volcanoes that have erupted since c.A.D. 1850 (recorded

history)*; @ = volcanoes that have erupted during the
last c¢.1800 years (mainly dated by !'*C or

dendrochronology); O = volcanoes that have erupted during
the last c.5000 years (dated by '*C). Named volcanoes are:
W, White Island (andesitic-dacitic); H, Haroharo: T. Mt.
Tarawera: To, Mt. Tongariro; N, Mt. Ngauruhoe; R. Mt.
Ruapehu; E, Mt. Egmont* (also known as Mt. Taranaki): Ro.

Rangitoto Island; Te, Te Puke. (After Cole & Nairn 1975:
McCraw 1975; Buck et al. 1981: and Wilson et al. 1986).

*There is some evidence to suggest that a small pyroclastic
flow may have been erupted from Egmont in the last 100

vears or so (V.E. Neall pers. comm. 1986; Neall & Allowav
1986). '
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. . . ¢
landscapes based on the identification, correlation, and dating o

o . d
tephra layers) as a separate discipline 1n New Zealand may be trace

through four broad periods:
Period 1 : late 19th century to late 1920s
Period 2 : late 1920s to early 1950s
Period 3 : early 1950s to c.1973
Period 4 : c. 1973 to 1980s.
Some of the significant events that characterise each of these

periods, and their influences, are described below.
Period 1 (late 19th century - late 1920s)

Geologists undertook reconnaissance and regional mapping. chietly
of hard rocks, but also noted the widespread pyroclastic materials and
commented on possible stratigraphic relationships. In the Taupo
district, von Hochstetter (1864, translated by Fleming) described some
of the pyroclastic deposits as "volcanic fragmental rocks" of
rhyolitic composition (p.116). Later writers (e.g., Crawford 1875,
Smith 1876, Cussen 1887; see also Froggatt 198la) described the pumice
deposits around Lake Taupo in more detail. Thomas (1888a) used

mineralogy and whole rock chemical analyses (p. 349), together with

thickness relationships, of Taupo Pumice to demonstrate that it was
not derived from Tongariro volcano as earlier writers had believed

(Mt. Tauhara was suggested as & possible source). He also described

andesitic ash beds and paleosols formed within them on Mt Tongariro

The eruption of Mt. Tarawera in June, 1886 resulted in the

publication of th i i i
e flrseilsopach map 1n New Zealand (Fig. 2; Thomas

1888b), and stimulated an awareness that other volcanoes may hav
) e
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maps of Pullar & Birrell 1973b and Walker et al. 1984).



in the
spread showers of ash to distal parts of the North Island 1in

recent past. Hill (1886) describes how he analysed soil samples from

eastern North Island, and reaches the following discerning conclusions

(p. 386-7):

"From the results of my experiments I feel conv%nced that the
East Coast District of this island has beenisubqect. at a not
very remote date, to dust showers of volcanic eJecﬁamenpa. Had
the wind been blowing from the north-west at the time ot the
recent eruptions, it is a matter of certainty that the dust
showers which fell in the district extending in a north-easterly
direction for about 120 miles from the seat of the volcanlc.
outburst, would have fallen throughout the East Coast Distrlgt as
far as Napier and the Hawke'’'s Bay river system. Within 75 miles
of Napier there are many volcanic cones, including the semi-
dormant Tongariro and the not-altogether-extinct cone of Ruapehu
- the highest point of elevation in the North Island; and
although this district is separated by the Ruahine chain of
mountains, and other minor ranges, from what may be termed the
zone of active volcanic phenomena, as represented by hot springs,
solfataras, geysers, and burning mountains, it is certainly not
outside the zone of volcanic influences, the effects of which may
be seen at any time along the East Coast. A recurrence of
activity in and about the district of which Lake Taupo is the
natural centre, would undoubtedly bring showers of volcanic dust
and debris as far as Napier, should the wind be blowing in this
direction at the time; but I cannot agree with those who say that
such showers would be detrimental to vegetation. They may cause
temporary inconvenience, but of their beneficial effects in the
production and formation of soils I think there can be no
question for a doubt. To me, volcanic dust showers are blessings
in disguise. They may cause loss and inconvenience at the time
of their deposition: but they contain within their particles the
elements of fertility, and only need, like wine. age to make them
valuable adjuncts in the formation of rich soils."

The first absolute date on a pre-historic tephra deposit appears

to have been determined in the Taranaki district in 1883 by Mr A.W.

Burrell (Oliver 1931; Druce 1966). Burrell used tree-ring counts from

a matal tree (Podocarpus spicatus), in the forks of which "scoria"

(lapilli) was lodged, to obtain an eruption age of ¢.1430 A D. for the

Burrell tephra (the most recent estimate for the age of the Burrell

Formation is c¢.1655 A.D.: Druce 1966). Oliver’s (1931) report on the

age of burial of a Maorij oven (umu) by the tree-ring dated Burrell

Fo . . .
rmation may qualify as the first application of tephrochronolog
\Y

(using a prehistoric tephra) in New Zealand



The eruption of Mount Pelée in 1902 and the ensuing destruction
of St. Pierre town awakened memories of the Tarawera eruption and
resulted in the visit of an eminent volcanologist, T.A. Jagger, Jr.,
to New Zealand in 1910. His recommendation to set up a major
volcanological observatory in the central volcanic region has not yet
been realised! but eventually it prompted the initiation of detailed
geological mapping in the Rotorua-Taupo area by L.I. Grange in 1926
(published in Grange 1937). At around the same time, B.C. Aston
surveved the soils of the Rotorua area and published, using a newly-
developed classitication svstem based on texture. the first soil maps
in New Zealand (Aston 1926. 1927). Aston was investigating the
serious problem of "bush sickness” (later traced to cobalt
deficiency). Grange (1929)., following Aston’'s lead, mapped soil-

forming ash showers and soils in the Rotorua district and identified

the relationship between ash showers, soil series, and bush sickness.

Thus the first steps towards the development of modern
tephrostratigraphy and tephrochronology began as the result of a
combination of events: the decision to do geological mapping in the
Rotorua-Taupo district, partly because of perceived volcanological
hazards; advances in soil classification and soil mapping procedures
in New Zealand; and. perhaps most importantly, the urgent need to

remedv the problem of bush sickness.

1 Jagger did manage to establish the Hawaii Volcanological Observatory
in 1912.



Period 2 (late 1920s to early 1950s)

i i i f bush
The recognition of a relationship petween the incidence O

i vevs 1n
sickness and soil derived from tephra lead to extended soil surve)

1931:
central North Island, chiefly by Grange and N.H. Taylor (Grange

Grange & Taylor 1932; Grange et al. 1939: Taylor 1930, 1933, 1953:
Fleming 1953: N.Z. Soil Bureau 1954). These were carried out as part
of the "Reconnaissance Soil Survey of the Central North Island
Territory", which was instituted by the Department of Scientific and
Industrial Research in collaboration with the Cawthron Institute Trust
Board in 1930, and directed by T. Rigg (Grange & Taylor 1932). During
the course of this work. many important soil-forming tephras were
named. described. and mapped (e.g. Fig. 3). Grange and Tavlor noted
that the ash showers (tephras) mantle the topography, may show shower
bedding. and thin away from source. From mineralogical studies. often
based on samples separated and examined in the field, they recognised
contributions from four volcanic centres: Taupo, Rotorua. Tongariro.
and Egmont (e.g., see Table 1). Rhyolitic tephras were generally
attributed to paroxysmal. and andesitic tephras to intermittent,

eruptions (Taylor 1933).

Table 1. Ferromagnesian mineralogy of tephra beds in the Mairoa
district (from Tayvlor 1933. p.201). Bed 1 is a composite of
tephras from more than one volcano. Bed 2 is probably

Kawakawa Tephra (Vucetich & Pullar 1969: Vucetich & Howorth
1976a).
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i i d 1 in New
This period thus marks the beglnning of tephra mapplng

" - igraphy”.
Zealand. and might be described as one of proto tephrostratigrap

iti vide a
It is emphasised that this work was initially undertaken to pro

i 1 d that
better understanding of soils and their parent materials. an

i i jefly
many subsequent advances in tephrostratigraphy in New Zealand (chi A

in Period 3) were made by pedologists (McCraw 1975).

Studies of tephra layers as a tool for research in various
disciplines (i.e., the development of tephrochronology) began in
Iceland and other countries also around 1930 (see Thorarinsson 1981).
In a paper mainly describing the nature and origin of chalazoidites on
Scinde Island. Napier. Berry (1928) also made the following perceptive
and highly relevant observations (p.608):

"It seems that a study of volcanic [ash] layers will acquire more
importance as knowledge of them increases. In an eruption. for
example, in Miocene times, where volcanic material had covered a
widespread area of country, it seems extremely probably that much
valuable information would be obtained as to the contemporaneity
of various deposits, and what effect influences such as climate.
depth of water, etc., have had in altering the fauna and flora.
if this particular volcanic deposit could be identified by its
continuity and its physical and chemical peculiarities.”

Period 3 (early 1950s to c¢.1973)

The advent of radiocarbon dating and the establishment of a
radiocarbon dating laboratory in New Zealand in the early 1350s
provided the means for obtaining an absolute chronology

of tephra

eruptions of late Quaternary age. The first '*C date published in New

Zealand (NZ1 1820 + 150 vears B.P.

) was on carbonised wood from within

the Hatepe Lapilli (Fergusson & Rafter 1953). Baumgart's (1954) paper

is a benchmark study for this period because it is the first to focus

on the stratigraphy and chronology (based on !‘4C dating) of a sequence

of tephras erupted from a single source. Baumgart used the
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i ical
tephrostratigraphic record to interpret the recent volcanologic

history of the Taupo volcano. In addition, the paper included the
first isopach maps for Taupo Lapilli, Rotongaio Ash, Hatepe Lapillti
(members of Taupo Pumice Formation), and Waimihia Lapilli (Fig. 4).
from which the locations of possible source vents were inferred

(Baumgart 1954).

The framework for a regional stratigraphy of late Quaternary
tephras in the central North Island developed from this point. aided
considerably by the exposure of many new cuttings during the course of
road construction. Tephra were correlated by detailed "hand-over-
hand” methods from cutting to cutting using the phvsical properties of
the tephras, marker beds, and principles of stratigraphv: !'*C dates
were obtained where possible (e.g., Gibbs 1960; Healy 1964: Vucetich &
Pullar 1963, 1964, 1969, 1973; Pullar 1967a: Pullar & Heine 1971
Nairn 1972: Pullar & Birrell 1973a, b; Topping 1973). These studies
established stratigraphic procedures and nomenclature., and made wide
use of isopach maps and "picket fence"” correlation diagrams to
document tephra distribution patterns., tephrostratigraphic

relationships, and to estimate tephra volumes. The outermost margins

of isopach maps were generally restricted to about 10-20 cm., the

minimum thickness for tephra identification based on field procedures.

Mapping in areas outside the central volcanic region was also

undertaken (e.g., Druce 1966; Topping 1972; Neall 1972). and some of

the older tephra deposits examined (e.g.. Te Punga 1963: ward 1967;

Ninkovich 1968: Tonkin 1970).

Although mineralogical and chemical studies on tephras were

comparatively sparse during this period (e.g., Ewart 1963 1966, 1971;
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Cole 1970). they were to lead to the start of the development of
laboratory-based tephra "fingerprinting" methods, particularly as new
analytical techniques (including dating methods) became available in
the late 1960s and 1970s. An important contribution here was made by
B.P. Kohn who used the trace element chemistry of bulk Fe-Ti oxides
(titanomagnetites) to characterise and distinguish a range of late
Quaternary tephras (e.g., Fig. 5; Kohn 1970, 1973; Kohn & Neall,
1973). This fingerprinting method was used in conjunction with
diagnostic ferromagnesian mineral assemblages (e.g., Lewis & Kohn
1973: Topping & Kohn 1973). Rankin (1973) attempted tephra

correlations using micro-element concentrations in bulk glass

separates.

Tephrochronological applications were made in a side range of
earth sciences and related disciplines, including geomorphology,
archaeology, sea level and coastal studies, loess stratigraphy,
palaeopedology and tephra weathering studies, and volcanology (e.g.,
Fieldes 1955, 1966: Wellman 1962; Cowie 1964; Pullar 1967b, 1970,
1973: Pain & Pullar 1968; Gibbs 1968; Vucetich 1968; Pullar & Selby
1971: Pullar & Warren 1968; Selby et al. 1971; Birrell & Pullar 1973;
Kohn & Neall 1973: see also bibliographies in Kohn 1973, Westgate &

Gold 1974. and McCraw 1975).

This period culminated in the 1973 International Union for
Quaternary Research (INQUA) Congress held in Christchurch, New
Zealand. A number of papers dealing with tephrostratigraphy and
tephrochronology were published in a special issue of the New Zealand
journal of geology and geophysics (Volume 16, Issue 3) (most have been

referred to above). Valuable summary papers were given by Pullar &
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X' values of titanomagnetites from fifteen numbered New
Zealand tephras showing Co/Mn ratios plotted against V/Mn
ratios (based on analvsis of bulk samples). X' is the
antilog of an X ratio. Each tephra is represented by a dot
showing its mean value. by a shaded area that includes 68%
(1 s.d.) of its plotted points. and by an outer line that
includes 90% (1.645 s.d.) of its plotted points. Only two
samples were taken for tephras 4, 6, 8, and 9, and for
these the shaded area gives the mean deviation and not the
68% value (1 s.d.). (From Kohn 1970, p.365.)

1A = Kaharoa northern lobe. 1B = Kaharoa south-eastern
lobe, 2 = Taupo Lapilli. 3 = Waimihia, 4 = Rotokawau. 5 =
Whakatane. 6 = Mamaku, 7 = Rotoma, 8 = Waiohau, 9 =

Rotorua, 10A = Rerewhakaaitu phenocryst-rich, 10B =

Rerewhakaaitu phenocryst-poor, 11 = Oruanui, 12 = Mangaone
13 = Rotoehu.



Birrell (1973b), Pullar et al. (1973). and McCraw (1975; see Table 2),
and reflect the major advances made in the two decades since the early
1950s. A generally sound framework of late Quaternary
tephrostratigraphy and tephra distribution had been established for
central North Island volcanoes in particular, and wide applications of
tephrochronology were being made. At the same time. laboratory

methods to help correlate tephras over wide distances were beginning

to be developed and applied.

Period 4 (c.1973 to 1980s)

This period saw a new generation of university-trained graduates
building on the advances made in Period 3, with a number of more
specific studies, commonly involving laboratory work, aimed at
revising or refining the tephrostratigraphy associated with particular
volcanic centres (e.g., Howorth 1975; Vucetich & Howorth 1976a, b;
Buck 1978; Hogg 1979; Froggatt 198la. b, c; Nairn 1981; Neall & Geddes
1981: Franks 1984). Relatively few new '*C dates on late Quaternary
tephras were obtained, however, usually because of scarcity of
suitable datable material. Mapping was generally restricted to
revisions of the distributions of deposits near source (e.g., Howorth
1975: Froggatt 1981b; Geddes & Neall 1982), but occurrences of some
more distal deposits, including the newly-identified and
petrographically distinctive Mayor Island-derived Tuhua Tephra, were
reported (Pullar et al. 1977; Howorth & Topping 1979; Howorth et al.
1980; Lowe et al. 1980; Lowe 1981; Geddes et al. 1981; Kohn et al.
1981: Hogg & McCraw 1983). Some of these latter papers (as had a few
earlier ones including Tonkin 1967, Pullar 1970, and Topping & Kohn

1973), showed how useful organic sediments could be in recording

16



Table 2.

Summary of named tephra formations and published
radiocarbon dates from North Island volcanic centres, as

known at the end of Period 3.

(From McCraw 1975, p.38.)

OTHER or UNKNOWN CENTRES

Years OKATAINA CENTRE MAROA -TAUPO CENTRE TONGARIRO CENTRE EGMONT CENTRE Years
before ; before
Present Tar?;vi:z;r:g;?)auon (64 B.P.) Tahurangi Formation (250 B.P.) Present

250 250
Burrell Form. (315 B.P.) (4 mem.)
. P. .

500 Newall Form. (450 B.P.) (4 mem.) 500

Rangitoto Ash (750 B.P.)
(Auckland Centre)
750 750
Kaharoa Ash (930 B.P.)
1,000 1,000
1,500 1,500
Taupo Pumice Formation Ngauruhoe Tephra Formation
Mapara Pumice (2,270 B.P.) Mangatawai Tephra Formation
(2,500 B.P.)
2,500 2,500
Whakaipo Tephra (2,800 B.P.)
3,000 — - 3,000
Rotokawau Ash (no date) Waimihia Formation (3,150 B.P.) Papakai Tephra (3,420 B.P.) Inglewood Tephra (¢3,000 B.P.)
(2 members)
4,000 4,000
Whangamata Ash (no date)
(2 members) (Waihi Centre)
5,000 5,000
Whakatane Ash (5,180 B.P.) Hinemaiaia Ash (5,085 B.P.) Korito Tephra (no date)
6,000 6,000
Oakura Tephra (6,900 B.P.)
7,000 7,000
Mamaku Ash (7,050 B.P.) Ash
Rotoma Ash (7,330 B.P.) Stent As
8,000 8,000
Opepe Tephra (8,850 B.P.)
9.000 M Tephra (9,700 BP) (5m Okato Tephra (no date) 9.000
: angamate Tephra (9, em ato Tephra (no date
10.000 Poronui Tephra (9,780 B.P.) Okupata Tephra (9,790 B.P.) (2 members) 10 000
0 N A T EE 1 113500 67 |
otorua As X . . - P
15.000 Rerewtlj‘lakaaitu Ash (14700 B.P.) Puketarata Ash (no date) Rotoaira Lapilli (13,800 B.P.) 15,000
: Oruanui Formation (19,850 B.P.) Saunders Ash (16,000 B.P.) )
(2 members) Carrington Tephras
20.000 Okareka Ash (20,700 B.P.) Kotu Tephra (no date) 20.000
areka As , .P. oty Tephra (no doate
Te Rere Ash (no date) Aokautere Ash (20,500 B.P.) (2 members)
30,000 - — - 30,000
Mangaoni Lapilli Formation
(30,100 B.P.) Pukeitt Tephra (no date)
40,000 40,000

Rotoiti Breccia Formation

(41,000 B.P.) (3 members)

Weld Tephra (no date)

New Plymouth Ashes (more than
70,000 y)

Upper Hamilton Ash Formation
(? less than 220,000 years)

Lower Hamilton Ash Formation
(? more than 330,C00 years)

Kauroa Ash Formation

Ll
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tephra deposits in distal localities where the tephrostratigraphy of

subaerial exposures is often equivocal.

Subsurface loess deposits associated with tephra beds, and first
described in late Period 3 surveys (Vucetich & Pullar 1969), received

increased attention (Stewart et al. 1977: Lowe 1980, 1981; Benny 1982;

Kennedy 1982).

Analyses of titanomagnetites for long distance tephra correlation
continued (Pullar et al. 1977; Kohn & Glasby 1978; Kohn 1979), but was
essentially based on earlier data of Kohn (1973). The only new work
published on Fe-Ti oxides was by Hogg & McCraw (1983) (described
below: also see Franks 1984). Apart from those by Howorth & Rankin
(1975). no studies on glass analyses for correlation purposes were
published until 1983 (Froggatt 1983; see also Froggatt & Gosson 1982).
Froggatt was the first to systematically document the basis of
electron microprobe analysis of glass shards for correlating tephras
and ignimbrites in New Zealand. Some representative glass analyses of

New Zealand tephras are listed in Table 3.

This relative dearth of detailed fingerprinting studies involving
chemical analyses of various minerals in tephras in New Zealand
contrasts with the rapid rate of development and application in
overseas countries (e.g., Smith & Westgate 1969; Borchardt et al.
1971; Izett et al. 1972; Sarna-Wojcicki 1976; Westgate & Evans 1978;
Kittleman 1979; Federman & Carey 1980; Westgate & Gorton 1981; King et
al. 1982; Smith & Leeman 1982; Fisher & Schmincke 1984), and probably
relates in part to the limited availability of analytical facilities

in New Zealand. Nevertheless, Hodder & Wilson (1976) made an



Table 3. Representative glass analvses of some New Zealand ti-;zh;gz?)
as determined by electron microprobe. (From Frogga ¢ .

p.194.)

SiO, 77.25 (0.24) 79.04 0.3 78.22 (0.27) 77.16 (0.48) 77.99 0.27)
Al,O; 13.35 (0.13) 12.49 (0.18) 12.36 (0.22) 13.07 (0.37) 12.17 0.1

TiO, 0.24 (0.03) 0.11 (0.02) 0.09 (0.04) 0.21 (0.05) 0.15 (0.02)
FeO" 1.96 (0.08) 1.16  -(0.09) 1.08 (0.14) 1.23 0.1 1.07 (0.07)
MnO 0.07 (0.03) 0.06 (0.05) 0.07 (0.03) 0.04 (0.04) 0.03 (0.03)
MgO 0.27 (0.03) 0.12 (0.04) 0.09 (0.01) 0.24 (0.09) 0.11 (0.03)
Ca0O 1.18 0.03) 1.03 (0.07) 0.76 (0.09) 1.32 (0.18) 0.78 (0.02)
Na,O 3.22 0.17) 2.99 (0.16) 3.71 (0.25) 3.62 (0.29) 3.28 (0.15)
K,O 2.46 (0.05) 3.01 0.11) 3.61 (0.17) 3.11 0.28) 4.43 0.17)
Water 0.23 (0.79) 6.72 (0.93) 5.50 (1.35) 5.75 (1.14) 3.23 (0.50)
N 11 14 11 11 10
Na/K 1.31 0.99 1.03 1.16 0.74

6 7 8 9 10 11

SiO, 77.55 (0.15) 77.98 (0.32) 78.16 (0.36) 77.81 (0.42) 77.65 (0.34) 78.06 (0.72)
Al,O4 12.64 (0.15) 12.55 (0.23) 12.41 (0.20) 12.57 (0.28) 12.63 (0.32) 12.48 (0.35)
TiO, 0.15 (0.02) 0.10 (0.02) 0.14 (0.09) 0.13  (0.03) 0.13  (0.03) 0.11

FeO“ 1.41  (0.09) 1.08 (0.03) 0.97 (0.10) 1.10  (0.09) 1.13  (0.09) .11 (0.08)

MnO 0.04 (0.04) — 0.03  (0.03) 0.03 (0.03) 0.05 (0.04) 0.03
MgO 0.11  (0.03) 0.11 (0.04) 0.12  (0.03) 0.10 (0.04) 0.11 (0.03) 0.12  (0.08)
CaO 1.01  (0.05) 0.87 (0.15) 0.80 (0.06) 0.78 (0.04) 0.80 (0.04) 0.75 (0.04)

Na,O 3.65 (0.06) 3.81 (0.14) 3.21  (0.30) 3.50 (0.09) 3.53 (0.16)
K,O0 3.45  (0.09) 3.46 (0.16) 4.22 (0.14) 4.00 (0.20) 398 (0.16)
Water 6.73  (0.35) 5.22 (0.83) 4.83  (0.99) 6.06 (1.11) 6.02

334 (0.39)
3.96 (0.22)
(1.18) 6.22  (1.35)

7 9 20 10 10 10
1.06 1.10 0.76 0.88 0.89 0.84

Note. (.1) Tflupo Ignimbrite; (2) .Kaw.akawa Tephra: (3) Matahina Ignimbrite; (4) Griffin Rd 2: (5) Whaka-
marghlgmmbr;)te; (6) Marshall Ignimbrite; (7) Potaka Pumice. Mt. Curl Tephra Correlatives: (8) Mt. Curl:
) ariu; (10) Pahiatua; (11) Rewa Hill. N = number of analyses i F i s : !
e i e yses in mean. Numbers in parentheses are |

@ All Fe calculated as FeO.



important contribution to the study of mixed tephra assemblages. They
suggested ways of circumventing problems associated with multiple
tephra populations, and showed how such populations may be effectively
separated using single particle methods (Hodder 1978). The study by
Hogg & McCraw (1983) on mixed calcalkaline and peralkaline tephras of
the Coromandel Peninsula. based partly on electron microprobe
analysis, demonstrates some of the advantages of single particle
(grain discrete) methods over multi-particle methods (Fig. 6).
However., it also exemplifies the effort and detail that may be
required to identify thinly bedded tephra deposits in distal
environments where many of the diagnostic field properties are lost
and laboratory methods made difficult by postdepositional mixing and

weathering processes.

With the increasing availability of new dating and analytical
methods. more attention was given to older tephras, both on and
offshore. and their possible relationship to ignimbrite deposits
considered (e.g., Milne 1973; Seward 1974, 1975, 1976, 1979; Pain
1975; Watkins & Huang 1977; Vucetich et al. 1978, 1981; Naeser et al.
1980; Pillans & Kohn 1981; Froggatt 1983; Kyle & Seward 1984; Froggatt
et al. 1986). Wide-ranging tephrochronological applications are
recorded. with a notable increase in the number of palynological
applications and in new studies on clay mineralogy and the weathering
of tephras (e.g.. Kirkman 1975, 1976, 1980; Birrell et al. 1977; Neall
1977; Kennedy et al. 1978; McGlone 1978, 1981, 1983; McGlone & Topping
1977. 1983: McGlone et al. 1984; McFadgen 1981; Froggatt & Howorth
1980; Pullar 1981; Parfitt & Henmi 1980; Parfitt et al. 1980, 1982,
1983; Theng 1981; Palmer 1982; Pillans et al. 1982; Pillans 1983;

Stevens & Vucetich 1984). Although palynological studies using
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Fig. 6. Fe/Ti ratios of titanomagnetites extracted from

calcalkaline tephras of Coromandel Peninsula (A). and from
Rotoma Ash in western Bayv of Plenty (B) (based on analyvsis
of single grains). n = the number of titanomagnetite
grains in any particular 0.1 Fe-Ti ratio-interval: dominant
modes are indicated by lines overlving the data points.

The graphs illustrate that the Coromandel tephra sequence,
except class 1 (Rotoehu Ash). is a mixed deposit. Rotoma
Ash is probably absent or only sparsely represented in the
Coromandel tephra sequence. Rm = Rotoma Ash: ?Wh-Ok = the

Waiohau, Rotorua, Okareka tephras; Re = Rotoehu Ash. (From
Hogg & McCraw 1983, p.173.)
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tephrochronology have increased., McGlone & Topping (1977) note that

their efficacy is governed by the time control available.

Perhaps the most significant development in tephra research since
about 1980 has been its increased application to the fields of
physical volcanology and petrology, both in New Zealand (e.g.. Nairn &
Self 1978: Kohn & Topping 1978: Nairn 1980; Hodder 1981; Froggatt
1982: Self 1983; Blake et al. 1986; Wallace et al. 1986) and overseas
(see Self & Sparks 1981; Fisher & Schmincke 1984). 1In New Zealand,
this trend may be attributed in large part to the influence of G.P.L.
Walker. Walker's dynamism, wide international experience, and simple
vet highly effective approach has resulted in many conceptual advances
in physical volcanology (e.g., Walker 1979, 1980, 1981a, b, c, d;
Walker et al. 1984:; Wilson & Walker 1985; Wilson et al. 1984, 1986).
Another major stimulus in this field was the eruption of Mt. Saint
Helens in 1980, the products of which have been intensively studied

le.g.. Lipman & Mullineaux 1981).

Thus Period 4 is characterised by more specialised studies, which
have built on and refined the stratigraphic framework established
previously (see also Editorial in Howorth et al. 1981). Most of these
studies have been located in areas relatively near to the tephra
source volcanoes. Limited studies aimed at identifying distal tephras
have been carried out, but have been only partly successful. Most
tephra fingerprinting methods have progressed relatively slowly, but
recent work using the electron microprobe has established a basis
necessary for further development. Generally, fundamental
mineralogical and chemical data for many tephras, particularly those

derived from andesitic sources, are sparse. Late Quaternary tephras
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areas of research, particularly in pedology and palaeopedology.

It might be argued that tephrostratigraphy and tephrochronology
"came of age" as disciplines in their own right at around the start of
the 1980 decade. A workshop devoted solely to tephra studies was held
at Victoria University of Wellington in late June - early July 1980.
the first such conference of its kind in New Zealand (Smalley 1980:
Howorth et al. 1981). 1In the same year, the first international
conference on tephras was held at Reykjavik, Iceland (Self & Sparks
1981). Since then, significant advances in physical volcanology in

New Zealand have been based largely on studies of tephras and

pyroclastic flow deposits.

DEVELOPMENT OF THESIS RESEARCH PROGRAMME

The preceding review, whilst emphasising important advances in
tephra studies in New Zealand, also indicates that there are many gaps

in our knowledge. Some inadequacies,

relating specifically to late

Quaternary tephras, are identified as follows.

(1)
How far
from the eruptive centres have tephras been deposited in New

Zealand,

23



distribution of distal tephra fallout? What effects have distal

tephras had on soil genesis?

(2) Many tephras have been dated. but commonly only by one or two
dates. Other tephras. particularly from andesitic sources, are
undated. The effective use of tephras as isochronous
stratigraphic markers requires that their ages are reliably
known, as do studies of volcanological history. How reliable are
the present dates and inferred ages? Where might sites
containing material suitable for improving the '%C-based

chronology be obtained?

(3) Methods of tephra fingerprinting, particularly those involving
use of the electron microprobe, have not been developed to their
potential. Only very recently have systematic studies using
electron microprobe analysis of glass shards for correlation
purposes been attempted. How useful is the electron microprobe,
and glass chemistry in particular, for correlating tephras? Are
other minerals also suitable? How best are the volcanic centres
characterised in terms of the composition of the associated
tephras? Can individual tephras be fingerprinted without

stratigraphic control?

A potential means for answering these and other questions was
discovered when a sediment core was taken from Lake Maratoto, a small
peaty lake near Hamilton (Lowe et al. 1980). The core contained a
sequence of ash layers, which were provisionally identified as distal
airfall tephra deposits derived from volcanoes in the TVZ, Mayor

Island, and possibly Mt. Egmont sources. Consequently, a thesis
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THESIS OBJECTIVES AND SCOPE OF STUDY

The broad aim of the thesis is to advance our knowledge of the
distribution, stratigraphy, chronology, and composition of late
Quaternary tephras in northern New Zealand using distal occurrences in
lake sediments and peats, and thereby to contribute to the greater understanding
and application of tephrostratigraphy and tephrochronology in New Zealand.
More specific objectives of the thesis are:
(1) to determine the occurrence, stratigraphy. chronology. and origin

of distal late Quaternary tephras in the Waikato and other

regions in northern North Island, and, where possible, to map and

account for their distribution;

(2) to help establish compositional criteria, particularly using the

electron microprobe. for identifying and correlating late

Quaternary rhyolitic and andesitic tephras in New Zealand;

(3) to investigate new methods for detecting thin tephra lavers in

lake sediments and peats:

to improve the chronology of late Quaternary rhyolitic and

andesitic tephras in New Zealand;
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(5) to investigate the developmental history of Lake Maratoto using

tephrochronology to help our understanding of palaeoenvironmental

changes in the Waikato region;

(6) to critically review the various controls of clay mineral genesis
in tephras, and to develop a new model of tephra weathering and clay
mineral formation and transformation based partly on tephra

compositional and distributional data from (1) and (2) above;

(7) to demonstrate the value of lake sediments and peats as recorders
of volcanism. and to assess the comprehensiveness of the record

obtained for late Quaternary eruptions in New Zealand.

These objectives are broad in scope but all hinge on distal
tephras preserved in lake sediments and peats. The objectives are
approached in a series of studies written as papers. The papers are
arranged into two broad sections. The first section, comprising
Papers 1 to 8, deals chiefly with the stratigraphy. chronology,
composition, and distribution of late Quaternary tephras in the
Waikato and other regions, i.e., addresses objectives 1 - 4. The
second section, comprising Papers 9 - 12, looks at applications of the
tephrostratigraphy to palaeolimnology, to clay mineral genesis in
tephras. and to volcanic history, i.e., addresses objectives 5 - 7.
The aims, scope. and findings of each study are documented in detail

in the individual papers. The study areas are shown in Fig. 7.
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ORGANISATION OF THE THESIS

As noted above, the thesis is organised and presented as a series
of 12 papers. At the time of binding, 9 of these were published, one
had been submitted for publication, and two were still undergoing peer
review. Because of the different requirements of the different
scientific journals to which they have been submitted, some papers
have different formats. A small degree of duplication, particularly

of references, is one consequence of organising the thesis as a series

of papers. The duplication arises because each paper is a discrete

article.

Referencing in the papers is done in the normal way, with
references cited in the text of a particular paper appearing in a
reference list at the end of that paper. For the reader’s
convenience, the thesis paper numbers have been cross-referenced with
their counterpart references in a supplement following each reference

list.

Two appendices are included at the end of the thesis.

COMMENTS ON NOMENCLATURE

"Tephra" (a Greek word meaning "ash") is a collective term for
material that has been explosively ejected from a volcano and
transported through the air. "Tephrochronology"” is a dating method
based on the identification, correlation, and dating of tephra layers.

These terms were first introduced by Sigurdur Thorarinsson in his

28
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i ", published
doctoral thesis, "Tefrokronologiska studier p% Island p

in 1944 (Thorarinsson 1981). He chose "tephra" as a succinct
collective term for all pyroclasts transported through the air because
(a) it fitted phonetically and linguistically with magma and lava
(also derived from Greek), and (b) it had been used by Aristotle for
volcanic ash in an account of an eruption on the island of Hiera
(probably the oldest description of a tephra fall and transport in
European literature) (Thorarinsson 1981). Also the term "volcano"” 1is

derived from the Roman name of that island, Vulcano. and the term

tephra is thus closely related to classical volcanology.

Although Thorarinsson (1954 in Pullar et al. 1973. p.497) defined
tephra as "all the clastic volcanic materials which during an eruption

are transported from the crater through the air”, the problem arose as

to whether the term included both fall and flow deposits. It was
suggested that predominantly unconsolidated pyroclastic materials be
designated "tephra" (and, if known, as "tephra-fall" or "tephra-flow")
(see Cole & Kohn 1972). However, difficulties of origin and
separation persisted, hence the INQUA Commission on Tephrochronology
(1973 meeting in New Zealand) broadened the term to include both
airfall and pyroclastic flow material resulting from a volcanic

eruption (Westgate & Gold 1974; McCraw 1975 and pers. comm. 1987).

Although this usage is widely used (e.g., Self & Sparks 1981:; Schmid

1981; Fisher & Schmincke 1984), a recent trend in New Zealand has been

to loosely equate tephra with pyroclastic fall deposits, and to use
"ignimbrite" (welded or unwelded) for pyroclastic flow deposits.

(Pyroclastic surge deposits are usually described Separately: Wright

et al. 1980.) This usage is generally adopted in this thesis, the

deposits studied being demonstrably airfall in origin. Some of the
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deposits may include a "co-ignimbrite ash" component, howgyef/(Sparks /////

& Walker 1977; see Paper 4). 1 also refer to "lacustrine tephras"”

which, although having settled through water., may still be regarded as

tephra deposits because they are essentially fallout deposits (Fisher

& Schmincke 1984).

The term "tephra" when used to describe unconsolidated
pvroclastic material is a collective noun and therefore no "s" should
normally be appended. However, when used for a series of
stratigraphic units., it is common practice (e.g., Pullar et al. 1973)
to refer to them collectively as "tephras” (as in "the rhyolitic

tephras from Mt. Tarawera”) (Cole 1981).

The term "late Quaternary"” in New Zealand is commonly applied to
all tephras aged <c.50 000 years B.P., i.e., younger than and
including Rotoehu Ash, as used by Pullar (1967a), Topping (1973), Pain

(1975). and Hogg & McCraw (1983), for example.
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Stratigraphy and chronclogy of late Quaternary tephras in
Lake Maratoto, Hamilton, New Zealand

School of Science, University of Waikato
Private Bag
Hamilton, New Zealand

Abstract A 3 m piston core from Lake Maratoto
(37°53’'S 175°18’E) near Hamilton shows at least 12
thin, well-preserved distal airfall tephras interca-
lated with humic copropel (dy) deposits. Most of the
tephras have been identified by their dominant
ferromagnesian mineralogy, their stratigraphic posi-
tion, and 5 radiocarbon dates. The majority of the
tephras are derived from the Taupo and Okataina
Volcanic Centres, while others originate from
Mayor Island, Tongariro, and possibly Mount
Egmont sources. The tephras dated (Libby ages)
are: Taupo Pumice (Wk215) 1730 = 60 years B.P.,
Tuhua Tephra (Wk214) 6210 = 70 years B.P.,
Mangamate Tephra (Wk213) 10 120 = 100 years
B.P., and Rerewhakaaitu Ash (2 dates) (Wk237)
14 700 = 220 years B.P. and (Wk238) 14 700 = 180
years B.P.

The identification of the tephras in Lake
Maratoto extends the previously mapped distribu-
tion of North Island post-glacial (Holocene)
tephras, and complements studies of soil genesis and
weathering in the Waikato region. The core also
provides a geochronological basis for further
multidisciplinary studies of the paleolimnology,
paleoclimate, and sedimentological history of the
region.

Keywords pyroclastics; carbon dating; paleolirp-
nology; late Quaternary; tephrochronology; Hamil-
ton Basin; Lake Maratoto

INTRODUCTION

As part of an investigation of the paleolimnology of
the small lakes in the Hamilton (or Middle Waikato)
Basin a sediment core has been taken from Lake
Maratoto near Hamilton (Fig. 1). The core reveals a
succession of distal, well-preserved, discrete tephra

Received 14 January 1980, revised 20 May 1980

layers separated by organic lake sediment. In this
paper the tephras are identified on the basis of their
stratigraphic relationships and dominant fer-
romagnesian mineralogy. New radiocarbon dates
are reported for 4 of them.

LAKE MARATOTO SAMPLE SITE

Lake Maratoto is one of a number of small lakes in
the Hamilton Basin formed by aggradation of the
ancestral Waikato River system (McCraw 1967). It
occupies an embayment in low Pleistocene hills
dammed by alluvium of Hinuera Formation
(Hinuera-2) deposited mainly between 20 000 and
17 000 years ago (McGlone et al. 1978). The lake
lies on the perimeter of the Rukuhia peat bog (Fig.
1) and is dystrophic. Its paleolimnology has been
described by Green (in press).

The core was taken in 4 m of water from the
northern end of the lake (N65/813353*) using a hand
operated piston corer with 4 m of 60 mm 1.D. PVC
tubing. It was transported to the laboratory in the
tube, split longitudinally, and sampled immediately.

DESCRIPTION AND STRATIGRAPHY OF THE
CORE

The core, which was not compressed during
sampling, comprises about 3 m of very fine grained
brownish-black organic lake sediment (known as
humic copropel, or dy) intercalated with at least 12
thin (2-40 mm) distinct layers overlying basal
greenish-grey muds (Fig. 2). Most of the layers are
pumiceous and highly vitric, occasionally finely
bedded, and range from fine ash to very fine lapilli.
Their total thickness is 20-25 cm. The layers,
exceptionally well preserved and clearly disting-
uished from the dy by their contrasting colour and
lithology, are unweathered and unmixed, and hence
are considered as primary airfall tephra deposits.

The stratigraphy and dominant ferromagnesian
mineralogy of the tephras, and their probable
identification, are given in Fig. 2. The tephras can
be readily related to volcanic source areas from their
stratigraphy and mineralogical assemblages (as in

* Grid reference based on national thousand-yard grid of
the 1:63 360 topographical map series (NZMS 1).
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Fig. 1 Location of Lake Maratoto in the Hamilton
(Middle Waikato) Basin.

Fieldes & Weatherhead 1968; Ewart 1971; Kohn
1973; Kohn & Neall 1973; Topping & Kohn 1973;
Ewart et al. 1975; Kohr: & Glasby 1978). Most of
the tephras originate from the Taupo and Okataina
Volcanic Centres, and others are derived from
Mayor Island, Tongariro, and possibly Mount
Egmont sources. Further work to identify the
unnamed deposits in Fig. 2 is proceeding.

When considered in conjunction with stratig-
raphic position, aegirine, cummingtonite, olivine,
and biotite are useful as marker minerals for 4 of the
tephras. Aegirine is diagnostic of a peralkaline
eruptive from Mayor Island (Hogg 1979) named
Tuhua Tephra (Hogg & McCraw in prep. “Late
Quaternary tephras of Coromandel Peninsula, New
Zegland: the Whangamata Ash’’). Cummingtonite,
which originates from the Haroharo Complex in the
Okataina Volcanic Centre (Ewart 1971; Ewart et al.
1971; Kohn 1973; Ewart et al. 1975), occurs in
moderate amounts (15%)* in 1 tephra which is

* Relative abundances (by point-count) expressed as a
percentage of the total ferromagnesian silicate mineral
assemblage in the 2—4¢ fraction.
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tentatively identified as ?Rotoma Ash. Olivine,
recognisea in some eruptives in the Tonganro
Volcanic Centre (Clark 1960); Ewart 1965; Wood
1976; Cole 1978). is abundant (347%) in thg da’rk
greyish-black tephra below Op(.pe Tephra (Fig. 2).
This tephra is therefore considered to represent the
Mangamate Tephra Formation of Topping (1973):
The dark colour suggests that the Te Rato Lapllh
Member is represented. but the ferromagnesian
mineralogy also resembles that of the Poutu Lapilli
Member. Consequently the actual member cqrrela-
tive for this tephra is still uncertain. Biotite is the
dominant (38%) ferromagnesian mineral in the
lowest tephra of the core and hence is com;lated
with Rerewhakaaitu Ash (Cole 1970; Topping &
Kohn 1973; Kohn & Glasby 1978).

CHRONOLOGY

To confirm the identifications of 4 of the tephras,
and to determine accurate rates of sedimentation in
the lake, samples of dy were 14C dated (Table 1).
Slices 1 cm thick were extracted from immediately
beneath Taupo Pumice (Wk215%), Tuhua Tephra
(Wk214), and Mangamate Tephra (Wk213), and
give maximum ages ; 2 samples, one taken above
(Wk237) and the other below (Wk23R) Rere-
whakaaitu Ash, give identical minimum and
maximum ages for this tephra (Table 1). Further
radiocarbon dates are being determined.

Table 1 Radiocarbon ages of 4 tephra formations
identified in the core from Lake Maratoto.

Tephra I aqe *

Years B.P.

University of waivato
Radiocarbon Teting
Laboratory Mo.

Taupo Pumice 1730 ¢ 6N wells

Tuhua Tephra 6210 ¢ 70 et

Mangamate Tephra

10 120 ¢ 170
(?Te Rato Lapilli Mv.)

it

Rerewhakaaitu Ash 14 700 ¢t 220

14 70C ¢ 'R0

w2yt
we2m

“Libby age based on mean life of 80)) years.

The youngest tephra in the core is Taupo Pumice,
and the age determined (Table 1) is consistent with
many other dates derived for this tephra elsewhere
(Healy 1964). Similarly, a previous date on Tuhua
Tephra. of 6280 = 70 years B.P. (Wk106 from
Hauraki Peat Bog, Hogg 1979) closely matches the

date determined for this tephra i
(Table 1). phra in Lake Maratoto

tNumbers prefixed Wk refer t i i i
N o the U
radiocarbon dating laboratory nf\ml;z:c reity of Waikato



55

Lowe et al.—L. Quaternary tephra, Maratoto 483
Sourca =
T Age:yr BP. ‘3 X . 1 Dominant
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=L o
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= vesicular. rsa|
TAUPO PUMICE Taupo 1730*60 0 rphy cos::sn Hypersthene
ash and very fine lapilli.
-
+ T White fine ash, compased of Hypersthene
WAIMIHIA LAPILLI T: . 5 ite fine ash, com,
2upo 3400 E glass shards.
3
S -
050 ~
- Olive—grey. extremely vesicular,
TUHUA TEPHRA Mayor Island 621070 TEUTIIoT]  sparsely porphyritic, normally Aegirine
graded pumiceous coarse ash.
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7 and fine ash. cummingtonite
3 100 A
g o
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i Tongariro o {Erqy coarse ash, composed Augite,
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>
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5 Biotite,
REAHAAAIT ASH _ 147004220 Compeset & pummesos gass hornlende
EREWHA! Okataina augite,
14700+ 180 sherds. hypersthes
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Greenish—grey mud.
*Estimated from . Yin decreasing order
sedimentation rates ;_7—7 of relative adundance

7

Fig. 2 Stratigraphy and chronology of late Quaternary tephras in the Lake Maratoto core. Tephra layers shown in
stipple.

+ See Postscript p.57
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The date (Wk213) of 10 120 = 100 years BP fqr
Mangamate Tephra Formation (?Te Rato Lapilli) in
the Lake Maratoto core is only slightly older }han an
age (NZ1372) of 9780 + 170 years B.P. given by
Topping (1973) for the near-source Mangamate
Tephra. ) )

The only published date for Rerewhakaaitu Ash is
(NZ716) 14 700 = 200 years B.P. (Pullar et al.
1973), identical to those (Wk237 and Wk238) from
Lake Maratoto (Table 1).

Estimates of ages of other tephras are interpo-
lated from sedimentation rates (assumed to be
constant) between the dated sections of the core
(Fig. 2). The identification of ?Rotoma Ash cannot
be confirmed from the estimated age (near 7000
years B.P.) because previously published dates
(Grant-Taylor & Rafter 1971; Pullar & Heine 1971;
Pullar et al. 1973; Vucetich & Pullar 1973) on this
tephra and the younger Mamaku Ash are
ambiguous. The tentative identification of ?Okato
Tephra is based mainly on an estimated age of about
12 450 years B.P. (Fig. 2) which matches a
previously published date for this tephra of
(NZ1143) 12 550 = 150 years B.P. (Neall 1975).

IMPLICATIONS AND FURTHER WORK

Identification of the tephras in Lake Maratoto
enables tephra distribution to be extended beyond
that mapped previously for the Waikato region
(e.g., Pullar 1967; Vucetich & Pullar 1969; Pullar &
Birrell 1973a; Pullar et al. 1973). Their occurrence
also provides new information for pedological
studies of soil genesis and weathering (Jessen 1977;
Lowe 1979). The component tephric units of the
Tirau and Mairoa Ashes, whose composite nature is
well established (Gibbs 1968; Vucetich & Pullar
1969; Pullar & Birrell 1973b; Hodder & Wilson
1976; Pullar 1978) but only partly resolved at a few
sites (Pullar & Birrell 1973b), are difficult to identify
because of post-depositional mixing and weathering
in the soil-forming environment. These problems,
which tend to increase as the deposits thin with
distance from source, do not occur in the Lake
Maratoto environment where the tephras are
remarkably preserved as unweathered and discrete
units.

In addition, the tephrostratigraphy provides a
geochronological framework for paleolimnological
and palynological studies currently in progress on
the post-glacial sedimentology, and climatic and
biological history, of the Hamilton Basin.
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Application.of impulse radar to continuous profiling of
tephra-bearing lake sediments and peats: an initial evaluation

DAVID J. LOWE

Department of Earth Sciences
University of Waikato
Private Bag

Hamilton, New Zealand

Abstract Subsurface interface radar (SIR), or
impulse radar, uses electromagnetic pulses for con-
tinuous stratigraphic profiling. It has been applied
to lake sediments (dy-gyttja) and peat deposits con-
taining a sequence of thin, late Quaternary, ash-
grade tephras at Lake Maratoto, North Island, New
Zealand. The SIR system is very rapid, precise, and
reasonably accurate compared with conventional
coring and probing methods, but still requires good
stratigraphic control for reliable interpretation.
Radar penetration depths of up to 10 m were
attained. Interfaces between lake bottom and lake
sediments and underlying volcanogenic materials
of varying lithologies could be readily discerned,
as could many of the tephra layers preserved within
the lake sediments. Peat depths and positions of
stumps or logs on the surface of the subpeat
materials could also be determined. Given ade-
quate calibration by drilling, the SIR system appears
useful for various shallow subsurface exploration
studies, particularly those involving tephrostratig-
raphy and paleoenvironmental reconstructions from
limnic and peat deposits, and in projects on buried
wood.

Keywords subsurface interface radar; radar
methods; electromagnetic logging;, pyroclastics;
stratigraphy; lake sediments; peat; limnology;
paleolimnology; Lake Maratoto; Rukuhia; bogs;
organic materials

INTRODUCTION

This paper briefly describes and evaluates the first
application in New Zealand of impulse radar to
stratigraphic profiling of tephra-bearing lake sedi-
ments, peat, and some associated volcanogenic
deposits. Impulse radar, known also as subsurface
interface radar (SIR) or electromagnetic subsqrface
profiling (ESP), has only recently become available

Received 10 July 1984, accepted 24 June 1985

in New Zealand. It has, however, been used else-
where sipcc 1970 (Morey 1974), initially for civil
engineering purposes but lately for other geoscience
applications such as permafrost and ice thickness
measurement, alluvial stratigraphy, lake and peat
profiling, and subsurface erosion studies (e.g.,
Campbell & Orange 1974; Kovacs & Gow 1975;
Davis et al. 1976, Kovacs 1977, Rossiter & Gus-
tajtis 1978; Bjelm 1980; Ulriksen 1980, 1983; Leggo
1983; Arcone & Delaney 1984).

Conventional studies on peat and lake sediment
stratigraphy and subsurface topography are done
by laborious and costly drilling, coring, and prob-
ing methods (e.g., Davoren 1978; Green & Lowe
1985, this issue), or seismic profiling. Alternative
methods such as peat penetrometer and electrical
resistivity soundings have also been tried in New
Zealand but with little success (Risk 1974). The SIR
system, which functions like an echo-sounder but
utilises electromagnetic pulses rather than sound
waves, has been acclaimed as being extremely rapid
and also accurate in shallow subsurface exploration
studies (Bjelm 1980), and highly advantageous in
providing a continuous subsurface profile. Conse-
quently, it was seen as a potentially valuable tool
for investigating the geomorphology of the shallow
lakes and peat bogs in the Waikato region as part
of the University of Waikato’s programme of
paleolimnological studies in northern North Island,
New Zealand. In addition, the ability of SIR to
detect the thin tephra layers preserved within the
lake sediments and the peats was of particular
interest because a series of profiles, with suitable
stratigraphic and chronologic control, would pos-
sibly enable developmental stages of the lakes and
peats to be accurately and rapidly mapped in both
space and time. Thus, Lake Maratoto and the adja-
cent Rukuhia peat bog (Fig. 1), with a known sub-
surface geomorphology and tephrostratigraphy
(Lowe et al. 1980; Green & Lowe 1985), were
selected for a trial investigation of the capabilities
of SIR. This study is necessarily only a preliminary
evaluation because of limitations posed by the
availability of the SIR equipment.

PRINCIPLES OF THE SIR METHOD

The SIR system can be considered the electromag-
netic equivalent of single-trace acoustic profiling
systems (Morey 1974). It radiates repetitive short-
duration (1-6 ns) electromagentic pulses (voltage
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176°E Fig.1 A Location map of Lake
Maratoto and the Rukuhia bog in
A North Island | (he  North Island.  New

New Zealand

Zealand. B General site condi-
tions around Lake Maratoto and
the positions of the S'R transect
lines. The 44 m contour (dash-dot
line) outlines part of 2 10 m deep
subpeat paleovalley. Details of the
stratigraphy and subsurface geo-
morphology are given in Green &
Lowe (1985): bathymetry is after
Irwin (1982). The astenisk marks
the coring site of the core shown
in Fig. 3.
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Fig.2 Schematic block diagram
of the impulse radar system (after
Morey 1974).
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which is usual, or from a knowledge of the elec-
tromagnetic parameters of the materials being
investigated. The effective (average) propagation
velocity through the material overlying a subsur-
face interface is derived from the relationship

2D
t

Vm =

where D = measured depth to reflecting interface,
t = elapsed time between transmitted anq received
pulse and, once known at one or more sites along
a profile of similar deposits, can be used to deter-
mine D for other sites along that profjle (Morey
1974). (For example, the average velocity through
peat is about 0.4 X 108 m/s; Ulriksen 1980.) Anpther
way of estimating v,, without drill calibration 1s the
common point depth method (e.g., see Taner &
Koehler 1969; Ulriksen 1980). The effective rela-
tive dielectric constant of the penc}rated material
can be derived from the relationship

Sig 7

Reflected pulse
at interface

where ¢ = propagation velocity in free space (3 X
108 m/s). This is useful for getting an idea of the
type of materials being probed and, because ¢, is
affected by water, their moisture content (Morey
1974; Ulriksen 1980).

In peat bog studies, volumes of peat can be cal-
culated from the areas of a series of profiles, with
accuracies only slightly below those obtained by
drilling methods (Ulriksen 1980).

The graphic recorder instrumentation, through
an overlapping scale expansion facility, allows any
desired ratio of vertical to horizontal scale (the ver-
tical scale is typically greatly exaggerated). In prac-
tice, continuous profiling is done by towing the
antenna on a sled over the ground surface, or float-
ing it behind a boat on water, at a speed of about
5 km/h.
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APPLICATION OF SIR AT LAKE
MARATOTO

Investigation site and methods

Lake Maratoto (37°53'S 175°18 E) is a small peat
lake up to 7.1 m deep lying on the eastern bprder
of the Rukuhia peat bog near Hamilton (Fig. 1).
Its stratigraphy and developmental history has
recently been described in detail by Green & Lowe
(1985). The lake was formed c. 17 000 years ago
when alluvium (Hinuera Formation) deposited by
the ancestral Waikato River dammed a southwest-
draining embayment in low Pleistocene hills. The
lake was initially shallow but for the past 11 000
years or so has been greatly affected by the growth
of the Rukuhia bog, becoming deeper and dys-
trophic but probably maintaining a fairly constant
area. The peat is now 8 m deep on the southwest-
ern edge of the lake and up to 10 m deep in a nar-
row paleovalley to the north of the lake (Fig. 1B).

Between 2 and 3 m of fine-grained, organic-rich
lake sediment (gyttja or dy-gyttja) has been depos-
ited in the lake, the uppermost metre or so being
peaty in character, and it contains numerous (c. 20)
thin, distal, well-preserved tephra layers of 2-40
mm thickness and of mainly fine to coarse ash
(Lowe et al. 1980). The 10 or so thickest tephras
are compact and clearly distinguished from the soft
lake sediment by their contrasting colour and lith-
ology (Fig. 3). The lake sediment is underlain by
clays or muds or gravelly sands of the Hinuera For-
mation, or weathered gritty muds (mainly collu-
vium) derived from late Pleistocene tephras
overlying strongly weathered middle Pleistocene
tephras and volcanogenic deposits (Fig. 3; Green &
Lowe 1985). Three or four diffuse tephra layers
(each about 20 mm thick) can usually be detected,
together with occasional woody fragments, in the
peat column near the lake.

Four transects were made (Fig. 1B), two across
Lake Maratoto (A-A’, B-B’) and two across the
peat (C-C’, D-D’). The detailed stratigraphy of the
subsurface materials along these transects has been
determined by intensive coring and probing as
recorded in Green & Lowe (1985). An SIR System
4*, with a 3130 transducer, an antenna centre fre-
quency of 120 MHz, and a pulse time of 3 ns, was
used in each of the radar transects.

Lake transects

Secti'ons of the radar profiles (radargrams) as
obtained in the field are reproduced in Fig. 4. No
subsequent processing has been done. The SIR sys-
tem was able to clearly show: (1) the lake bottom

*Geophysical Survey Systems, Inc., Hudson, U.S.A.
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Fig.3 A 3.3 m long longitudinally sliced core taken from
the northern part of Lake Maratoto (Fig. 1B) using a
modified Livingstone piston corer. Interfaces between the
gross stratigraphic units were identified on the radar pro-
files along A-A’ (Fig. 4). The stratigraphy and chronology

?{9l§56)core is after Lowe et al. (1980) and Green & Lowe

(Photo: R. R. Julian)

(i.e., the lake water - lake sediment interface); (2)
the boundary between the lake sediments and the
underlying materials; (3) multiple interfaces,
assumed to correspond to some of the thicker, more
compact.tephra layers within the lake sediments;
and (4) dlﬂ'erenges in the sublake sediment materials
which, from prior knowledge through coring, could
be appropriately designated as alluvial muds or
clays (*smooth™ or linear reflections in Fig. 4)
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