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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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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 ..£_: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 

14 C chronology. The correlated tephras associated with each source 

(approximate ages in years 8.P., old T½ 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?l (9950), 

Okupata (8 informal units Oa-1 to Oa-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). 
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Eleven Holocene tephras, mostly rhyolitic, are identified in bogs 

in Urewera National Park (Kaipo Lagoon, Te Rangaakapua): Kaharoa (700 

years 8.P. ), Taupo, Mapara, Waimihia (3200 years B.P. ), Hinemaiaia, 

Whakatane, Rotoma. Opepe, Poronui (9900 years B.P. ), Karapiti (10 100 

years 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 year-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 14 C dating, 

and enables some aspects of postglacial climatic change to be 

inferred. 
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INTRODUCTION 



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 ITVZI. and from Mt. Egmont and Mayor Island (Fig. l; 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 

2 



Fig. 1. Generalised distribution of volcanic centres or districts 
(bold names) in North Island active in the last c.0.5 
million years. The tephras studied in this thesis were 
erupted in late Quaternary times (past c.50 000 years) tror:i 
the Taupo, Maroa, Okataina, and Mayor Island centres 
(rhyolitic), 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 14 C or 
dendrochronology); 0 = volcanoes that have erupted during 
the last c.5000 years (dated by 14 C). Named volcanoes are: 
W, White Island (andesitic-dacitic); H, Haroharo; T. ~It. 
Tarawera: To, Mt. Tongariro; N, Mt. Ngauruhoe; R. r,1t. 
Ruapehu; E, Mt. Egmont* (also known as Mt. Taranaki l: Ro. 
Rangitoto Island; Te, Te Puke. (After Cole & Nairn 1~75: 
McCraw 1975; Buck et al. 1981; and Wilson et al. 1986 l. 

*There is some evidence to suggest that a small pyroclastic 
flow may have been erupted from Egmont in the last 100 
years or so (V.E. Neall pers. comm. 1986; Neall & Alloway 
1986). 
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correlation, and dating of 
landscapes based on the identification, 

) Separate discipline tephra layers as a 
l·n New Zealand may be traced 

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. 

events tha t characterise each of tf1ese Some of the significant 

periods, and their influences, are described below. 

Period 1 (late 19th century - late 1920s) 

Geologists undertook reconnaissance and regional mapping. chiefly 

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'' ot· 

rhyolitic composition (p.116). Later writers (e.g., Crawt·ord 1875, 

Smith 1876, Cussen 1887; see also Froggatt 1981a) 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 a 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 the firs11isopach map in New Zealand (Fig. 2; Thomas 

1888b), and stimulated an awareness that other volcanoes may have 

5 



, ...... 

i ":'.r/ 

t .. 

Fig. 2. Isopach map of 
10 June, 1886, 
maps of Pullar 

, ,. 
·, ,.,.,,,,., ..... 

,• \'· ...... . ~ . . ,, .,,..., . ' _ .. , '~~\ 

6 

THE D15TRICT AfHCTEO BY THE 

Seale 5 ~1ilu toaaln~h 

Comp1ltd la &:comp.any Rrporf by Pnfusor A P. Thomu 

RuutNct 
ltor S.p11ng:. and teyu,:. 
N"'"' S111l1m111t~ 
fto.,,d:. 

0SITI0N 

_ TH ISLAN~ N.Z. 
'-.. PHCHD 

\' ,\ 

-~~ -~~ .. 

.. ,... .,, ....... 
::,..;,;_:.;.~~- ••••• 

,.,.,~( ;( 
/ /~ "' ' 

~ J ..... -~-; . ,­--~ ,' ;,/ \_"'\_, 

tephra fallout from the Tarawera eruption of 
as determined by Thomas (1888b, map I) (cf. 
& Birrell 1973b and Walker et al. 1984). 



spread showers of ash to distal parts of the Nor th Island in the 

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 been subJect, at a not 
very remote date, to dust showers of volcanic ejectamenta. Had 
the wind been blowing from the north-west at the t1me of 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 volcanic 
outburst. would have fallen throughout the East Coast District 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 b)' hot springs, 
solfataras, geysers, and burning mountains, it is certain!)· 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 ,olcan1c 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 sa,· that 
such showers would be detrimental to vegetation. The)· ma) ~ause 
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 Taranak 1• di'stri·ct in 1883 by ~Ir A.W. 

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

a matai tree IPodocarpus spicatus), in the forks of which 
"scoria" 

(lapilli) was lodged, to obtain t· 
an erup 10n age of c.1430 A.D. for the 

Burrell tephra (the most recent t· 
es imate for the age of the Burrell 

Formation is c.1655 A.D.: Druce 19661 _ 
Oliver's (1931) report on the 

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

Formation may qualify as the f" 
irst application of tephrochronology 

(using a prehistoric tephra) in New Zealand. 
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The eruption of Mount Pelee 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 1 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 

surveyed the soils of the Rotorua area and published, using a newly­

de,·eloped classification system 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 

remedy the problem of bush sickness. 

1 Jagger did manage to establish the Hawaii Volcanological Observatory 
in 1912. 
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Period 2 (late 1920s to early 1950s) 

The recognition of a relationship between the incidence of bush 

sickness and soil derived from tephra lead to extended soil surveys 
1

" 

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

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 19321. During 

the course of this work. many important soil-forming tephras were 

named. described. and mapped (e.g. Fig. 3). Grange and Taylor noted 

that the ash showers (tephrasl 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 Ta.vlor 1933, p.?01). Bed 1 • - 1s a composite of 

tephras from more than one volcano. Bed 2 is probably 
Kawakawa Tephra (Vucetich & Pullar 1969; Vucetich & Howorth 

1976a l. 

l3ed l 

I 1 I 11· ! Malroa. !<'Ive }tiles North of 11\ Fifteen >,tiles Ea t f 
' Depth · l\lairoa. • s 

0 

! of ----- _______ _ I _ 11• Depth , Malroa. 

!
Sample.! I 1' \ - ,', of ' - -- - - -

Horn• Hypers•, A ,· I Horn- H'-· Prs- · , Sample. \ \ 
1 
l,lcn(k. thene. I ugtte.1 hlendc. th~n~ Aul,(itP. \, \ Horn• Hypers- A It ______ ,_ , I · ,, , hlen<lc. tlH'ne. , Ull e. 

I 11 • 3~ • ' -:-1 40 I \ .• : In. ' •• ·- _ __;_I __ 

6 34 26 I 40 , 30 22 48 , 2 37 30 33 

~~ ii !~ \' ~~ \: 9 28 47 25 

-----\ 1-- --·--\'! 24 30 60 IO 
Bed 2 29 14 73 I 13 10 , 75 15 34 s 77 15 
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of tephra mapping in New 
This period thus marks the beginning 

as One of "proto-tephrostratigraphy" 
Zealand. and might be described 

thl·s work was initially undertaken to provide a 
It is emphasised that 

d thel·r parent materials. and that 
better understanding of soils an 

t • h in New Zealand (chief!~ 
manv subsequent advances in tephrostra 1grap Y 

in Period 3) were made by pedologists (McCraw 19751. 

Studies of tephra layers as a tool for research in various 

disciplines (i.e., the development of tephrochronologyl 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 11928) 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 1950s 

provided the means for obtaining an absolute h l c rono ogy of tephra 

eruptions of late Quaternar_v age. Th 1·· 14 e 1rst C date published in New 

Zealand (NZl 1820 ± 150 years B.P.) was on carbonised wood from within 

the Hatepe Lapilli (Fergusson & Rafter 19531. Baumgart's (19541 paper 

is a benchmark study for this period because ·t · 
1 1s the first to focus 

on the stratigraphy and chronology (based on 14 
C dating) of a sequence 

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

history of the Taupo volcano. In addition. the paper included the 

R • Ash. Hatepe Lapilli first isopach maps for Taupo Lapilli, otongaio 

• Format1·on), and Waimihia Lapilli (Fig. 4). (members of Taupo Pumice 

Of Possl.ble source vents were inferred from which the locations 

(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 physical properties of 

the tephras, marker beds, and principles of stratigraphy; 1 ➔ 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 ( T p 
e.g •• e unga 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 : 

13 



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 & 

14 
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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 90¼ 11.645 s.d.) of its plotted points. Only two 
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68¼ value 11 s.d.). (From Kohn 1970, p.365.) 
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Rotorua, lOA = Rerewhakaaitu phenocryst-rich, 108 = 
Rerewhakaaitu phenocryst-poor, 11 = Oruanui, 12 = Mangaone. 
13 = Rotoehu. 



Birrell 11973b), 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 1981a. b. c; Nairn 1981; Neall & Geddes 

1981; Franks 1984). Relatively few new 14 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 
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Table 2. 

Years 
bef 

Pres 
'e 
11 

OKATAINA CENTRE 

Tarawera Formation (64 B.P.) 
(3 members) 

5 

7 

1,0 

1,5 

2,0 

2,50 

3,00 

4,00 

5,000 

6,00 

7,000 

8,000 

9,000 

10,000 

15,000 

20,000 

30,000 

40,000 

50 

10 

0 

Kaharoa Ash (930 B.P.) 
0 

0 

) 

) 

I 

Rotokawau Ash (no date) 

Whakatane Ash (5,180 B.P.) 

Mamaku Ash (7,050 B.P.) 
Rotoma Ash (7,330 B.P.) 

~vaIonau Asn /1I,L;:>\.I t:l.t':{_ 
Rotorua Ash 13,45? B.P 
Rerewhakaaitu Ash 14 700 B.P.) 

Okareka Ash (20,700 B.P.) 
Te Rere Ash (no date) 

Mangaoni Lapilli Formation 
(30,100 B.P.) 

Rotoiti Breccia Formation 
(41,000 B.P.) (3 members) 

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.) 

MAROA-TAUPO CENTRE TONGARIRO CENTRE EGMONT CENTRE 

Tahurangi Formation (250 B.P.) 

Burrell Form. (315 B.P.) (4 mem.) 
Newall Form. (450 B.P.) (4 mem.) 

Taupo Pumice Formation Ngauruhoe Tephra Formation 
(1 850 B.P.l (7 members) (0-1,819 B.P.) 

Mapara Pumice (2,270 B.P.) 
Mangatawai Tephra Formation 

(2,500 B.P.) 

Whakaipo Tephra (2,800 B.P.) 

Waimihia Formation (3,150 B.P.) Papakai Tephra (3,420 B.P.) Inglewood Tephra (c3,000 B.P.) 
(2 members) 

Hinemaiaia Ash (5,085 B.P.) Karita Tephra (no date) 

Oakura Tephra (6,900 B.P.) 

Stent Ash 

Opepe Tephra (8,850 B.P.) 

Poronui Tephra (9,780 B.P.) Mangamate Tephra (9,700 BP) (fmem Okato Tephra (no date) 
Okupata Tephra (9,790 B.P.) (2 members) 

Puketarata Ash (no date) Rotoaira Lapilli (13,800 B.P.) 

Oruanui Formation (19,850 B.P.) S.iunders Ash (16,000 B.P) 
(2 members) Carrinuton Tephras 

Aokautere Ash (20,500 B.P.) 
K,ll u Tephra (no date) 

12 members) 

Pu~eiI1 Tephra (no date) 

Weld Tephra (no date) 

New Plymouth Ashes !more than 
70,000 y) 

OTHER or UNKNOWN CENTRES 

Rangitoto Ash (750 B.P.l 
(Auckland Centre) 

Whangamata Ash (no date) 
(2 members) (Waihi Centre) 

Upper H<1milton Ash For mat I0n 
(? less than 220,000 years) 

Lower Hamilton Ash Formation 
(? more than 330,000 years) 
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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 
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Table 3. Representative glass analyses of some 
as determined by electron microprobe. 

New Zealand tephras 
(From Froggatt 1983. 

p .194.) 

2 3 4 5 

(0.24) 79.04 (0.31) 78.22 (0.27) 77.16 (0.48) 77.99 (0.27) 
SiO2 77.25 

(0. 18) 12.36 (0.22) 13.07 (0.37) 12.17 (0.11) 
Al2O3 13.35 (0.13) 12.49 

(0.05) 0.15 (0.02) 
TiO2 0.24 (0.03) 0.11 (0.02) 0.09 (0.04) 0.21 

1.23 (0.11) 1.07 (0.07) 
FeO" 1.96 (0.08) I. 16 (0.09) 1.08 (0.14) 

MnO 0.07 (0.03) 0.06 (0.05) O.o? (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) 

CaO 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) 

K2O 2.46 (0.05) 3.01 (0.11) 3.61 (0.17) 3. I I (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 II 14 II 11 IO 

Na/K 1.31 0.99 1.03 1.16 0.74 

6 7 8 9 10 II 

SiO2 77.55 (0. 15) 77.98 (0.32) 78.16 (0.36) 77.81 (0.42) 77.65 (0.34) 78.06 (0.72) 
Al2Oa 12.64 (0.15) 12.55 (0.23) 12.41 (0.20) 12.57 (0.28) 12.63 (0.32) 12.48 (0.35) 
TiO2 0.15 (0.02) 0.10 (0.02) 0.14 (0.04) 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) I.II (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) 3.34 (0.39) 
K2O 3.45 (0.09) 3.46 (0.16) 4.22 (0.14) 4.00 (0.20) 3.98 (0. 16) 3.96 (0.22) 
Water 6.73 (0.35) 5.22 (0.83) 4.83 (0.99) 6.06 (I. 11) 6.02 (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. (I) Taupo lgnimbrite; (2) Kawakawa Tephra; (3) Matahina lgnimbrite; (4) Griffin Rd 2; (5) Whaka-
maru lgnimbrite; (6) Marshall lgnimbrite; (7) Potaka Pumice. Mt. Curl Tephra Correlatives: (8) Mt. Curl: 
(9) Ohariu; (10) Pahiatua; ( 11) Rewa Hill. N = number of analyses in mean. Numbers in parentheses are I 
standard deviation. 

• 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 mav be effectivelv . . 

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 Bay of Plenty (Bl (based on analysis 
of single grains). n = the number of titanomagnetite 
grains in any particular 0.1 Fe-Ti ratio-interval: dominant 
modes are indicated by lines overlying 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: ?~~-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 

ph~·sical 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). In 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 

yet 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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tl·me stratigraphic markers in a wide 
have been used extensively as 

tephras are being used increasingly in this 
range of projects; older 

h Studl·es on tephra weathering 
role as new dates are obtained fort em. 

and clay mineral formation and transformations are also important 

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). In 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 1·mportant advances in 

tephra studies in New Zealand, also indicates 
that there are many gaps 

in our knowledge. Some inadequacies, l -re at1ng specifically to late 

Quaternary tephras, are identified as follows. 

( l) 
The tephrostratigraphy of distal areas 1·s 

poorly known. How far 
from the eruptive centres h 

ave tephras been deposited in New 

Zealand, and what - h 
ls t eir pattern of distribution? 

What 
volcanological inferences can be made 

from the occurrence and 
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distribution of distal tephra fallout? What effects have distal 

tephras had on soil genesis? 

(21 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 14 C-based 

chronology be obtained? 

131 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. 19801. 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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l tephras from such occurrences 
research programme investigating dista 

no rthern North Island has been 
in lake sediments and peats in 

developed. 
has been the main focus of stud~. but 

The Waikato region 

North Island have also been 
sites in Auckland, Northland, and eastern 

investigated (Fig. 7). The aim and scope of the project are outlined 

below. 

THESIS OBJECTIVES AND SCOPE OF STUDY 

The broad aim of the thesis is to advance 9ur knowledge of the 

distribution, stratigraphy. chronology, and composition of late 

Quaternary tephras in northern New Zealand using distal occurrences 1n 

25 

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: 

Ill to determine the occurrence, stratigraphy. chronology. and origin 

of distal late Quaternary tephras in the Waikato and other 

( 2) 

( 3) 

( 4) 

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

account for their distribution; 

to help establish compositional criteria, particularly using the 

electron microprobe. for 1·dent 1·fv1·ng ad l · . n corre at1ng late 

Quaternary rhyolitic and d • an es1tic tephras in New Zealand; 

to investigate new methods f d 
or etecting thin tephra layers in 

lake sediments and peats; 

to improve the chronology of late 
Quaternary rhyolitic and 

andesitic tephras in New Zealand· 
' 



(5) to investigate the developmental history of Lake Maratoto using 

tephrochronology to help our understanding of palaeoenvironmental 

changes in the Waikato region; 

16) to critically review the various controls of clay mineral genesis 

in tephras. and to develop a new model of tephra weathering and clay 

mineral fomation and transformation based partly on teµhra 

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

171 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 
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doctoral thesis, "Tefrokronologiska studier Pi Island 
published 

He chose "tephra" as a succinct in 1944 (Thorarinsson 1981). 

collective term for all pyroclasts transported through the air because 

(a) it fitted phonetically and linguistically with magma a nd lava 

(also derived from Greek), and (b) it had been used by AriS t0 tle for 

account Of an erup tion on the island of Hiera volcanic ash in an 

(probably the oldest description of a tephra fall and transport in 

1981) Also t he term "volcano" is European literature) (Thorarinsson • 

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 elastic 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 19 ) pers. comm .. 87 . 

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 ld d) f 
unwe e or pyroclastic flow deposits. 

(Pyroclastic surge deposits are usually descri·bed 
separately: Wright 

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

deposits studied being demonstrably airfall in origin. Some of the 

:?9 



deposits may include a "co-ignimbrite ash" component. how~vef'(Sparks 
/ 

& Walker 1977; see Paper 4). I 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 

pyroclastic 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 8.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 chronology of late Quaternary tephras in 

Lake Maratoto, Hamilton, New Zealand 
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Hamilton, New Zealand 

Abstract A 3 m piston core from Lake Maratoto 
(37°53'S 175°l8'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; paleolim­
nology; late Quaternary; tephrochronology; Hamil­
ton Basin; Lake Maratoto 

INTRODUCTION 

As part of an investigation of the paleolimnology of 
the small Jakes 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 

ReceiL·ed 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 MARA TOTO 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 I.D. PVC 
tubing. It was transported to the laboratory in the 
tube, split longitudinally, and sampled immediately. 

DESCRIPTION AND STRATIGRAPHY OF TIIE 
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 Iapilli. 
Their total thickness is 2(}-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. I Loc~tion of 1:-,ake Maratoto in the Hamilton 
(Middle Waikato) Basm. 

Fieldes & Weatherhead 1968; Ewart 1971; Kohn 
1973; Kohn & Neall 1973; Topping & Kohn 1973; 
Ewart et al. 1975; Kohn & Glasby 1978). Most of 
the tephras originate from the Taupo an~ Okataina 
Volcanic Centres, and others are denved 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, cumrningtonite, 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 
Zealand: 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 2-44> fraction. 

. . .. d s "Rotoma Ash. Olivine. 
tentatively idenufie a. •. , . ·n the Ton2anro 

• d • ·ome eruptl'-es 1 -
recogm~e in s (Clark !960; Ewart 1965: Wood 
Volcanic Centre . b d t (34'7r) in the dark 
1976· Cole 1978), is a un an . , 

, k h below Opepe Tephra (Fig. _). 

~ir~~-~1;: is t~Jer~ore considered tn represent the 
M n a~ate Tephra Formation of Topping ( 1973): 
Thae ~ark colour suggests that the Te Rato Lap1l11 

d b t the fcrromagne<;1an Member is represente . u .11 . 
mineralogy also resembles that of the Poutu Lap1 I 

Member. Consequently the actual _member co~ela­
f for this tephra is still uncertain. _B1ot1te_ is the 
~::inant (38%) ferromagnesian mineral in the 

h Of the core and hence 1s correlated lowest tep ra . • & 
with Rerewhakaaitu Ash (Cole 1970, Topping 
Kohn 1973; Kohn & Glasby 1978). 

CHRONOLOGY 

To confirm the identifications of 4 of_ the te(:lhra_s, 
and to determine accurate rates of sed1mentat1on in 
the Jake, samples of dy were 14C date? (Table 1): 
Slices 1 cm thick were extracted from 1mmed1atel~ 
beneath Taupo Pumice (Wk215+), Tuhua Tephra 
(Wk214), and Mangamate Tephra (Wk213), an_d 
give maximum ages ; 2 samples, one taken abo"e 
(Wk237) and the other below (Wk238) Rere­
whakaaitu Ash, give identical m1rumum and 
maximum ages for this tephra (Table 1). Further 
radiocarbon dates are being determined. 

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

Tephra 

Taupo P\D'li::e 

TUhua Tephra 

Mariqamate Tephra 
(?Te Flat.o t..ap1lli Hb.J 

Flerevh4kaaitu Ash 

••c A.q-. • 

Y••r ■ 111. P. 

fillQ ! lQ 

10 120 ! 100 

l4 '.'OfJ 1 2:20 
l4 70C ! HIO 

\J'l'll-r•l":y of -.1.-•to 
A.Ad1oor•rbol'I ::at 1nq 

l.M>n1'atonr ..,_ 

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. (Wkl06 from 
Hauraki Peat Bog, Hogg 1979) closely matches the 
date determined for this tephra in Lake Maratoto 
(Table 1). 

tNumbers prefixed Wk refer to the University of Waikato 
radiocarbon dating laboratory number. 
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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 B._P._ f?r 
Mangamate Tephra Formation (?Te Rato Laptlh) m 
the Lake Maratoto core is only slightly older than an 
age (NZ1372) of 9780 ± 170 years B.P. given by 
Topping (1973) for the near-source Mangamate 
Tephra. . . 

The only published date for Rerewhakaa1tu Ash 1s 
(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 
?ecause ~f post-?epositional mixing and weathering 
m the s01l-formmg 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 
geochronologi~al fram~work for paleolimnological 
and palynolog1cal studies currently in progress on 
the post-glacial sedimentology, and climatic and 
biological history, of the Hamilton Basin. 
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in the course of the research 

leading to the thesis, and several of the tephra identifications 

were provisional. Subsequent work has resulted in four 

modifications to the tephrostratigraphy reported in Paper 1: 

"Waimihia Lapilli" is re-identified as Whakaipo Tephra (Paper 4); 

"? Rotoma Ash" and "Unnamed ash" are re-identified as Mamaku Ash 

and Rotoma Ash, respectively (Paper 9); "? Okato Tephra" is re-

identified as the basal lapilli unit(?) of the Okupata Tephra 

Formation (Paper 4). 
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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 appe_ars 
useful for various shallow subsurface exploration 
studies particularly those involving tephrostratig­
raphy ;nd paleoenvironmental reconstructions fr?m 
limnic and peat deposits, and in projects on buned 
wood. 

Keywords subsurface interface radar; radar 
methods; electromagnetic logging; py~oclastics; 
stratigraphy; lake sediments; peat; hI?nology; 
paleolimnology; Lake Maratoto; Rukuh1a; bogs; 
organic materials 

INTRODUCTION 

This paper briefly describes and evaluates the first 
application in New Zealand of imp_ulse radar 1? 
stratigraphic profiling of tephra-beanng lake sed~­
ments, peat, and some associated volcanogemc 
deposits. Impulse radar, known also 3:s subsurface 
interface radar (SIR) or electromagnetic subs~rface 
profiling (ESP), has only recently become available 

Received JO July 1984. accepted 24 June 1985 

in New Zealand. It has, however, been used else­
where since 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 radiate~ repetitive short­
duration (1-6 ns) electromagent1c pulses (voltage 
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pulses) at a repetition rate of 50 kHz from a broad­
band width antenna (80-1000 MHz) which is 
moved in contact with the ground or water surface. 
Reflections are received from surface and subsur­
face discontinuities (interfaces) because of changes 
in electrical properties in the materials, and are dis-
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played on a continuous strip-chart recorder (or 
magnetic tape recorder) (Fig. 2). The travel time 
from the surface to the interface and back is meas­
ured and, since the chart paper is calibrated in 
nanoseconds, can be readily converted to depth or 
thickness, after either direct calibration by drilling, 
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Fig. 2 Schematic block diagram 
of the impulse radar system (after 
Morey 1974). 

Power 
supply (12V) 

Pulse 
transmitter 

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 
Vm = -[-

where D = measured depth to reflecting interface, 
t = elapsed time between transmitted and 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 profile (Morey 
1974). (For example, the average velocity through 
peat is about 0.4 X l 08 m/s; Ulriksen 1980.) Another 
way of estimating vm without drill calibration is the 
common point depth method (e.g., see Taner & 
Koehler 1969; Ulriksen 1980). The effective rela­
tive dielectric constant of the penetrated material 
can be derived from the relationship 

Sig 7 

Transmitter­
receiver selector 

Antenna 

e,=(:mr 

Graphic 
recorder 
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Receiver 

Tape 
recorder 

Reflected pulse 
at interface 

where c = p~o~agation velocity in free space (3 x 
108 m/s). This 1s useful for getting an idea of the 
type of materials being probed and, because e, 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 obtain~d by 
drilling methods (Ulriksen 1980). 

The grap~ic 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°l8'E) is a small peat 
lake up to 7.1 m deep lying on the eastern ~order 
of the Rukuhia peat bog near Hamilton (Fig. I). 
Its stratigraphy and developmental history has 
recently been described in detail by Green & Lowe 
( I 985). The lake was formed c .. 17 000 years ago 
when alluvium (Hinuera Format10n) 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 a!fected 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. l B). 

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. I 980). 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. I B), 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 
Sections 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: ( l) the lake bottom 

*Geophysical Survey Systems, Inc., Hudson, U.S.A. 

◄ Mangamate Tephra 
( 10 000 ~r.:5) 

◄ Okupata Tephra 

Alluvial clay 
(Hinuera Formation) 

Lake sedimen 
(c. 17 000 yrs) 

Weathered gritty muds 
(Late Pleistocene 
tephric colluvium) 

◄ Rerewha aaI1u Ash 
(1 4 700 yrs) 

Fig. 3 A 3.3 m long longitudinally sliced core taken from 
the northern part of Lake Maratoto (Fig. 1 B) 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 
of the core 1s after Lowe et al. ( 1980) and Green & Lowe 
(1985). 

(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) differences in the sublake sediment material~ 
which, fro~ prior knowledge through coring, could 
be appropnately designated as alluvial muds or 
clays ("smooth" or linear reflections in Fig. 4) 
(Hmuera Formation), or gritty muds ("blotchy" 
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reflections in Fig. 4) (weathered tephric collu".ium 
and volcanogenic materials) .. Each of these d1ffe.r­
ent units is visible in the sediment core, shown m 
Fig. 3, which was taken from the centre of the lake 
along transect A-A' (core 4,lb of Green & Lowe 
1985). 

The total depth of penetration achieved was 
about 10 m (including up to 7 m of water plus 3 
m of lake sediment); the depths closely matched 
those determined by Green & Lowe ( 1985). It was 
evident from scale expansion of the lake sediment 
parts of the profiles (as in the lower part of Fig. 4) 
that the tephra layers are often uneven in thickness 
but generally follow the shape of the basin topog­
raphy. Not all of the tephras are represented right 
across the lake basin (cf. fig. 8 of Green & Lowe 
1985). This is because the lake area contracted to 
about half its present size at c. 13 000 years ago 
due to marginal peat development (Green & Lowe 
1985). Also, the depth of water in the lake (hence 
thickness of lake sediment) remained low (c. 2 m 
in the deepest part) until the Rukuhia bog began 
expanding rapidly from about 11 000 years ago. A 
series of accurately positioned SIR surveys would 
enable such features as paleoshorelines of the lake 
to be rapidly plotted using the spatial distributions 
of the identified tephras as chronologic markers (as 
achieved to a certain extent, but with far greater 
effort, by Green & Lowe 1985). 

Peat transects 

Approx 
depth 

{ml 

Peat profiles obtained by SIR (Fig. 5) were less clear 
than the lake ones, but enabled the peat-substra­
tum interface to be readily mapped. Some gross 
stratification within the subpeat materials (i.e .. 
tephric colluvium and older volcanogenic deposits) 
was also evident in the radargrams. The hyper­
bolic-shaped reflections on the subpeat surface are 
interpreted as stumps (possibly in situ) or logs. 
(Because of their form they are evidently exposed 
to the radar beam for a relatively long time and 
hence look bigger on the radargrams than they are 
in reality-Bjelm 1980; Ulriksen 1980.) Emergent 
stumps and logs are abundant on the Rukuhia bog 
in areas that have been drained and developed (cf. 
Cranwell 1939), and wood was frequently encoun­
tered at the base of the peat during the probing and 
coring around Lake Maratoto. One such large piece 
of wood, embedded in the uppermost subpeat 
materials at c. 6 m depth in a drillhole close to 
point C (Fig. I B; Green & Lowe 1985), has been 
identified as rimu root wood, Dacrvdium cupres­
sinum (L. Donaldson, Forest Research Institute, 
pers. comm. 1983). It has an age of (Wk508) 12 550 
± 110 years B.P. (old half-life), determined by the 
University of Waikato Radiocarbon Dating 
Laboratory (Hogg 1982). Within the peat column 
itself are several broad interfaces (spaced at 2 m or 
so depth intervals) that may correspond to changes 



Lowe-Impulse radar evaluation 

in the degree of peat hurnification (cf. Bjelm 1980) 
and/or water content. The diffuse tephra layers in 
the peat were not able to be made out with cer­
tainty, apart from two possible layers as indicated 
in Fig. 5. This may be due in part to considerable 
noise on the radargrams because of the coarse. 
occasionally fibrous and woody nature of the peat. 
Also. the tephras in the peat are more disseminated 
and have greater depth variability than their coun­
terparts preserved in the fine lake sediments. Evi­
dently, computer processing techniques that 
improve the signal-to-noise ratio and help in data 
interpretation have been developed by the SIR 
manufacturer (Morey 1974), but they were not 
available for this study. 

The total depth of penetration achieved on the 
peat transects was about 8 m (including up to 8 m 
of peat) and corresponded closely with the depths 
obtained by probing. Repetitive profiling along the 
same transects gave consistent results. 

CONCLUSIONS 

This pilot study at Lake Maratoto, the first of its 
kind in New Zealand, was limited in scope, and 
the interpretations should properly be viewed cau­
tiously. Nevertheless, the results confirmed many 
of the previously claimed attributes of the SIR sys­
tem. SIR is very fast and precise, is reasonably 
accurate when compared with conventional tech­
niques, and provides an instant, continuous sub­
surface profile. At Lake Maratoto, a total depth 
penetration of IO m was achieved through a variety 
of materials including fresh water, peat, lake sedi­
ments, tephras, and water-saturated sediments 
ranging in texture from clays to gravelly sands. 
Apart from the clays, these materials are appar­
ently well suited to SIR because their low conduc­
tivities cause minimal attenuation of the 
electromagnetic pulses; other materials may be less 
amenable to investigation by SIR (Morey 1974; 
Arcone & Delaney 1984). 

Resolution of the SIR system was good enough 
to identify several different units making up the 
subsurface materials. It was particularly easy to map 
the lake bottom and to distinguish between the lake 
sediments and the coarser underlying materials. The 
depth of peat and the positions of stumps or logs 
on the subpeat surface were also readily dete_r­
mined. The apparent delineation by SIR _of thm 
ash-grade tephra layers, of only a fe"". cent1i:netres 
thickness, in the fine-grained lake sediment 1s par­
ticularly impressive. The system could thus be ve_ry 
effective in various studies involving tephrostratlg­
raphy, especially in mapping limnic and yeat 
deposits for paleoenvironmental reconstructions, 
and in studies on buried wood. 
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As with most geophysical tools, data interpre­
tation of SIR requires experience and at least some 
knowledge of the subsurface terrain under investi­
gation. Hence, confident interpretations of the 
radargrams need good stratigraphic control, as was 
available in this study. With further refinements. 
such as the incorporation of computer processors 
(noise filters) and in-line 3-D block diagram plot­
ters, the SIR system appears to offer considerable 
potential as a valuable tool for shallow subsurface 
exploration in New Zealand. 
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ABSTRACT 

This paper reports the application of the X-ray image process of x­
radiography to unopened, small diameter organic sediment cores containing 

thin tephra deposits. Second, a rapid technique for detecting tephra 

layers in peat samples by X-ray fluorescence (XRF) analysis is described. 

X-RADIOGRAPHY 

X-radiography has been widely used in sedimentary petrology as an effective 

technique in the study of textural, structural, fabric and compositional 

differences in sediment cores and rocks (e.g., Baker & Friedman, 1969; 

Hamblin, 1971; Scott & Lewis, 1979; Stow, 1979). The method records on 

photographic film differences in absorption of radiation by various con­

stituents when X-rays are transmitted through a sample, and has been recently 

applied to piston cores taken from shallow, peaty lakes in the Waikato 

region (Green, 1979; Lowe, et al., 1980). Unopened cores encased in 60mm 

internal diameter PVC tubing were X-rayed in 50cm sections with a medical 

X-ray unit operated at 35 kV and 300 mA. 

focus-film distance of 90cm. 

Exposure time was 0.6 s with a 

The X-radiographs reveal thin (<l0mm), distinct and discrete, often finely­

laminated tephra layers set in an essentially homogeneous matrix of very 

fine grained organic (humic copropel) lake sediments (Fig. 1). In positive 

prints, the tephras show as dark layers in contrast to a pale greyish-white 

background representative of the organic deposits. Resolution is such that 

wavy, very fine (<0.Smm thick) silt laminae intercalated with organic 

material are clearly seen. Some of these thinly bedded layers are not 

apparent from visual inspection of the freshly opened, split core. further, 

only part of each of the thicker or coarser tephras is visible in the opened 

core. Both the lower and, particularly, upper portions of the deposit tend 

to be partly disseminated in the dark brownish-black organic sediments. 

Upon dehydration, the organic material cracks and shrinks away from the 

tephra layers which consequently become more clearly visible (Fig. 1£, £). 
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•d pid and accurate The x-radiographs thus provi era 
determination of tephra 

5 imi lar ly, the sedimen-
occurrence, stratigraphic position, and thickness. 

d"l measured, and the 
f h organic material can be rea i y tation rates o t e 1 with 

· deposits subsequently sampled accurate Y 
fresh, unaltered organic 

The x-radiograph method is also advantageous 
respect to the tephra layers. 

· it is non-destructive, and 
in that it requires minimal sample preparation, 

it provides a detailed visual record. 
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• ess Xeroradio-
Future work will include assessment of a new X-ray image proc ' 

graphy (McMullin & van de Poll, 1979), which utilises a re-usable photo 
• 1 X-ray film, and is claimed to improve receptor plate instead of conventiona 

further upon standard X-radiograph image definition, resolution and contrast. 

XRF ANALYSIS 

A rapid XRF technique has been devised and applied to studies on thin 

tephra deposits dispersed among organic material in peat cores from the 

Hauraki peat bog (Hogg, 1979; Hogg & Mccraw, 1983 ) . An air-dried 

core was sliced into 4cm-long sections which were crushed and then 

analysed by an energy dispersive ORTEC XRF unit for Fe and Si. The ele­

mental ·count rates are shown in Fig. 2. 

The peaks define the presence of inorganic material set in a background of 

organic deposits. The high Fe count rate for the Tuhua Tephra, as a 

solitary peak at 6m depth, is indicative of its peralkaline composition 

(Hogg & Mccraw, 1983 ). In contrast, the high Si count rates at l.Sm 

and 2.3m depth, with negligible Fe peaks, correspond to deposits of calc-

alkaline ?Kaharoa Ash and Taupe Pumice respectively. The high Si counts 
occurring at depths greater than 6m indicate thin layers of very fine and 

well sorted pure volcanic glass, and represent either overbank silt deposits 

from nearby rivers or very thin distal airfall tephras. 

The XRF method described is thus valuable for detecting thinly bedded 

tephric deposits disseminated in peaty or organic material, and, in this 

instance, for also distinguishing between the calc-alkaline and per­
alkaline deposits. 
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FIG. 1 

(a) ( b) 

Photographs of opened small diameter (60 mm I.D.) 
organic sediment core (left) and matching X-radiograph 
(right) - (al core freshly opened; (b) core dried 
48 hours; (c) core dried two weeks. The X-radio­
graphs reveal five possible tephra layers, three 
distinct (at 6, 25 and 40 an depth) and two indistinct 
(at 32 and 36 cm depth). These become more evident 
in the core itself as the organic material dehydrates 
and contracts away from the tephras. 

The core is from Lake Mangahia, located ~10 km SW of 
Hamilton City. The top tephra layer is Taupo Pumice. 
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FIG. 2 - Schematic representation of a peat core from the 
Hauraki Peat Bog showing positions of ?Kaharoa 
Ash (Ka), Taupo Pumice (Tp) and Tuhua Tephra (Tu) , 
and elemental count rates for Si and Fe from XRF 
analysis (after Hogg and Mccraw 1983 ) . 
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Lowe, D.J. et al. 1980 = Paper 1 

Footnote to Paper 3 

Dr C.H. Hendy had the idea to try x-raying unopened cores using medical 

laboratory facilities. Dr A.G. Hogg devised the XRF method for detecting 

tephra occurrences in peaty sediments. 
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Stratigraphy age c · t· d , , ompos1 ion, an correlation of late Quaternary tephras 

interbedded with organic sediments in Waikato lakes, North Island, New 

Zealand 

D.J. LOWE 

Department of Earth Sciences 

University of Waikato 

Private Bag 

Hamilton. New Zealand 

Abstract 

Cores from 14 peaty lakes in the central Waikato region, northern North 

Island, contain a sequence of 41 well-preserved, mainly macroscopic, 

occasionally bedded, ash and lapilli layers ranging in thickness from c.2-

110 mm and interbedded with fine-grained organic lake sediment. The 
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layers, whose field properties are described in detail, are distal airfall 

tephras that were erupted between c.17 000 and c.1800 14 C years ago from six 

rhyolitic and andesitic volcanic centres located c.70-200 km from the 

Waikato sites: Taupo (5 tephras), Okataina (7), Maroa (1) (rhyolitic); 

Mayor Island (2) (peralkaline); Tongariro (11), Egmont (15) (andesitic). 

These sources are distinguished using the tephras' mineralogical 

assemblages and glass and mineral compositions (determined by electron 

microprobe) chiefly as follows: 

Taupo - hypersthene ± augite, sodic plagioclase, glass with rhyolitic 

composition (part analysis mean weight%± 1 standard deviation: Ti0 2 0.20 ± 

0.04, FeO* 1.66 ± 0.15, MgO 0.17 ± 0.04, CaO 1.26 ± 0.13); Okataina -

hornblende+ hypersthene +augite± cummingtonite ± biotite, sodic 

plagioclase, glass with rhyolitic composition (tephras other than Rotorua 
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Ash: Ti02 0.11 ± 0.04. FeO* 0.90 ± 0.08, 
MgO O.ll ! 0.02. CaO 0.78 ! 0.07: 

+_ 0.04, FeO* 1.30 ± 0.14. MgO o.~l 
Rotorua Ash: Ti02 0.21 

! 0.05. CaO 1.26 ! 

0.23); 
"'1.th rhv_olitic composition ITiO: 0.07 Maroa - glass"' 

.. 0. 03. FeO• 

0 .18. MgO 0.07 ± 0.02, CaO 0.68 ± 0.09); 0.87 ± 
Mayor Island - aeg1r1ne ~ 

alkal i feldspar. glass with peralkaline 
• t·t +_ r1·ebeckite ± olivine. aen1gma 1 e 

composition (peralkaline index 1.33 + 0. 1); Tongariro -

clinopyroxene(Wo 42 ! 2 ) + orthopyroxene ± olivine. calcic plagioclase. Fe-Ti 

3~1 and low MnO (c.0.3-0.5~1. glass with oxides with high Cr 20 3 (c.0.2-0. 1< 

0 61 38 2 4 1%) Egmont - clinopyroxenelw'on!2l an des it i c composition (Si 2 • ± • " : 

h Calcl·c plag1·oclase. Fe-Ti oxides with low +hornblende± ort opyroxene. 

cr 2 Q 3 (<c.0.05%) and high MnO (c.0.5-1.0%). glass with rhyolitic-dacitic 

composition low in Si0 2 (70.46 ! 2.19%) and high in K20 14.32 ± 0.76~1. 

The tephras are correlated with named proximal eruptives using their 

stratigraphic relationships and radiometric ages (based on multiple 1 ~C 

dates on enclosing lake sediment) in combination with the mineralogical and 

chemical criteria. The correlated tephras associated with each source, and 

the ages adopted (years 8.P., old T½ basis), are: Taupo - Taupo (c.1800), 

Mapara (c.2200), Whakaipo (c.2800), Hinemaiaia (c.4500). Opepe (c.8900): 

Okataina - Whakatane (c.4800), Mamaku (c.7000), Rotoma (c.8500). Waiohau 

(c.12 200), Rotorua (c.13 300), Rerewhakaaitu (c.14 700). Okareka (c.17 

000); Maroa - Puketarata (c.14 000); Mayor Island - Tuhua (c.62001. 

uncorrelated (c.14 500): Tongariro - Mangamate (?Te Rato Lapilli) (c.9950). 

Okupata (8 informal units Oa-1 to Oa-8: c.10 100, c.10 500. c.10 800. c.11 

050, c.11 200, c.11 700, c.12 100, c.12 700), uncorrelated (c.13 100), 

Rotoaira (c.13 7001: Egmont - 15 informal units Eg-1 to Eg-15 (c.2500, c. 

3700, c.3750, c.4100, c.4400, c.5250, c. 5850, c.5900, c. 9300, c.9600, c.10 

100, c.11 050, c.14 500, c.15 000, c.15 500). 

In total, the post c.15 000 year-lacustri·ne t h 
ep ras range in 

thickness from c.20 cm (possibly equivalent to c.3 7 cm on dry land because 

of compaction or dissemination in the l k ) · 
a es 1n the north of the study area, 
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to c. 25 cm (c.47 cm on dry land) in the south, to c.42 cm (c.78 cm on dry 

land) in the east. Of these total thicknesses, rhyolitic tephras 

predominate (c.65-95%); andesitic tephras are more common in the south 

(c.30-35%), decreasing markedly to the north (c.10-15%) and east (c.5%). 

These different proportions of andesitic to rhyolitic material may have 

influenced weathering and argillisation in the tephra-derived soils in the 

Waikato area. 
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New. provisional isopach maps for eleven tephras (Whakaipo, Eg-2, 

Tuhua. Mamaku. Rotoma, Opepe, Mangamate, Waiohau, Oa-8, Rotorua, 

Rerewhakaaitul are presented. The thickness resolution of these is 

generally one to two orders of magnitude greater than in most previous 

isopach maps in New Zealand, and attests to the value of utilising lake 

sediments for tephra mapping. Most of the tephras found in the Waikato 

lakes should persist well beyond the Waikato area. Extrapolated plots of 

isopach thickness against distance from isopach centre suggest that c.1 mm­

isopachs should occur c.200-300 km from source. Many of the tephras were 

probably emplaced by powerful eruptions (possibly including directed 

blasts), or were dispersed by strong winds, or both. In some instances, co­

ignimbrite ash may have contributed to the resultant lacustrine tephra 

deposits. 

The 41 tephras identified in the Waikato lake cores record, on 

average, an eruptive event every c.400 years (rhyolitic, 1 per c.1100 years; 

andesitic, 1 per c.650 years). A number of the tephras, particularly Taupo, 

Tuhua, Mamaku, Opepe, Mangamate, Waiohau, Rotorua, Rerewhakaaitu, and 

Okareka, are useful as time-stratigraphic markers in multidisciplinary 

palaeoenvironmental studies on the lakes and catchments. 

Keywords stratigraphy, late Quaternary, tephrostratigraphy, 

tephrochronology, distal tephras, tephra composition, radiocarbon dates, 

ferromagnesian mineralogy, glass chemistry, isopach maps, North Island 

volcanoes, Waikato lakes, palaeolimnology, "Tirau Ash", "Mairoa Ash". 
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INTRODUCTION 

regi·on is upwind and well to the north and 
The central Waikato 

of central North Island 
northwest of the main tephra-producing volcanoes 

(Fig.l; McCraw 1975). Consequently. most of the late Quaternary airfall 

found there are relatively thin and have been hard to tephra deposits 

differentiate. Early reconnaissance mapping of the tephras, chiefly for 

Separated two main soil-forming materials which were soil survey purposes, 

named Mairoa Ash and Tirau Ash (Grange 1931; Grange & Taylor 1932; Taylor 

1933; Grange et al. 1939; N.Z.Soil Bureau 1954). Although each of these 

deposits was believed to be composed of materials derived from several 

eruptions, they were arbitrarily named "Ash", rather than "Ashes" or "Ash 

Beds", for purposes of soil description and classification (Taylor 1953; 

Gibbs 1968; Gibbs et al. 1982). Tirau Ash, considered to be primarily but 

not wholly rhyolitic, formed the parent material of soils in eastern parts 
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of the Waikato; Mairoa Ash, thought to contain a greater component of 

andesitic ash beds of an intermittent origin, extended westward from the 

Tirau Ash boundary to the west coast (Fig.l). Taupo Pumice was recognised in 

soil profiles as far north as Putaruru (Grange & Taylor 1932), and as a 

discrete lapilli layer near the surface of the Rukuhia and Moanatuatua peat 

bogs by Grange et al. (1939) (see also Tonkin 1967). 

More recent studies on stratigraphic sections and soil profiles in 

the Waikato and adjoining districts (e.g .. Pullar 1967, 1978; N.Z. Soil 

Bureau 1968; Vucetich 1968; Vucetich & Pullar 1969; Pullar & Birrell 

1973a,b; Pullar et al. 1973; Hodder & Wilson 1976; Hodder 1978; Lowe 1979, 

1981a; Orbell 1982; Parfitt et al. 1982a) confirmed the composite nature of 

the Mairoa Ash and Tirau Ash, and identified some of the tephras making up 

the deposits at a number of sites. Th · 
ese identifications were achieved 

either by careful hand-over-hand field methods (e.g., Vucetich & Pullar 

1969; Pullar & Birrell 1973b) or by miner l · 1 . 
• a ogica and geochemical methods 
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L. Rotorua 

Fig.1. The central Waikato area showing the locations of the lakes cored in 

this study (bold). Some other lakes and peat bogs are also shown. 

The dashed line marks the approximate boundary of the two main soil­

forming materials described in early soil surveys as "Mairoa Ash" (M) 

and "Tirau Ash" (Tl (after N.Z. Soil Bureau 1954). The inset shows 

the locations of tephra-producing rhyolitic and andesitic volcanic 

centres active in the late Quaternary period (after Cole & Nairn 1975 

and Hogg & McCraw 1983). TVZ = Taupo Volcanic Zone. Note: Mt. Egmont 

is also known as Mt. Taranaki. 
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W. 1 l976· Lowe 1981a; see ( Hodder & l son • 
based on laboratory analyses e.g •• 

also Hogg & McCraw 1983). 

have limitations. however. The chief 
Both these approaches 

80 

from the loss of identifying characteristics 
difficulties in the field arise 

from source towards the Waikato area. 
as individual tephras thin away 

beds (Pullar 1967). and from the masking effects 
collapsing into composite 

erosl·on. mixing. and weathering in the soil-forming 
of post-depositional 

environment. 
In the laboratory. detailed grain-by-grain ''fingerprinting" 

methods circumvented these problems to some extent. but relatively few 

tephras were identified with certainty. 

An additional complication has been the necessity to consider the 

proposal that loess contributed significantly to the surficial deposits in 

some parts of the region (McCraw 1967; Vucetich 1968: Cowie & Milne 1973). 

* 
However, this proposal was largely discounted by Lowe (1981a, p.311-313). 

The obtaining of a 3.2 m-long sediment core from Lake Maratoto, a 

small peaty lake near Ohaupo (Fig.l), heralded a new approach to elucidating 

the late Quaternary tephrostratigraphy of the Waikato area. The core 

contained a succession of multiple, essentially unweathered. discrete tephra 

layers separated from one another by fine-grained organic lake sediment 

(Green 1979: Lowe et al. 1980). 1 
Most of the tephras, aged ~c. 15 000 years, 

were identified (some tentatively) by their dominant ferromagnesian 

mineralogy. their stratigraphic position. and by five radiocarbon dates (the 

first to be obtained on airfall tephras in the Hamilton Basin). Lowe et al. 

(1980) showed that some of the tephras were derived from Mayor Island, 

Tongariro, and possibly Mt. Egmont sources in addition to Okataina and Taupo 

volcanic centres (Fig.1, inset). The core thus revealed that "Mairoa Ash" in 

the Ohaupo area was likely to contain many more tephras than had previously 

been considered present, and that these d were erived from a variety of North 

Island volcanic centres (Lowe 1981b). 

* See also Lowe D . -- .----------------~-----------------
, .J • (1980) • Tephric loess. N. Z. so1,l ne1Js 28: 217-220. 

1. ~~! ~~es discussed in the text are conventional ages based on 
ibby (old) half-life of 5568 years (Hogg et al. 1987). 
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Since this first core was taken f rom Lake Maratoto, a further 13 

lakes 2 , and several peat bogs, • th W ·k 1n e a1 ato region have been cored 

(Fig.1) to give a wider picture of tephra occurrence and distribution. 

initial findings of Lowe et al. (1980) for Lake Maratoto were partly 

modified (some tephras were re-identified) and further cores examined in 
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The 

more detail by Green & Lowe (1985). Three diffuse ash layers within gritty 

muds (colluvium) underlying the lake sediments in some of these cores were 

analysed by Green & Lowe (1985): the upper two beds (c.10-20 cm thick) were 

tentatively identified as Hauparu and Tahuna tephras, the lower as Rotoehu 

Ash (c.30 cm thick). Further data on these three late Pleistocene tephras 

are to be reported elsewhere. Some analyses of cores from the other Waikato 

lakes have been reported by Lowe et al. (1981), Lowe (1986a,b,c), and Hogg 

etal. (1987). 

The aim of this paper is to summarise the field properties, 

stratigraphy, chronology, and composition of the late Quaternary tephras 

contained in sediments in cores from the lakes in the central Waikato 

region. The lacustrine tephras described range in age from c.1800-17 000 

years 8.P., and were erupted from a total of six volcanic centres of both 

rhyolitic and andesitic composition (Fig.1). Using multiple criteria, the 

tephras are identified and correlated with named eruptive units elsewhere. 

The pattern of distribution of the tephras and their emplacement mechanisms 

are also considered. New isopach maps are presented. 

The use of such lake sediments or peats to erect a comprehensive 

tephrostratigraphy is unusual, and the Waikato lakes have provided the 

longest and most complete sequence of tephras yet investigated in New 

Zealand lakes or bogs (cf. Druce 1966; Pullar 1970; Topping 1973; Topping & 

Kohn 1973; McGlone & Topping 1977; Stewart et al. 1977; Kennedy et al. 

---------------------~--------------------------

2. Several other Waikato lakes, including Hakanoa and Waahi, have 
also been cored but are not considered here as they are much 
younger, being formed c.1800 years ago as a result of the 
deposition of Taupo Pumice Alluvium (Lowe & Green 1987). 
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al. 1981; Franks 1984; Lowe & Hogg 1986; 
1978; Howorth et al. 1980; Kohn et 

l d ( g Thorarinsson 1981a), 
986 ) A rt from Ice an e. • • Neall & Alloway 1 · pa 

have also been h in bogs and lakes overseas studies specifically on tep ras 
• than J·ust a few l l f rom sites containing more relatively sparse, particu ar Y 

tephras, but are becoming 
increasingly important (e.g.• see Borchardt et al. 

1973; Westgate 1977; Mathewes & Westgate 1980; Fisher & Schmincke 1984; 

Mangerud et al. 1984 ·, Mehri·nger et al. 1984; Davis 1985; Riehle 1985). 

WAIKATO LAKES AND BOGS 

Most of the small, typically peaty lakes in the central Waikato 

region originated c.15 000-17 000 years ago, during the final stages of 

alluvial aggradation of the Hinuera Formation by the ancestral Waikato River 

(McCraw 1967; Green & Lowe 1985; Lowe & Green 1987). The lakes were formed 

when antecedent valleys draining low Pleistocene hills were blocked off by 

the volcaniclastic Hinuera deposits, which dammed the valley mouths. The 

lakes are shallow (<c.8 m) and usually contain around 3-4 m (occasionally 5-

6 m) of soft, brownish-black (peaty) to olive-grey lacustrine muds or clays 

(known as dy or gyttja) containing the remains of small lake-dwelling plants 

and animals. They have low sedimentation rates (c.0.1-0.2 mm.yr- 1 ) (Green 

1979; Boubee 1983; Green & Lowe 1985). Occasionally vivianite is found in 

the sediments. 

The subsequent development of many of these lakes has been affected 

by the massive growth of large, c.10-12 m-deep ombrogenous peat bogs on the 

surface of the Hinuera sediments (e.g., see Fig.land Davoren 1978). These 

bogs probably formed first in patches in swampy hollows and around the 

margins of shallow lakes (such as Lake Maratoto) on the Hinuera surface 

(Mccraw 1967). 
They rapidly expanded and deepened after c.10 000-12 000 

years ago, probably in response to a net increase in rainfall and hence rise 

in regional water tables (Green et al. 1984; Green & Lowe 1985 ). 
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Lakes vs. bogs as tephra recorders 

The reco rd of tephra fallout provided by the Waikato lakes is more 

comprehensive than that of the adJ·acent peat bogs. Usually only about six 

or so disseminated tephras, chiefly from substantial rhyolitic eruptions, 

are detectable in the peat cores.* For tephrostratigraphic purposes, the 

lakes are advantageous in that: 

Ill they are older hence contain a longer record: 

(2) they have soft, fine sediment and (in the deeper basins) 

a relatively undisturbed environment that has allowed the preservation, as 

separate units, of deposits only a few millimetres in thickness; 

(3) the continuous lake cores provide unequivocal stratigraphic control. 

Nevertheless, the tephrostratigraphy of the peat bogs is useful where lakes 

are lacking, especially in mapping and dating tephras not otherwise 

identifiable in subaerial environments (e.g., Hogg & McCraw 1983). Most 

results of the peat coring are excluded from this paper, but some 

preliminary findings are given in Green & Lowe (1985) and Hogg et al. 

(1987) (see also Tables 4 and 10). 

CORING SITES AND METHOD 

Locations of the lakes cored in this study are shown in Fig.l. (Grid 

reference locations are given in Fig.2.) Around 80 cores, usually c.2-4 min 

length, were obtained from the lakes with a hand-operated, modified 

Livingstone piston sampler (after Rowley & Dahl 1956; see also D.J.Lowe & 

J.D.Green in prep. "Origins and ages of Waikato lakes based on radiocarbon­

dated sediment cores and tephrochronology"). The coring tubes comprise 

lengths of PVC pipe of 50 mm internal diameter that were previously sawn in 

half longitudinally and held together with waterproof plastic tape. After 

the coring operation, the cores were split longitudinally using fine wire. 

* These include Taupo, ~1amaku, Rotoma, Waiohau, and Rotorua tephras in the Hamilton 
Basin and, in addition, Kaharoa and Whakatane tephras in the Matamata Basin. 
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Were taken from each lake, usually from the deepest 
Normally, several cores 

from Sl·tes in shallower water or at the shoreline. areas, but occasionally 

STRATIGRAPHY AND FIELD PROPERTIES OF THE TEPHRAS 

The stratigraphy and main field properties of the tephras in the lake 

cores are summarised in Table 1 and Fig.2. The stratigraphic sequence, 

thickness, lithology, and bedding characteristics of the tephra layers are 

practically identical in all of the lakes examined, hence they are regarded 

as representing primary airfall tephras. Further support for an airfall 

origin is given by Lowe (1985) in that the tephras in Lake Maratoto, 

although uneven in thickness, are laterally continuous and generally follow 

the lake basin topography. It is possible that some of the tephric material 

derives from co-ignimbrite ash fall (see Walker 1981a and the section on 

tephra distribution and implications below). 

Most of the tephra layers can be readily correlated from core to core 

and from lake to lake using their field properties and stratigraphy (e.g., 

Plate 1). The sources and identifications of the tephras given in Fig.2 and 

Table 1 are based on their mineralogical and chemical composition and their 

age, as described in later sections. together with their stratigraphic 

relationships. 

Tephra properties 

Generally, most of the tephras occurring within the lake sediment are 

compact, macroscopic layers ranging in th· k f 
1c ness rom c.2 mm to c.110 mm. 

The layers are usually continuous (i e g · ht 
• ·• orig across the core), but 

occasionally they are partly dislocated 
or appear as ashy "pods" within the 

sediment. 

overlying 

Upper contacts are commonly smooth in 
appearance but the adjacent 

sediments usually contain indistinct ash 
grains disseminated over 
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some millimetres; the lower contacts are often irregular and wavy (Plate l; 

see discussions below on tephra thickness and bioturbation). 

The thicker tephras, i.e., more than c.5-10 mm, are typically pale 

coloured (white or grey, sometimes stained yellowish-orange) and stand out 

against the darker lake sediment (Plate l; see also fig.3 in Lowe 1985). 

They are usually glassy, pumiceous. and of rhyolitic origin. (An exception 

is the Mangamate Tephra which is greyish-black and andesitic.) Texturally, 

they range from fine ash (<c. 1/16 mm) to fine lapilli (c.2-4 mm), but 

commonly comprise medium (c. 1/16 - ½ mm) or coarse (c. ½ - 2 mm) ash. 

Normal or multiple graded bedding occurs frequently (e.g., Plates 2A,B), 

especially in beds ~c.15 mm thick. Reverse grading is rare, however. 

Generally, these thicker tephras are the most distinctive and thus the most 

useful sediment markers in the cores. They include Taupo, Tuhua, Mamaku, 

Opepe, Mangamate, Waiohau, Rotorua, Rerewhakaaitu, and Okareka tephras 

(Fig.2; Green & Lowe 1985). 

The thinner tephra beds, i.e .. less than c.5 mm, are commonly darker 

coloured (dark grey, brown), often speckled and more crystal rich, rather 

indistinct, and of andesitic origin. The dark colour in some cases is due to 

staining by lake sediment. Some beds are greyish-white and yellowish-brown 

and can be either andesitic or rhyolitic in composition. Generally, these 

thinner beds consist of fine or medium to coarse ash and usually show little 

or no graded bedding, being well sorted. 

Other tephras occur as diffuse, gritty zones in the lake sediments 

that may span up to c.100 mm, or as very thin (<c. 1-2 mm), virtually 

microscopic layers best seen by x-radiography (Plate 3; Lowe et al. 1981, 

fig.l). 



Table 1. Composite stratigraphic column of late Quaternary tephras identified in cores from Waikato lakes. Some 
identifications are provisional. 

Tephra and Symbol 
( see Fig. 2) t 

Taupo Pumice, Tp 
~lapara Tephra, Mp 
Egmont-1, Eg-1• 
Whakaipo Tephra, Wo 
Egmont-2, Eg-2 

Egmont-3, Eg-3 
Egmont-4, Eg-4 
Egmont-5, Eg-5 

Hinemaiaia Tephrab, Hm 
Whakatane Ash, Wk 

Egmont-6, Eg-6 
Egmont-7, Eg-7 
Egmont-8, Eg-8 
Tuhua Tephra, Tu 
Mamaku Ash, Ma 

Rotoma Ash, Rm 
Opepe Tephra, Op 

Egmont-9, Eg-9 

Egmont-10, Eg-10 
Mangamate Tephra, Mme 

Okupata Tephra, Oa-ld 
Egmont-11, Eg-11 
Okupata Tephra, Oa-2 
Okupata Tephra, Oa-3 
Okupata Tephra, Oa-4 
Egmont-12, Eg-12 

Source 
( see Fig. 1) 

Taupo 
Taupo 
Egmont 
Taupo 
Eg111ont 

Egmont 
Egmont 
Egmont 

T,rnpo 
Okataina 

Egmont 
Egmont 
Egmont 
Mayor Is. 
Okataina 

Okataina 
Taupo 

Egmont 

Egmont 
Tongariro 

Tongariro 
Egmont 
Tongariro 
Tongariro 
Tongariro 
Egmont 

Group­
Subgroup # 

1 
1 

1 

1 
2 

3 
2 

2 
1 

4 

4 

4 
4 
4 

Age 
(years B.P., 
old T½)* 

1800 
2200 
2500 
2800 
3700 

3750 
4100 
4400 

4500 
4800 

5250 
5850 
5900 
6200 
7000 

8500 
8900 

9300 

9600 
9950 

10 100 
10 100 
10 500 
10 800 
11 050 
11 050 

General description and approximate thickness range; 
comments 

Yellowish fine lapilli & coarse ash, 5-50 mm thick 
White fine ash, 2-3 mm 
Grey fine-medium ash, 3-5 mm 
Greyish-white fine ash, 2-10 mm 
Brownish-grey, slightly speckled medium-coarse ash, 
3-5 mm 
Indistinct fine ash, 1-2 mm (found only in L. Okoroire) 
Dark, medium-coarse ash, 1-3 mm; blotchy 
Pale yellowish-white, brownish-speckled, fine-medium 
ash, 3-6 mm 
White fine ash, 1-8 mm 
White fine-medium ash, 10-12 mm in L. Okoroire; 
possibly microscopic in other lakes 
Yellow fine ash, 2-3 mm 
Greyish-brown fine-medium ash, 1-2 mm 
Indistinct pale yellow fine ash, 1-2 mm 
Olive, greenish-grey fine-coarse ash, 5-45 mm 
Pale yellowish-brown to orange, fine-coarse ash, 20-80 
mm; usually bedded 
Pale yellowish-white fine ash, 3-30 mm 
Greyish fine ash, 10-20 mm (medium-coarse ash in 
L. Okoroire) 
Yellowish-white, speckled medium ash, 1-3 mm; may 
be disseminated (c.10 mm); age approx. 
Yellowish medium ash, 1-2 mm; age approx. 
Mainly greyish-black, white speckled base, coarse 
ash, 5-20 mm; scoriaceous 

] Pale grey fine ash, 2-3 mm 

Indistinct brownish fine-medium ash, 1-2 mm; age approx. 
Indistinct brownish fine-medium ash, 1-2 mm; age approx. 
] Greyish-white, speckled, mainly medium-coarse ash but 

some fine ash, 4-5 mm 

~ 



Okupata Tephra, Oa-5 

Okupata Tephra, Oa-6 

Okupata Tephra, Oa-7 
Waiohau Ash, Wh 

Okupata Tephra, Oa-8d 

uncorrelated, un 

Rotorua Ash, Rr 

Rotoaira Lapilli, Rt 

Puketarata Ash, Pk 

Egmont-13, Eg-13 
uncorrelated, un 

Rerewhakaaitu Ash, Rk 

Egmont-14; Eg-14 
Egmont-15, Eg-15 
Okareka Ash, Ok 

Tongariro 

Tongariro 

Tongariro 
Okataina 

Tongariro 

Tongariro 

Okataina 

Tongariro 

Maroa 

Egmont 
Mayor Is. 

Okataina 

Egmont 
Egmont 
Okataina 

4 

4 

2 

4 

4 

2 

4 

3 

2 

2 
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11 200 

11 700 

12 100 
12 200 

12 700 

13 100 

13 300 

13 700 

14 000 

14 500 
14 500 

14 700 

15 000 
15 500 
17 000 

Pale greyish-white fine ash, 2-3 mm; age approx.; 
contains traces of Eg-tephra(?) 
Yellowish fine ash, 2-3 mm; may be blotchy or 
disseminated (c.5-10 mm) 
Indistinct brownish fine ash, 1 mm; age approx. 
White with cream top, fine-medium ash, 10-45 mm; 
commonly bedded 
Greyish-brown to brown fine ash, 5-20 mm; 
occasionally disseminated (c.50 mm) 
Brownish-grey fine-coarse ash, 3-5 mm; occ. bedded; 
age approx. 
White mainly coarse ash, 15-110 mm; distinctly 
bedded (see Plate 2) 
Greyish fine-medium ash, 2 mm; usually disseminated 
(c.30 mm); age approx. 
Indistinct disseminated fine ash; contains traces 
of Eg-tephra(?); age approx. 

]
Indistinct pale yellowish-brown fine to v. fine ash; 
Mayor Is. tephra occurs as glass only (micro­
scopic); ages approx. 

White fine-coarse ash, wavy boundaries, 5-30 mm; 
some biotite flakes visible 
Brownish, white-speckled coarse-medium ash, 1-2 mm 
Brown fine ash, 1 mm; age approx. (see text & Fig. 3) 
Yellowish-white fine ash over coarse ash, 50 mm; 
biotite flakes common; age approx. 

* Some ages interpolated from sedimentation rates (see text and Fig. 3). 

b 

C 

d 

# 

t 

Informally-named Egmont-derived tephras (see text); suggested provisional correlations: 
Inglewood; Eg-4 = Korito; Eg-5 = Tariki; Eg-6 = Waipuku; Eg-7, Eg-8 = S1, S2 (?Ahuahu) 
V.E. Neall & B.V. Alloway 1984-85; see also Neall 1972, 1979; Neall & Geddes 1981; Neall 
Definition of Froggatt (1981c) and Lowe (1986a). 
Possibly Te Rato Lapilli member (symbol Tt) (Lowe et al. 1980). 

Eg-1 = Maketawa; Eg-2, Eg-3 = 
(based on communications with 
& Alloway 1986). 

Members of Okupata Tephra Formation informally designated Oa-1 to Oa-8; last is tentatively correlated with the "basal 
lapilli" unit of Topping (1973) (see text). 
Group-Subgroup designations: 1 = Lake Taupo Group, Taupo Subgroup; 2 = Okataina Group, Rotorua Subgroup (Howorth et 
al. 1981); 3 = no formal group status. Tuhua Tephra Formation was defined by Hogg & McCraw (1983); it is probably 
equivalent to the Oira Pyroclastite Formation (Mayor Island Group) of Buck et al. (1981), which applies to deposits on 
Mayor Island only; 4 = Tongariro Subgroup (Topping 1973). 
References for definitions of Taupo, Okataina, and Maroa-derived correlative 
(1964); Vucetich & Pullar (1964, 1969, 1973); Lloyd (1972); Froggatt (1981 c, d). 

tephras are: Baumgart (1954); Healy ~ 
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Fig.2. Stratigraphy and correlation of late Quaternary tephras in cores from 

14 Waikato lakes (locations are given in Fig.I). Tephras names are 

explained in full in Table l; Eg-1 to Eg-15 = Egmont-derived tephras, 

informally numbered 1-15 with increasing age; Oa-1 to Oa-8 s 

informal units, numbered 1-8, of Okupata Tephra Formation; uncorr. = 

uncorrelated tephra (Tg = Tongariro source; M.I. a Mayor Island 

source). The chronology of the tephras is given in Fig . 3; additional 

14
C dates given here (Wk- numbers) are in years B.P. (old T½ basis) . 

The columns depicted are composites of two or more cores from each 

lake (hence scale is approximate because of differences in sediment 

thicknesses from core to core), as follows: L. Rotomanuka, 14 cores 

(approximate coring site location S15/136615""); L. Maratoto, 33 

(515/129663; see also Green & Lowe 1985); L. Ngaroto, 2 (515/583115); 
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L. Mangakaware, 3 (S15/610053); L.Mangahia, 3 (S15/668062); L. Rotoroa 

(also known as Hamilton Lake), 2 (S14/106755); L. Rotokauri, 2 

(S14/037809); L. Kainui (also known as Lake D), 2 (S14/072892); L. 

Rotokaraka, 4 (S14/166965); Leeson's Pond, 3 (S14/287929); L. 

Rotongata, 4 (TlG/380376); L. Okoroire, 3 (TlS/555611; see also Lowe 

1986a); L. Tunawhakapeka (drained "Rototuna Lake"), l* (S14/116853); 

L. Ohinewai, 2 (S13/024097). 

* This lake was cored using a motorised Gidding's auger. 

** Grid references based on the national 1000 m grid of the 1:50 000 

topographical map series (NZMS 260). 

• :: TPA 



Plate 1. Three longitudinally-sliced cores from Lake Rotomanuka showing 

prominent, compact, ash-grade tephra layers preserved within dark, 

fine-grained organic lake sediment. The slight upward curvature of 

some of the beds is a function of the piston-coring technique. The 

"andesitic tephra" in these cores apparently comprises two units, 

from Tongariro (Oa-4) (predominant) and Egmont (Eg-12), which have 

the same 14C age (Fig.3). Photo by R.R. Julian. 
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Tuhua Tephra 
c. 6200 yr BP 

Mamaku Ash 

c. 7000 yr BP 

Rotoma Ash 

c. 8400 yr BP 

Opepe Tephra 

c. 9000 yr BP 

Mangamate Tephra 
c. 10,000 yr BP 

Andesitic Tephra 

c. 11,050 yr BP 

Waiohau Ash 
c. 12,300 yr BP 

Okupata Tephra (basal) 

c. 12,700 yr BP 

Rotorua Ash 
◄ 

c. 13,300 yr BP 
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Plate 2.A. Normally-graded Rotorua Ash Formation, Lake Okoroire, comprising 

mainly pumiceous coarse ash overlain by fine ash (latter contains 

very sparse fine lapilli). Scale marks are 1 cm apart. 

Lowe. 

Photo by D.J. 



Plate 28. Rotorua Ash formation in two cores from Lake Kainui, showing 

multiple bedding (from base up have medium ash, fine ash, pumiceous 

coarse ash, medium ash, fine ash), gas-pocket holes (cores on left), 

and coarse ash-filled burrow(?) channels underneath the tephra. 

Scale marks are 1 cm apart. Photo by D.J. Lowe. 
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Plate 3. Composite x-radiograph of a core from Lake Mangahia. 1be nlalbered 

tephras are provisionally identified from their field character, 

stratigraphic position, and age (based on estimated sedimentation 

rates) as follows: 1, Taupo Pumice; 2, Mapara Tephra; 3, F4-l; 4, 

Whakaipo Tephra; 5,6, uncorrelated; 7, Eg-2; 8, Eg-5 or Hineaiaia 

Tephra; 9, Eg-6(?); 10, Tuhua Tephra; 11, Mamaku Ash. Pholo by A.O. 

Vallinga, Waikato X-ray Clinic, Hamilton. X-ray unit operated at 35 

kV, 300 mA; exposure time 0.6 s; focus-film distance 90 CTI. Scale 

bar= 10 cm. 
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Number of eruptives and total thickness of deposits 

A total of 41 tephras, aged ~c. 17 000 years B.P., have so far been 

identified in the lakes, and each is likely to represent a separate eruptive 

event (see discussion on stratigraphic reliability below). A small number 

of the tephras are found only as microscopic units, being detected by 

electron microprobe analysis of sparse glass shards or titanomagnetite 

grains. Not all of the tephras occur in any one core, nor in one single 

lake. But the longest and most detailed record of all the lakes cored is 

found in Lake Rotomanuka (Fig.2), which, together with the centrally-located 

Lake Maratoto, has been the focus of most laboratory analysis (see below). 

The total thickness of the visible lacustrine tephras in the Ohaupo­

Hamilton area is, on average, c.25 cm (Table 2). In the northern Waikato 

(e.g., Lakes Rotokaraka, 'Leeson's Pond) the average thickness is estimated 

at c.15-20 cm, and in the east (e.g., Lake Okoroire), c.40-45 cm. These 

thicknesses are approximate because the irregular boundaries and diffuse 

nature of some of the tephras can make measurements imprecise. Also, the 

thickness of individual tephras may differ in cores from the same lake. 

Relationship to thickness of subaerial deposits 

The very firm, compact nature of most of the lacustrine tephras 

contrasts with the friability and low bulk densities (c.0.7-0.9 g.cm- 3 ) 

commonly associated with their subaerial equivalents (e.g., Gradwell 1976). 

The lacustrine tephras are quite coherent and probably have bulk densities 

around c.1.5-1.6 g.cm- 3 , based on their field properties and.measurements 

made on tephras in similar settings by Borchardt et al. (1973) and Anderson 

et al. (l984). Rai (in Borchardt et al. 1973) estimated from bulk density 

comparisons that on-land tephras are about 1.75 times as thick as equivalent 

bog or lacust rine tephras. Similarly, Watkins et al. (1978) converted 

submarine tephra thicknesses to equivalent dry l and thicknesses by 

multiplying by a factor of 2, and then added a further correction for 

bioturbation (see also Sparks et al. 1983 and Fi.sher & Schmincke 1984). 
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Thus the expected equivalent dry-land tephra thicknesses in the 

Waikato area may be roughly estimated 
' in part, by using a compaction 

correction factor of 1.75 (Table 2). An additional correction for 

dissemination can be made us1·ng h t e results of x-radiography. In a short 

97 

core from Lake Mangakaware, the total thickness of visible tephras is 43 mm; 

the x-radiograph or "true" thickness is 53 mm (see Lowe et al. 1981). Thus, 

visual measurements of tephra thickness may underestimate the true thickness 

by c. 20%. Because only a few cores were x-rayed, it is not known if this 

value applies generally. but it seems reasonable to conservatively adopt 10% 

as a correction for dissemination. Therefore 10% of the original visible 

thickness measurements may be added to the compaction-corrected thickness to 

obtain a total equivalent dry-land thickness (Table 2). 

Taking into account the age range of the deposits (mainly ~c. 15 000 

years). these recalculated figures are generally consistent with actual 

thickness measurements of subaerial tephra profiles at various sites in the 

Waikato (e.g., Pullar 1967; N.Z. Soil Bureau 1968; Pullar & Birrell 1973b; 

Bruce 1979; Wilson 1980; Lowe 1986b; see also Figs.6 to 8 below). 

Bioturbation and stratigraphic reliability 

Many of the tephras have irregular or diffuse contacts, or are 

manifest as relatively thin. indistinct zones within the sediments. In some 

cases, ash-filled burrow (?) channels may extend well below the base of a 

tephra; gas-pocket holes may also occur (Plate 28). Most of this 

dissemination and disruption is short-range and is probably attributable to 

bioturbation. (Other processes such as wave action, particularly near the 

lake margins, may also be important, e.g., Green & Lowe 1985.) The chief 

biological mixing agents are probably chironomids (tube formers) and other 

insect larvae, oligochaete worms, and crustacea (e.g., cladocerans such as 

chidorids), which tend to predominate in the sediments in shallower water 
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Table 2. Total thickness of tephras* younger than and including Rerewhakaaitu Ash 
in the Waikato area based on lake core measurements, and estimated 
equivalent dry-land thicknesses. Values in millimetres. 

Area Total visible Compaction - Estimated Total equivalent 
thickness in corrected dissemination dry-land 

cores thickness thickness thickness 
(average) (visible xl. 75) (visible x0.1) (approximate) 

Hamilton-
Ohaupo 25 44 2.5 47 

Whitikahu-
Morr insvi lle 20 35 2.0 37 

Okoroire-
Tirau 42 74 4.2 78 

* Assumed to represent airfall material only, with no modification to thickness 
by postdepositional reworking. 
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near lake shores (Boubee 1983·, JD G • • reen pers. comm. 1987). In one lake 

(Rotokaraka), freshwater snail ( Potamopyrgus antipodarum; C.A.Wallace pers. 

comm. 1983 ) a nd caddis-fly cases were found intermixed with ash from the 

Rerewhakaaitu eruption. 

The effect of this bioturbation on the stratigraphic relationships of 

the tephras has. in general. been m1·nor. d • an 1n most cases is clearly 

visible and hence avoidable in sampl1·ng. Th t era es of sediment deposition, 

although slow. have generally been sufficient to separate each successive 

tephra deposit with an intervening layer of sediment. Where tephras occur 

very closely together in the cores, i.e., within a few millimetres of one 

another, they may show some intermixing (detected mainly by electron 

microprobe analysis). Thin tephras deposited just before or just after the 

thicker rhyolitic deposits may contain a small "background" scatter of 

identifiable glass shards derived from the rhyolitic tephras. In some 

samples, the distinctive peralkaline mineral assemblage associated with 

Tuhua Tephra (Hogg & McCraw 1983) contains a proportion of calcalkaline 

minerals (see Table 4), suggesting contamination after deposition (e.g., by 

the succeeding Egrnont-derived deposits). 

However, because most tephras in the cores occur as essentially 

unmixed and discrete units. and because they systematically increase in age 

with increasing depth (see chronology section below), they clearly 

represent, to a large degree. a faithful stratigraphic record of tephra 

deposition (cf. Sarna-Wojcicki & Shipley et al. 1981; Anderson et al. 

1984). Even though it is possible that some of the tephric material in the 

lakes was washed or blown in from the catchment, or reworked by wave action 

soon after the main fall event, any material so reworked can be considered 

for stratigraphic purposes to have the same age as the original fallout 

tephra (fisher & Schmincke 1984). 

Tephra duplication in the cores (e.g., see Anderson et al. 1984) does 

not seem to have occurred - all but one of the tephra layers identified 
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M k Ash and Rotoma 
l· nterm1·ttently occurred between ama u "unknown" layer, which 

1 f king of one or both of these tephras, 
Ash (Fig.2), was probably the resu to rewor 

Smearing action brought about by the coring method 
either naturally or by a 

in its initial period of use.* 

CHRONOLOGY OF THE TEPHRAS 

Sampling 

Lake sediment enclosing the tephras was sampled to determine, using 

the radiocarbon dating method, their age of deposition and thus time of 

eruption. Stratigraphic columns showing the sampling positions with respect 

to the tephras identified are given in Fig.3. 

The slices of sediment, generally 1-2 cm thick, were carefully 

extracted from above and below the tephra layers using stainless steel 

cutters. Although the slices were deliberately kept as thin as possible, 

they nevertheless represent an accumulation time of perhaps c.100- 200 years 

because of the slow rates of sedimentation in the Waikato lakes. 

Consequently, the dates obtained may be limited in their accuracy, with 

respect to the age of deposition of the tephras, by up to several hundred 

years. However, this potential reduction in accuracy is partly offset by 

the obtaining of a stratigraphic succession of dates in the cores from 

several sites, and by the availability of dates on many of the tephras in 

other environments (e.g., Pullar et al. 1973; McCraw 1975), which thus act 

as independent monitors of error (cf. Mathewes & Westgate 1980; Green & Lowe 

1985). 

To provide sufficient material for dating, slices of sediment from 

two or more suitable cores (taken in the same lake) were commonly combined 

* The possible occurrence f 
0 an uncorrelated tephra, c.8000 years B.P., cannot be ruled out, however. 
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into composite samples (organic contents generally decrease with increasing 

depth in the cores, with usually only c.10% or less organic matter in the 

basal lake sediments; Green & Lowe 1985). The distinctive nature of most 

of the tephras ensured that this procedure could be carried out confidently 

because the same stratigraphical event in each core could be positively 

identified. Conversely, some indistinct tephras were accordingly not sampled 

for dating. 

In some samples with very low carbon contents, the slices from above 

and below the tephra were combined into a "straddle" sample, providing an 

average age for the tephra. Where tephras were closely spaced in the cores, 

the entire layer of sediment between two adjacent tephras (i.e., "bridging" 

them) was occasionally sampled. The date thus obtained applies equally to 

both tephras. giving a maximum age for one and a minimum age for the other 

(Hogg et al. 1987). 

Once obtained. the samples were oven dried, lightly crushed, and 

submitted to the University of Waikato Radiocarbon Dating Laboratory (symbol 

Wk-) for 14 C assay. About 70 samples applying to tephras were dated. 

Results and interpretation 

The dates and associated error terms (one standard deviation) 

obtained from cores from five lakes are given in Fig.3. Ages adopted in 

this study for the tephras are summarised in Table 1. In the few cases where 

specific tephra layers were not dated, their ages of deposition were 

interpolated using sedimentation rates. Ages so obtained are probably 

reasonably reliable because they are well constrained by the dates on 

material in adjacent parts of the core. 

The ages generally accord with the stratigraphy (increase down the 

cores) with few age inversions from tephra to tephra. Commonly, the dates 

above and below a tephra are statistically indistinguishable (using the 
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LAKE ROTOMANUKA 
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Fig.3. Stratigraphic columns showing sampling positions and dates obtained on 

tephras in cores from five Waikato lakes (locations given in Fig.1). 

The dates presented are conventional radiocarbon ages expressed in 

years 8.P. ± 1 standard deviation. and are based on the old (Libby) 

half-life of 5568 years. (True ages based on the new half-life of 5730 

years may be estimated by multiplying the old T½ ages by 1.03.) For 

detailed discussion on the dates and their significance see Hogg et 

al. (1987). Symbols for named tephras are explained In Table 1 and 

Fig.2. 
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C . 1981 ) Some of the dates on the 
methods of Polach & Golson 1966 and urr1e • 

k Sedl·ments (e.g.• Wk-240, -504) have large errors mainly inorganic basal la e 

• procedure because of a low carbon that reflect heavy dilution in the dating 

content and a small sample size (see Hogg et al. 1987 ). 

l with those obtained for the To a large extent the dates agree close Y 

same tephras elsewhere (e.g .. Pullar & Heine 1971; Vucetich & Pullar 1973 ; 

Cole & Nairn 1975; Froggatt 1981a; Hogg & McCraw 1983), although relatively 

few dates are available for andesitic eruptives from Tongariro and Egmont 

( Topp ing 1973: Neall 1979; Neall & Geddes 1981; Neall volcanic centres e.g., 

& Alloway 1986). 

Discrepancies in ages are associated with the eruptions of the 

Okataina-derived Rotoma Ash (c. 8500 years B.P.?) and Waiohau Ash (c.12 200 

years B.P.?). The dates obtained on the lake cores for Rotoma Ash are 

younger, and for Waiohau.Ash, older, than those obtained at other sites 

(e.g., see Pullar & Heine 1971; Nairn 1981); the differences in age amount 

to c.500-1000 years or so. This problem is discussed more fully in Green & 

Lowe (1985) and Hogg et al.(1987) (see also Lowe & Hogg 1986). Some of the 

dates on Rotorua Ash are significantly younger than the normally accepted 

age of c.13 450 years (Nairn 1980), although errors are quite large. 

Okareka Ash, positively identified only in cores from Lake Rotomanuka 

(Fig.2), was not dated directly in this study because enclosing sediment 

contained insufficient carbon for normal 14 C laboratory requirements. An 

age of around c.17 000 - 18 000 years is suggested from approximate 

sedimentation rates. This age range is supported by consideration of the 
c'\-r 

dates obtained for Lake Maratoto sediments. the oldest of which are dated}-,(-7 

050 ± 200 years B.P. (Wk-358; Green & Lowe 1985). Because Okareka Ash is 

apparently absent from the Lake Maratoto sediments, then it is likely to be 

older than c.17 000 yeas. 

Elsewhere, Okareka Ash has not been dated, but Nairn (1981) estimates 

its age as c. 17 000 years based on its stratigraphic relationship to dated 
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overlying (Rerewhakaaitu) and underlying (Te Rere, Kawakawal tephras 

(Vucetich & Pullar 1969). An arbitrary age of c.17 000 years is therefore 

adopted here (Table 1), but an older age may yet eventuate for this tephra 

(see also Hogg et al. 1987) 

TEPHRA COMPOSITION AND IDENTIFICATION 

105 

In hand specimen and under the binocular microscope the pale coloured 

rhyolitic tephras are predominantly vitric with both platy and sparsely 

porphyritic pumiceous shards. They also contain subordinate feldspar and 

mafic crystals or crystals fragments, commonly with glass selvedges. Lithic 

fragments are rare. The andesitic tephras, usually darker in colour, are 

composed mainly of feldspar and mafic crystals, often with narrow glassy 

selvedges, and of greyish, moderately vesicular, "andesitic scoria" 

comprising microlites or crystallites of feldspar and other constituents in 

a glassy matrix (see section on light minerals below). Glass shards are 

relatively uncommon and usually vesicular (e.g., see Kirkman & McHardy 

1980), and may have a ''dirty" appearance due to slight surficial weathering. 

Lithics of varying composition may also occur. 

Sampling and laboratory analysis 

All the tephra layers in cores from Lakes Rotomanuka, Maratoto and 

Kainui, and some of the tephras in Lakes Okoroire, Rotongata, and Mangahia, 
~~ 

were sampled (a total of about 150 samples). The 63-250 µm (2-4 phi) size 

fractions of the samples of each of the tephras were split into heavy 

mineral (S.G. > 2.9 g.cm- 3 ) and light mineral (S.G. < 2.9 g.cm- 3) components 

using standard heavy liquid and Frantz electromagnetic methods (e.g., Lowe 

1981a; Froggatt & Gosson 1982), and their proportions determined 

gravimetrically. These components were further separated and prepared as 
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microscope (point count of detrital necessary for analysis by petrographical 

) ( d mounts), scanning electron mounts), x-ray diffraction (XRD pow er 

l • h d mounts), and electron microprobe microscope (SEM)(unpolished and po 1s e 

(EMP) (polished blocks of various constituents) (Lowe 1981a; Hume & Nelson 

1982; Froggatt & Gosson 1982; Froggatt 1983). 

Correlations with source volcanoes and named eruptives 

The analytical results, when considered together and with reference 

to previous work. permit the correlation of each of the distal tephras to 

one of six volcanic centres (Fig.l; Lowe 1986c: Lowe submitted). The main 

diagnostic criteria are summarised at the end of this section (Table 11). 

By taking into account the tephras' stratigraphic position and age, 

correlations with named proximal eruptives from each of these source 

volcanoes have been established (stratigraphic names are summarised in Table 

1). 

Several modifications to the provisional tephrostratigraphy recorded 

in Lowe et al. (1980, p.483) are made. "Waimihia Lapilli" is re-identified 

here as Whakaipo Tephra (see glass chemistry section below). "?Rotoma Ash" 

and "Unnamed ash" were re-identified as Mamaku Ash and Rotoma Ash, 

respectively, in Green & Lowe (1985). "?Okato Tephra" is re-identified here 

as the lowest unit of the Okupata Tephra Formation (Oa-8), taken to be 

equivalent to the "basal lapilli" bed described by Topping (1973). Dates on 

Okupata Tephra near source are (NZ1374) 9790 ± 160 years B.P. (minimum) and 

(NZ1189) 12 450 ± 340 years 8.P. (maximum) (Topping 1973, p.410). In 

addition, the formation is overlain by Karapiti Tephra and underlain by 

unnamed andesitic tephra and Rotorua Ash (Topping & Kohn 1973; Froggatt & 

Solloway 1986), and hence its age is further constrained by the ages of 

these tephras. From these ages and the descriptions in Topping (1973), it 

appears that Okupata Tephra Formation is time transgressive, with units 
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erupted at various intervals between about c.10 000 and c.12 500 - 13 000 

* 
years B.P. Consequently, andesitic tephras with Tongariro source 

characteristics that occur between Mangamate Tephra (?Te Rato Lapilli) and 

Rotorua Ash in the lake cores might best be considered as representatives of 

the Okupata Tephra Formation. Oa-8 is assumed to be the correlative of the 

basal lapilli unit of Topping (1973), and has a date of (Wk-514) 12 700 ± 

200 years B.P. (Fig.3). A thin andesitic tephra is found stratigraphically 

between this tephra (Oa-8) and the underlying Rotorua Ash (Rr) in some of 

the lake cores (Fig.2) and, based on its proximity to the latter tephra, has 

an estimated age of c.13 100 years B.P. This tephra is regarded here as an 

"unnamed tephra" (cf. Topping 1973). 

Informal designations are used where correlations are currently 

uncertain (e.g., for the Egmont eruptives, Eg-1 to Eg-15), and where no 

formal name has previously been defined (e.g., unnamed members of the 

Okupata Tephra Formation, Oa-1 to Oa-8). The analytical data providing the 

basis for these correlations are presented and discussed below. 

Heavy minerals 

The 2-4 phi heavy mineral fractions consist chiefly of 

ferromagnesian silicates and ubiquitous Fe-Ti oxides (opaque minerals). 

Results from the gravimetric and modal analyses are summarised in Tables 3 

and 4. 

Some samples contained insufficient heavy minerals for analysis. 

Proportions of heavy and opaque minerals 

Although the figures in Table 3 show considerable variation, some 

general trends are evident. The tephras from the rhyolitic Taupe and 

Okataina volcanic centres are relatively low in heavy minerals (<5%) but 

high in Fe-Ti oxides (c.20-30%), especially Okataina. The opposite applies 

to the andesitic Tongariro and Egmont-derived tephras, which are high in 

* See also Lowe & Hogg (1986) in which a member of Okupata Tephra Formation is 

dated at c. 10 300 years B.P. 



Table 3. 

Volcanic 
centre 

Taupo 

Okataina 

Maroa 

Abundances of heavy minerals and opaque minerals in 
fractions of tephras in Waikato lake cores. Values 
mean± 1 standard deviation; n = number of samples 
tephras analysed for each volcanic centre. 

Heavy Opaque 

minerals minerals 

(wt.%)* n (vol.%) t 

3.6 ± 4.6 10 18.9 ± 7.8 

1. 7 ± 1.5 26 26.1 ± 9.4 

trace 1 0 

Mayor Island 0.6 ± 0.5 4 4.3 ± 4.2 

Tongariro 15.2 ± 5.4 15 9.1 ± 5.5 

Egmont 22.1 ± 9.3 11 10.2 ± 6.1 

2-4 phi 
are 
of 

n 

24 

38 

1 

5 

21 

25 

* Proportion of heavy minerals in 2-4 phi fractions. Values for 
samples containing sparse heavy minerals are liable to have low 
precision. 

t Proportion, by point count, of opaque minerals in the 2-4 phi heavy 
mineral fraction (see Table 4). 

Samples from Lakes Rotomanuka, Maratoto, Kainui, and Okoroire. 
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Tabl~ 4. Oo1T11nant ferromagnesian minerals in tephras in cores from Waikato lakes and bogs. 
Tephra Lake & Ferromagnesian silicate minerals Sample Opaques Total 

(summed to 100%) b (%)' counts No. 
Hyp Aug Hbe Cgt Bio 

Taupo-df!rivf!d tt!phras 

Taupo RM-1 81 17 2 20 306 M0-1 A:.! 15 3 30 296 P0-1 'II 2 6 l' 35 Mapara KN-1 359 
!<I 7 2 14 100 \o,hakaipo RM-1 !I:_: 6 1 1 20 307 KN-I ;~1 i ti 6 tr 23 299 '-10-1 7;J 23 7 16 258 H1nemaia1a OK-1 ~" 3 3 2 23 Opepe RM-1 165 
Ci..: 33 5 tr 30 317 

i'!M-2 7 i 27 2 26 316 ,10-1 GP 29 3 20 400 
OK-1 7·• 24 4 11 200 

Okataina-derived tephras 

Whakatane OK-1 (1 ,! 5 84 20 369 
P0-1 H 1 12 79 tr 16 319 
KM-1 21 13 10 56 18 349 

Mamaku \10-1 5fi 10 34 32 308 
M0-2• 75 8 17 tr 19 347 
RM-1 6-! 7 29 45 347 
RM-2 25 28 47 tr 24 310 
P0-1 61 4 35 tr 19 359 
KM-1 61 3 36 28 299 
MU-1 73 4 22 l? 32 389 

Rotoma R~l-1 44 37 7 13 23 314 
RM-2 30 16 14 34 6 14 293 
~10-1 57 29 4 10 tr 25 302 
~10-2 49 27 11 13 8 472 
OK-1 8 4 5 81 2 12 155 
RN-I ,, 3 5 86 2 24 200 

RM= L. Rotomanuka: MO= L. Maratoto; KN= L. Kainui; OK= L. Okoroire; MG= L. Mangahia; 
RN= L. Rotongata: PO= Pohlen bog (G.R. NZMS260 Tl4/562762); MU= Moanatuatua bog (515/179582): 
KM• Kaimai bog (Tl4/616895). Note: RM-1 = sample from core 1, RM-2 = sample from core 2, and so on. 
Core numbers and in-house sample numbers are available from the author, 

Hyp • Hypersthene: Aug= Augite; Hbe = Calcic Hornblende; Cgt = Cummingtonite; Bio 
tr= trace amount drt~cled (<1%); - = not detected: ? = uncertain identification. 

Biotite: 

Proportion of opaque minerals (Fe-Ti oxides) in 2-4~ heavy mineral fraction (by point count). 

109 



Table 4 contd. 

Ferromagnesian Tephra Lake & 
Sample No. (summed 

H~·p Aug 

Okataina-derived tephras contd. 

Wa1ohau R~l-1 60 23 
R!l-2 5!f 36 
!10-1 5~ 18 
M0-2 58 7 
M0-3• 73 2 
MU-1 34 28 

Rotorua RM-1 48 10 
M0-1 59 4 
MU-1 Ul 38 

Rerewhakaailu RM-1 2 1 
M0-1 13 34 

Okareka RM-1 3G 22 
RM-2 43 20 
RM-3 ::!') 4 

Lake & Opx" Cpx Hbe Cgt 
Sample 

Mayor /stand-derived tephra 

Tuhua RM-1 6 29 17 
KN-1 tr 7 2 
M0-1 2 3 
MG-1• 26 26 16 
OK-1 1 1 tr? 

Opx = Orthopyroxene; Cpx = Clinopyroxene; Olv 
Tuh = Tuhualite. 
From Hogg (1979, p. 126): n.k. = not known. 
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silicate minerals Opaques Total 

100% l" ( 't) counts lo 

Hbe Cgt Bio 

17 tr tr 24 368 

5 23 303 

'2.7 tr 3 27 682 

31 4 42 361 

24 1 34 163 

38 16 326 

30 tr 12 26 300 

34 lr 7 3 29 829 

34 9 6 490 

18 79 13 450 
21 32 4 387 
16 l7 25 22 343 
17 5 15 22 360 
32 1 40 31 394 

Bio Olv Aeg Aen Rie Tuh Opaques lotai 
(%) counts 

3 40 1 4 2 296 
2 87 l? 1 7 328 
3 86 3 3 tr 367 
1 28 2 1 n.k. n.k. 

98 1 143 

01 i vine; Aeg Aegirine; Aen . Aenigmatite: Rie . Riebeckite: 

Samples from peat core RJl !Rukuhia bog) at L. Maratoto (see Green & Lowe 1985, p.679). 

Table 4 contd. 

Tephra Lake and Ferromagnesian silicate minerals Opaques Total 
Sample No. (summed to 100% l • (%) counts 

Opx Cpx Hbe Olv 

Tongariro-derived t eph ras 

Mangamate Rr•l-1 43 30 
RM-2 43 

26 6 354 
27 29 13 290 MO-I ,l4 

Okupata-1•• 
22 34 6 365 R~l-1 49 34 16 1 24 395 RM-;i 35 47 16 2 32 459 i10-1 46 39 11 Okupata-2 4 7 308 RM-1 30 57 9 Okupata-2/3 4 23 346 M0-1 68 29 Okupata-3 RM-1 56 

tr 3 8 347 
Okupata-4•• 34 1 9 20 309 RM-1 63 34 tr 3 9 295 RM-2 65 32 1 M0-1 6,1 2 15 397 
Okupata-5 RM-1 

32 2 2 10 398 72 
Okupata-6 RM-I 

25 3 tr 9 1037 55 
RM-2 

34 l 10 8 334 82 17 1 M0-1 50 7 397 
Okupata-7 RM-I 

44 4 2 12 300 61 36 Okupata-8 RM-1 56 
2 l 7 471 

M0-1 
42 l l 2 371 67 31 

M0-2 l l 6 407 61 36 
M0-3 65 31 

3 4 218 
uncorrelated RM-1 70 27 

4 8 345 
M0-1 69 30 

2 6 824 
Rotoaira RM-1 tr l 3 347 49 39 

RM-2 1 4 8 14 294 48 44 
M0-1 37 

8 8 393 
59 3 l? 4 355 

Sample contains glass of ?Puketarata Ash (Table 10). Oa-1, Oa-4 contain glass and Fe-Ti oxide of Eg-11 and Eg-12, respectively. 



Table 4 contd. 

Tephra Lake and ferromagnesian silicate minerals Sample No. (summed to 100%) 

Onx Cpx Hbe Olv 

Egmont-derived tephras 

t::gr1ont-l R~l-1 ~ ·19 49 tr' 
K'<- I 57 43 tr' F.gmont-2 w.1-1 ·Hi 52 
KN-l n 58 
OK-! Ir 55 45 

Egmont-3 OK- I G 19 43 
Egmont-4 R!l-1 • 2 46 52 

OK-! 75 25 
Egmont-5 R!I- I • lti 44 40 

KN-I" 6 43 47 
OK-J 72 28 

Egmont-6 RM-1 35 47 17 
M0-1 2 64 34 

Egmont-7 RM-1 tr 89 11 
KN-1 4 79 17 

Egmont-8 RM-1 7 54 39 
Egmont-9 RM-1 57 43 

M0-1 8 60 32 
Egmont-10 M0-1 9 54 37 
Egmont-13 M0-1 4 75 21 

(?)RM-1' 48 44 8 
Rfl-2' 13 76 12 

Egmont-14 RM-1 2 86 12 
RM-2 3 84 13 
KN-1 23 53 21 3, 

Egmont-15 R~l-l 7 83 10 
RM-2 4 84 12 
RM-3 1 93 6 
(')KN-1' 30 47 22 1' 

Sample contains glass of Hinemaiaia Tephra (Table 10). 
Cgt suggests Whakatane Ash may be present in trace amounts. 
Possibly Eg-13: sample also contains glass of ?Puketarata Ash (Table 10). 
Sample contains glass of unnamed Mayor Island eruptive (Table 10). 
Possibly Eg-15. 
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Opaques Total 
(%) counts 

Ctg 

1 391 
5 350 

11 396 
l 349 

11 356 
2' 6 67 

9 310 
4 359 

15 455 
4 11 162 

2 400 
1? 4 588 

tr? 3 322 
9 594 

11 349 
18 267 
23 393 

7 630 
12 296 

6 346 
8 393 
8 396 

22 409 
3 447 

11 124 
14 375 
12 387 
14 408 
29 272 
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heavies (c.15-25%) and relatively low in oxides (10%). Samples of the 

h Y low in both heavies (1%) 
pantelleritic Mayor Island-derived tep ras are ver 

and oxides (5%). (The unnamed c.14 500 year-old Mayor Island tephra 

consists solely of glass, as does, in essence, the Maroa-derived tephra, 

Puketarata Ash.) 

These trends in relative abundances are broadly similar to those of 

near-source eruptives, taking into consideration differences in 

methodology, size fractions examined, and type of sample: the andesitic 

tephras are relatively mafic-rich and Fe-Ti oxide poor, the rhyolitic 

tephras mafic poor but with variable, sometimes high, Fe-Ti oxide abundances 

(cf. Clark 1960; Ewart 1963. 1966: Gow 1968; Cole 1970a, 1978: Kohn & 

Neall 1973; Fry 1977; Buck et al. 1981; Lowe & Hogg 1986; Neall et al. 

1986). Some of the variations are likely to be due in part to the effects 

of aeolian fractionation (e.g., see Fisher & Schmincke 1984), as is evident 

particularly for the tephras consisting wholly of glass. 

Ferromagnesian minerals 

The ferromagnesian silicate minerals generally have properties 

similar to those described in Lowe (1981a, p. 103-4). Most of the minerals 

are euhedral with glassy rims, and typically contain abundant inclusions 

such as apatite, glass, and opaque minerals. 

The ferromagnesian mineral assemblages (Table 4) can be classed into 

five main groups, each of which character1·ses one of the source volcanoes. 

as follows: 

Group 1: 

Group 2: 

Group 3: 

Group 4: 

Group 5: 

Hypersthene ± augite (Taupo) 

Hornblende+ hypersthene +augite± cummingtonite ± 

biotite (Okataina) 

Aegirine ± aenigmatite ± riebeckite ±olivine± 

ferrohedenbergite ± tuhualite (Mayor Island) 

Orthopyroxene + clinopyroxene 1· ± o 1vine ± hornblende 

(Tongariro) 

Clinopyroxene +hornblende± orthopyroxene (Egmont). 
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(The only recent eruptive from the Maroa volcanic centre, Puketarata Ash, 

contains mainly biotite and hornblende± hypersthene near source; Kohn 1973; 

Topping & Kohn 1973.) Apatite and zircon may also occur in small amounts 

<5%). with zircon being a noticeable constituent in the Okataina-derived 

tephras in particular. Th t· f • e propor ions o minerals within most groups may 

vary from sample to sample; for example, in group 5, clinopyroxene may 

normally predominate over hornblende in some Egmont tephras but in others 

hornblende is dominant. Some of the data from Table 4 are plotted in a 
/ 

ternary diagram/i.n Lowe (submitted, 'ifig.5) to illustrate the degree of 
''---- •• - ---- ) --~- ---

separation and overlap of the groupings. 

Some of the ferromagnesian minerals are useful as marker minerals 

for particular tephras or volcanic centres (Lowe et al. 1980): aegirine is 

diagnostic of Tuhua Tephra (Mayor Island); cummingtonite occurs as the 

dominant ferromagnesian mineral in Whakatane Ash and Rotoma Ash (Haroharo 

Complex, Okataina); biotite is dominant in Rerewhakaaitu and Okareka Ash 

(Tarawera Complex, Okataina) (it may also amount to c.10% in Rotorua Ash), 

and characteristically occurs in Puketarata Ash - Kohn 1973); olivine 

(forsteritic) is found in most of the Tongariro eruptives (e.g., Mangamate 

Tephra), but usually in only small amounts. (Olivine may also occur in 

rare quantities in Mayor Island and Egmont eruptives, and is apparently of 

fayalitic composition: Buck et al. 1981; Weaver in Houghton & Wilson 1986; 

Wallace et al. 1986.) 

The mineralogical results above agree closely with previous findings 

on pyroclastics and lavas associated with the Taupo, Okataina, and Mayor 

Island volcanoes (e.g., Ewart 1963, 1966, 1971; Cole 1970a; Ewart et al. 

1971; Topping & Kohn 1973; Kohn & Glasby 1978; Howorth et al. 1980; Buck et 

al. 1981; Froggatt 1981a; Hogg & McCraw 1983; Houghton & Wilson 1986; Lowe 

& Hogg 1986). The results are also consistent with mineralogical analyses 

of Tongariro and Egmont eruptives, although most published results relate to 

work done on near-source rock samples (e.g., Clark 1960; Gow 1968; Kohn & 
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Neall 1973; Fry 1977; 
Cole 1978; Neall 1979 ; Franks 1984; Cole et al. 

1986; Neall et al. 1986). 

Of most of the ferromagnesian 
Chemical analyses representative 

tt4 

mineral phases were obtained by EMP (e . g., Froggatt & Gosson 1982 ), largely 

to underpin the optical mineralogy . 
Also, relatively few such analyses have 

been published previously for relevant late Quaternary 
lava or pyroclastic 

deposits (some EMP analyses are given in Howorth 1976; 
Howorth & Ross 1981: 

Houghton & Smith 1981: Lowe 1981a; Froggatt 1982a; 
Cole et al . 1986; 

Froggatt & Solloway 1986). 

A range of selected analyses is given in Table 5. For various 

reasons, chemical analyses of ferromagnesian silicates have been used 

relatively little in attempting to separate the eruptives from different 

volcanic centres, or successive eruptives from one centre. However, with 

the increasing availability and sophistication of EMP systems, greater 

numbers of analyses on such minerals are possible, and their use as an 

adjunct means of fingerprinting tephras, in appropriate circumstances, 

should increase (e.g., Smith & Leeman, 1982, used Si0/Al 203 contents in 

hornblendes and Fe/Mg ratios in hypersthene to aid in distinguishing Pacific 

Northwest tephras: see also Westgate & Evans 1978; Federman & Scheidegger 

1984: Mehringer et al. 1984)~ Consequently, 77 pyroxene grains, commonly 

zoned, in tephras from the Tongariro and Egmont volcanic centres were 

examined by EMP to see if these centres could be effectively separated. 

The analyses, all done on grain cores , suggest some degree of 

separation. The Tongariro clinopyroxenes, usually colourless, project 

mainly as augite (mean Wo41 .B!l. 5 ; 14 analyses) in the Wo-En-Fs diagram. The 

Egmont clinopyroxenes, usually green-lemongreen to bluish green, generally 

contain more Ca and proJ·ect as salite or h "gh C · t (W 38 1 - a aug1 e 044.6!2 . 3; 

analyses) (see Lowe submitted, fig.6; cf. Cole et al. 1986; Wallace et al. 

1986). The Tongariro orthopyroxenes (21 analyses) usually project as 

hypersthene (total range En33-69), but the few available Egmont orthopyroxene 

* See also Inoue (1980) 



Table 5. Electron m,cr b I f opro '~ ana yses• 0 ferromagnesian minerals 1n tephras in cores from Lake Rotomanuka. 

Cli nopyroxenes 

Sal i te 

Tepltra Egmont-l' 

Analysis No 

S10 2 

Al 20 1 

T,0 2 

FeOt 
MnO 
MgO 
Cao 
Na 20 
K 20 
Total 

l 

50.38 
3.26 
0.67 
7.80 
0.26 

14.60 
22.81 

0.24 

100.02 

Cations on 
S1 

the bas,s 
1.880 
0.143 
0.019 
0.244 
0.008 
0.812 
0.912 
0.017 

Al 
Ti 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Total 4.035 

4'1. '11 
·I. ~1 
0.76 
8.'M 
0.:!9 

of 6 

13.~I 
L'' .,.., 

0.:-7 
tr 
99.37 

ox~gens 
1. 854 
0. 189 
0.021 
0.283 
0. 009 
0.751 
0.901 
0.042 

3 

·19. 16 
·1.29 
0.89 
8.48 
0.49 

13.82 
22. 13 

0.42 
0.01 

:l9. 69 

1.849 
0.190 
0.025 
0.267 
0.016 
0.775 
0.89'! 
0.031 
0.001 
4.046 

Egmont-2 

4 

51. 02 
2.65 
0.52 
8.89 
0.41 

14.07 
22.52 

0.29 

100.37 

1.904 
0.117 
0.015 
0.277 
0.013 
0.783 
0.901 
0.021 

4.031 

5 

Crim) 

50.07 
3.19 
0.56 
8.50 
0.31 

13.57 
22.73 

0.31 

99.24 

1.891 
0 .142 
0.016 
0.268 
0.010 
o. 764 
0.920 
0.023 

4.034 

Ferrohedenbergite 

Tuhua 

1 

48.04 
0.20 
0.48 

29.59 
1.13 
0.14 

18.42 
1.22 

99.22 

2.001 
0.010 
0.015 
1.030 
0.040 
0.009 
0.822 
0.099 

4.026 

2 

47.91 
0.21 
0.42 

29.79 
1.10 
0.11 

18.45 
1.29 

99.28 

1. 998 
0.011 
0.013 
1.039 
0.039 
0.007 
0.824 
0.105 

4,036 

• Analyses made with a JEOL JXA-733 Superprobe al Victoria University of Wellington, using a 12 nA beam 
current at 15 kV. A 3 µ.m beam was used for all samples except micas for which a 10 µm beam was used. The 
probe was regularly checked for drift by analysing standards, including PSU 4-190 (Hornblende) and PSU Px-1 
(Pyroxene). tr a trace detected; - = not detected or not determined. Analyses done on grain cores unless 
specified otherwise. Tephra abbreviations given in Table 1. 
Total Fe as FeO 

• Samples: Eg-1, LS?: Eg-2, L58; Tu, L61 (note: L - samples= EMP block nos.), 

Table 5 contd. 

Cli nopyroxenes 

Augite 

Tepltra Egmont-6 
-------------------------------------, 

Analysis 
Number 3 

-------------------------------------

Si0 2 

Al 20 1 

Ti0 2 

FeOt 
MnO 
MgO 
Cao 
Na,o 
K 20 
Total 

51. B5 
J. 80 
0.55 
7 .fi? 
n. ,,7 

IS.H] 
21. 14 

0.'10 
tr 
99.81 

Cations on the basis of 6 ox~gens 

Si l .929 
Al 0.079 
Ti 0.015 
Fe 0.238 
Mn 0.018 
Mg 0.878 
Ca 0.843 
Na 0.029 
K 
Total 4.029 

Samples: Eg-6, L60; Eg-14. L76. 

52.59 52.02 
1.43 1.87 
0.40 0.44 
6.70 7.65 
0.63 

15.94 15.28 
21.44 22.02 

0.37 0.29 

99.50 99.57 

1. 953 1.938 
0.063 0.082 
0. 011 0.013 
0.208 0.251 
0.020 
0.882 0.848 
0.853 0.879 
0.026 0.021 

4.016 4.032 

Egmont-14 

4 

51. 52 
1. 92 
0.51 
7.54 
0.50 

15.75 
21.13 

0.39 

99.26 

1.925 
0.084 
0.014 
0.236 
0.016 
0.877 
0.846 
0.029 

4,027 

5 

51.19 
2.64 
0.55 
8.61 
0.12 

14.81 
20.80 

0.55 

99.27 

1.919 
0.117 
0.016 
0.270 
0.004 
0.828 
0.835 
0.040 

4.029 
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Table 5 contd. 

Clinopyroxenes 

Augite contd. 

Mangamate Oa-4' Oa-8' 
Tephra -------------------------------------------------------- --------------------

6 7 8 9 10 11 12 
Analysis -------------------- --------------------Number ------------------------------------
Si0 1 51.44 51. 55 51.09 51.16 51. 26 51.10 50.88 

Al 10 3 2.37 1.86 2.68 l. 53 l. 99 l. 81 2. 10 

Ti0 1 0.49 0.33 0.36 0.53 0.55 0.55 0.55 

FeOI 10.75 9.89 8.87 10.26 11. 21 9.38 10.24 

MnO 0.35 0.:!l 0.23 0.33 0.37 0.15 0.35 

MgO 15.40 15.03 15.02 14.34 14. 17 15.26 14.68 

cao 19.01 20.30 20.67 20. 72 20.23 20.91 20.47 

Na 20 0.36 0.31 0.39 0.27 0.40 0.27 0.38 

K10 0.01 tr 0.01 
Total 100.18 99.48 99.31 99.14 100.19 99.43 99.65 

Cations on basis of 6 oxygens 

Si 1.920 1.936 1.915 1.935 1.922 1.920 l. 915 

Al 0.104 0.082 0.118 0.069 0.088 0.080 0.093 

Ti 0.014 0.009 0.010 0.015 0.015 0.016 0.016 
Fe 0.335 0.310 0.278 0.324 0.351 0.295 0.322 
Mn 0. 011 0.007 0.007 O.Oll 0.012 0.005 o. 011 
Mg 0.857 0.841 0.839 0.809 0.792 0.855 0.824 
Ca 0.760 0.817 0.830 0.839 0.813 0.842 0.825 
Na 0.026 0.022 0.028 0.020 0.029 0.019 0.028 
K 0.001 
Total 4.028 4.024 4.025 4.022 4.022 4.032 4.034 

Samples: Mm, L67; Oa-4, L68; Oa-8, L72 
' Some augites in these samples contain distinctive amounts of Cr 20 3 (0.2 - O.S wt.%); analyses 9 & 10 

presumed to represent Oa-4 (see Table 4). 

Table 5 contd. 

Cli nopyroxenes 

Aegirine 

Tephra 

Analysis 

Tuhua 
---------------------------------------

2 3 
Number --------------------------------------------------
Si0 1 
Al 10 3 

Ti0 1 

FeOI 
MnO 
MgO 
CaO 
Na,o 
K 10 
NiO 
Total 

51.90 
0.31 
0.,15 

31.07 
0.21 
0.03 
2.11 

12.82 

0.07 
98.97 

Cations on the basis of 6 ox~·gens 

Si 2.134 
Al 0.015 
Ti 0.014 
Fe 1.068 
Mn 0.007 
Mg 0.002 
Ca 0.093 
Na 1.022 
K 
Ni 0.002 
Total 4.357 

Sample: Tu, L61. 

52.06 51. 85 52.60 
0.20 0.31 0.20 
1.00 1.09 0.68 

29.80 29.54 31.33 
0.12 0.18 0.22 
0.01 0.04 
3.26 2.37 0.53 

12.36 12.81 15.41 
0.03 

0.06 0.04 
98.87 98.26 100.97 

2.132 2.134 
0.010 0.015 
0.031 0.034 
1.020 l.017 
0.004 0.006 
0.001 0.002 
0.143 0.104 
0.981 1.022 

0.001 
0.002 0.001 
4.334 4.336 

• Analysed by Dr R.M. Briggs at Auckland University (pers. comm. 1980 ). 
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Table 5 contd. 

Orthopyroxenes 

Bronzite Hypersthene 

Tephra Eg-14 Rr Mm Okupata-8 
--------------------- ------------------------------------Analysis 

Number l 2 3 4 5 6 
-------------------- -----------------------------------

Si0 2 54.21 50.89 51.29 51.40 52.76 52.09 51.86 Al 20 1 0.94 1. 13 0.81 1.02 0.65 1.18 1.26 no, 0.23 0.23 0.25 0.30 0.23 0.21 0.34 
FeOI 15.00 2·1. R3 21.21 24.22 20.21 21. 26 21.15 
MnO 0.90 1.26 0.60 0.56 0.49 0.50 0.48 
MgO 27.22 20.35 20 .11 19.87 23.56 22.59 22.49 
eao 1.34 1.11 1. 73 1.81 1.52 1.40 1.60 
Na,O 0.01 0.02 0. 06 0.05 0.01 tr 0.04 
K20 0.01 0.01 0.01 0.02 0.01 
Total 99.86 99.82 99.10 99.24 99.45 99.23 99.23 

Cations on the basis of 6 oxygens 

Si 1. 961 1. 938 1.959 1.959 1.965 1.954 1. 947 
Al 0.040 0.051 0.036 0.045 0.028 0.052 0.056 
Ti 0.006 0.007 0.008 0.009 0.007 0.006 0.010 
Fe 0.454 0.791 0. 774 0. 773 0.629 0.667 0.664 
Mn 0.027 0.041 0.020 0.018 0.015 0.016 0.015 
Mg 1.468 1.155 1.145 1.130 1.308 1.263 1.258 
Ca 0.052 0.045 o. 071 0.074 0.061 0.056 0.064 
Na 0.001 0.001 0.005 0.003 0.003 
K 0.001 0.001 
Total 4.010 4.029 4.018 4.011 4.014 4.014 4.017 

Sample: Eg-14, L76; Rr. L73: Mm. L67; Oa-8, L72. 

Table 5 contd. 

Orthopyroxenes 

Hyperathene contd. 

Tephra Okupata-4 

Analysis No. 
7 8 9 

--------------------------------------
Si0 2 51. 70 50.96 51.23 
Al 20 1 1.28 1. 31 1. 93 
no, 0.24 0.23 0.26 
FeOt 21.90 22.91 21. 43 
MnO 0.49 0.53 0.47 

21.99 21.41 n.48 MgO 
1. 56 1. 70 1. 36 Cao 

Na 20 0.02 0.03 
K20 0.02 tr 

99.16 Total 99.18 99. 10 

Cations on the basis of 6 oxygens 

Si 1. 947 1.935 1.925 
Al 0.057 0.059 0.085 
Ti 0.007 0.007 0.007 
Fe 0.690 0. 727 0.674 
Mn 0.016 0.017 0.015 

1. 212 1.260 Mg 1.234 
0.055 Ca 0.063 0.069 

Na 0.001 0.002 
K 0.001 
Total 4.015 4.029 4.021 

Samples: Oa-4, L68•: Rr, L73. 
• Hypersthenes presumed to represent Oa-4 tephra 

Ferrohyperathene 

Rr 

1 2 
----------------------

50.75 50.43 
0.36 0.24 
0.09 0.10 

28.67 30.89 
1.69 1.76 

16.79 15.26 
1.16 1.06 

0.02 

99.51 99. 76 

1.978 1.980 
0.016 0.011 
0.003 0.003 
0.934 1.015 
0.056 0.059 
0.975 0.893 
0.049 0.045 

0.001 

4.011 4.007 

( see Table 4). 
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Table 5 contd. 

Olivine 

Tephra Mangamate 
-----------------------------------

J\nalysis Number 2a 2b 
( core) (rim J 

------------------------------
SiO, 39. 39 39.25 39.31 
Al 20 1 0 . 02 0 . 01 0 . 02 
Ti0 2 0 . 04 0.05 0.04 
f'eOt 13 . 14 12 . 98 13.03 
MnO 0 .18 0 .20 0.22 
MgO 47 . 36 46. 88 46.85 
cao 0 . 15 0 . 16 0 . 15 
Na,o 0 . 05 0.01 
K20 0 . 01 0.02 
Cr 20 1 0 . 06 0.04 0.05 
NiO 0 . 18 0.16 0.18 
Total 100 . 53 99 . 80 99.86 
Cations on the basis of 4 oxygens 
Si 0 . 979 0.982 0.983 
Al 0 . 001 0.001 
Ti 0 . 001 0.001 0.001 
f'e 0 . 273 0.272 0.272 
Mn 0 . 004 0 . 004 0.005 
Mg 1.754 l. 748 1. 746 
Ca 0 . 004 0 . 004 0 . 004 
Na 0.002 
K 0 . 001 
Cr 0.001 0.001 0.001 
Ni 0 . 003 0 . 003 0.004 
Total 3.020 3.018 3 . 016 
Atomic~ 
f'e 13 . 5 13 . 5 13.5 
Mg 86 .5 86 . 5 86 . 5 

Sample: Mm, L67 (L . Rotomanukal; an olivine grain in Mangamate 
Tephra from Lake Maratoto !sample Mo 1.45) has a composition 
f'o 84 based on an analysis a t Auckland Uni versity by Dr R.M. Briggs 
(pers . comm . 1980) . 

Table 5 contd. 

Blotlte 

Tephra 

Analysis 
Number 

Si0 2 
Al 20 1 
no, 
f'eOt 
MnO 
MgO 
Cao 
Na 20 
K20 
Cl 
Total 

Rerewhakaaitu 
------------------------------------

2 J 
------------------------------------
34.48 
13 . 64 
4 . 47 

21. 82 
0 . 28 

10 . n 
0 . 01 
0 . 51 
8 . 70 
0 . 21 

94. 38 

35.64 
13 . 29 
4.31 

21. 88 
0 . 33 

10 . 46 
0 . 03 
0 . 54 
8.37 
0 . 28 

95.13 

35.35 
13.49 
4.44 

21. 51 
0.42 

10.29 
0.01 
a.so 
8.44 
0.20 

94.65 

Ions on the bas i s of 22 oxygens 

Si 
Al 
Ti 
f'e 
Mn 
Mg 
Ca 
Na 
K 
Cl 
Total 

Sample : Rk, L75 . 

5 . 509 
2.496 
0 . 521 
2. 834 
0.037 
2 . 367 
0.002 
0.162 
1. 723 
0.054 

15. 705 

5.546 
2 . 437 
0.504 
2.848 
0.043 
2 . 426 
0.005 
0.163 
1. 662 
0 . 073 

15.707 

5.522 
2.484 
0.522 
2 . 810 
0.056 
2.396 
0.002 
0.150 
l.681 
0.052 

15.675 
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Table 5 contd. 

Calcic Amphiboles (Hornblende)• 

Tephra Rotorua Eg-1 Eg-6 Eg-9 Eg-14 ------------------------ -------------- -------------- ----------------Analysis 
Number 2 3 4 5 6 7 8 9 10 ----------------------- -------------- -------------- ----------------Si0 2 46.59 47 .16 46.89 40. 12 40.54 39.93 40.76 39.47 39.99 39.19 Al 20 3 7.18 6. 59 7.65 13.41 12.89 13.62 12.45 13.06 14.25 14.25 Ti0 2 1.65 1. 23 I. 47 2.62 3.44 2.62 2.86 2.61 2.48 2.52 FeOt 14.03 13.80 14.93 11. 60 11.56 12.05 12.37 13.96 11.17 11.85 MnO 0.50 0.45 0.57 0.18 0.20 0.04 0.21 0.23 0.17 0.14 
MgO 14. 23 15.02 1'1.35 13.68 13.86 13.50 13.54 12.37 13.92 13.40 
Cao 10.86 11. 00 10.95 11. 85 11.54 12.09 11.84 12.04 12.03 12.36 
Na 20 1.70 1.45 I. 76 2.56 2.44 2.41 2.58 2.48 2.46 2.35 
K20 0.26 0.24 0.31 0.~2 0.94 0.89 0.88 0.95 1. 04 1.01 
Total 97.00 96.!H ~R.88 9[i. !14 97.41 97.15 97.49 97 .17 97.51 97.07 

Cations on the basis of 23 oxygens 

Si 6.903 6.!'l76 6.847 5.!194 6.019 5.969 6.072 5.966 5.929 5.868 
Al 1.254 1.148 I. 316 2.360 2.256 2.398 .2.185 2.327 2.491 2.515 
Ti 0.184 0.137 0.161 0.294 0.384 0.295 0.321 0.296 0.277 0.284 
Fe 1. 739 1.706 1. 823 1.449 1.435 1.505 1.541 1.764 1.384 1.484 
Mn 0.063 0.057 0.071 0.023 0.025 0.005 0.026 0.029 0.022 0.017 
Mg 3.143 3.312 3.122 3.047 3.069 3.006 3.007 2.786 3.077 2.991 
Ca 1. 724 l. 744 1.712 1.897 1.836 1. 934 1.890 1.949 1.911 1.983 
Na 0.488 0.415 0.498 0.740 0.703 0.697 0.745 0.727 0.707 0.681 
K 0.048 0.045 0.057 0.174 0.179 0.169 0.168 0.183 0.197 0.193 
Total 15.546 15. 54_0 15.607 15.978 15.906 15.974 15.955 16.027 15.995 16.016 
Class• Edenite F"erroan Pargasite 

Samples: Rr, L73; Eg-1. L57: Eg-6, L60: Eg-9, L66; Eg-14, L76. 
d Green-brown hornblendes: classification based on Leake ( 1978) and assumes all F"eO(total) in fe 2 • form. 
Note: Analyses of cummingtonite, an re-Mg-Mn Amphibole, are given in table 2 of Paper 7. 

Table 5 contd. 

Calclc Amphiboles (Hornblende) contd. 

Tephra F.g-6 Eg-2 

Analysis 
Number 11 12 13 14 

Si0 2 42.34 42.42 42.65 42.19 
Al 20, 11. 18 10.51 9.92 10.25 
Ti0 2 2.61 3.49 2.94 3.04 
F"eOt 12.07 11.34 12.64 12.56 
MnO 0.30 0.40 0.51 0.32 
MgO 14.00 14.60 13. 77 13.58 

CaO 11.92 11. 21 11.41 11.56 

Na,o 2.47 21.46 2.36 2.43 

K20 0.81 0.93 0.92 0.91 

Total 97.70 97. 36 97 .12 96.84 

Cations on the basis of 23 oxygens 

Si 6.268 6.284 6.375 6.321 

1. 950 1.834 1. 747 1.811 
Al 0.343 
Ti 0.291 0.389 0.330 

1.580 1.574 
re 1.495 1.405 

0.038 0.051 0.064 0.041 
Mn 

3.091 3.223 3.067 3.033 
Mg 

1.780 1.826 1.857 
Ca 1.891 

0.710 0.705 0.682 0.705 
Na 

0.175 0.175 0.174 
K o. 154 

15.846 15.846 15.859 
Total 15.888 
Class F"erroan Pargasitic Hornblende 

Samples: Eg-6, L60: Eg-2, L58. 



Table 5 contd. 

Calcic Amphi boles ( "Oxyhornblendes") • 

Tephra Eg-2 Eg-14 Eg-2 

-------------------
Analysis 

3 4 
Number 2 

-------------------
SiO, 40. 77 40.39 39.46 42.63 

Al 20, 11. 43 12.84 13.95 9. 71 

Ti0 2 2.78 3.10 2.73 2.84 

FeOt 14.50 12.88 12.33 12.91 

MnO 0.36 o. 19 0.10 0.45 

MgO 12.44 13.12 13.37 13.77 

Cao 11.45 11.58 11.73 11.56 

Na,o 2.28 2.51 2.55 2.17 
K 20 1.01 1.06 0.98 0.90 
Total 97.02 97.67 97.20 96.94 

Cations on the basis of 23 oxygens 

S1 6. 168 6.0.!4 5.906 6.386 
Al 2.037 2.256 2.460 1. 714 
Ti 0.316 0.348 0.307 0.320 
Fe 1.834 1.607 1.543 1.617 
Mn 0.047 0.023 0.012 0.057 
Mg 2.806 2.917 2.983 3.076 
Ca 1.857 1.850 1. 881 1.856 
Na 0.670 0. 725 0.739 0.631 
K 0.194 0.202 0.188 0.172 
Total 15.929 15.952 16.019 15.839 
Class• -Magnesio-Hastingsite Magnesio-Hastingsite 

Hornblende 

Samples: Eg-2, L58; Eg-14, L76. 
• Red-brown hornblendes assumed to be oxyhornblendes; classification based on 

Leake (1978) and assumes an Fe'•:Fe 2 • ratio of ~4 : 1 (see text). 
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analyses (4 ) show variable composition (En 46 _ 75 ) (Lowe submitted). Thus, taken 

in conjunction with other criteria, the potential use of ferromagnesian 

silicate chemical analyses for tephra fingerprinting (and petrological) 

purposes could be worthy of further investigation. 

A number of Egmont hornblendes were additionally examined by EMP (32 

analyses), mainly to characterise and classify the types present. (Too few 

samples from individual eruptives were probed to potentially detect any 

meaningful compositional or inter-tephra trends -cf. Wallace et al. 1986.) 

Most are optically green-brown "calcic hornblendes" and, based on Leake's 

(1978) nomenclature and assuming all FeO (total iron) is in the Fe 2 + form, 

include ferroan pargasite. pargasite, and ferroan pargasitic hornblende 

varieties (Table 5; Lowe submitted). A second, subordinate, group of dark 

reddish-brown amphiboles are probably "oxyhornblendes" (Deer et al. 1963), and 

are classed as magnesio-hastingsite or magnesio-hastingsitic hornblende 

(assuming an Fe 3 +: Fe 2 + ratio of about 4:1, hence Fe 3 +>Alv 1 ; Leake 1978). 

Fe-Ti oxides 

The Fe-Ti oxides comprise mostly titanomagnetite with rare magnetite 

and ilmenite, based on EMP studies. Very few grains showed exsolution features 

(Plate 4A), although inclusions are relatively common (Plate 48). Selected 

analyses for some Tongariro and Egmont tephras are listed in Table 6. 

Fe-Ti oxide compositions, determined in various ways, have proved 

useful in tephra correlation studies in New Zealand and overseas (e.g., Kohn 

1970, 1973: Topping & Kohn 1973: Westgate & Fulton 1975; Westgate & Gorton 

1981; Smith & Leeman 1982; King et al. 1982; Hogg & McCraw 1983; see also 

Hodder 1981). Kohn & Neall (1973) demonstrated that Tongariro tephras could be 

distinguished from those of Egmont by titanomagnetite chemistry as measured by 

emission spectrographic analysis. The Tongariro titanomagnetites contain more 

Cr (especially), V, and Ni, but less Mn, than titanomagnetites from Egmont 

eruptives (see also additional unpublished analyses in Kohn 1973). 



Table 6. Electron microprobe analyses* of titanomagnetities in some Egmont and Tongariro tephras. 
Analyses are recalculated using the method of Carmichael (1967). 

Egmont Tongariro 
------------------------------------------------------ ----------------------------

Eg-4 Eg-7 Eg-9 Eg-14 Mm Oa-8 

Si02 0.05 (0.01) 0.06 (0.02) 0.06 (0.02) 0.09 (0.02) 0.10 (0.07) 0.15 (0.12) 
TiO2 7.81 (0.22) 9.39 (0.65) 8.64 (1.15) 9.66 (0.89) 8.00 (5.05) 12.75 (3.57) 
Al 203 2.85 (0.07) 2.46 (0.38) 2. 99 ( 0 .49) 3.97 (0.16) 2.68 (0.56) 2.16 (1.19) 
Cr 2O3 0.04 (0.03) 0.02 (0.02) 0.02 (0.03) 0.02 (0.02) 0.27 (0.11) 0.39 (0.17) 
feO 80.74 (0.40) 79. 14 ( 0. 91) 79.68 (0.26) 76.87 (0.76) 80.21 (4.67) 76. 34 ( 4. 10) 
MnO 0.77 (0.07) 0. 82 ( 0. 08) 0.69 (0.04) 0.66 (0.05) 0.33 (0.07) 0.46 (0.16) 
MgO 2.65 (0.04) 2.74 (0.19) 2.77 (0.30) 3.67 (0.36) 2.00 (0.72) 2. 26 ( 1. 59) 
CaO 0.02 (0.01) 0.09 (0.17) 0.02 (0.02) 0. 03 ( 0. 05) 0.01 (0.01) 0.01 (0.01) 
NiO 0.02 (0.03) 0.01 (0.02) 0.02 (0.03) 0.03 (0.03) 0. 06 ( 0. 06) 0.03 (0.03) 
Total 94.95 94.73 !14.89 95.00 93.66 94.55 
n 10 9 7 6 5 6 

Recalculated analyses 

Ulvospinel basis 

fe2O3 51.95 (0.38) 49. 06 ( 1. 4 7 l 50.04 (1.67) 47.24 (1.29) 49.96 (9.14) 41.40 (6.65) 
feO 34.00 (0.36) 34.99 (0.50) 34 . 6 5 ( 1. 44) 34.37 (0.42) 35.25 (3.74) 39.09 (3.90) 
Total 100.13 (0.52) 99.66 (0.53) 99.91 (0.36) 99. 71 ( 0. 30) 98.78 (0.84) 98.68 (1.07) 

Mo!% 
Usp 21.8 (5.5) 26. 4 ( 1. 9) 24.1 (3.2) 26.7 (2.3) 22.8 (13.8) 36. 5 ( 10. 3) 

* Analyses obtained using a JEOL-733 Superprobe with a 12 nA beam current at 15 kV and a 3 µm beam. 
n = number of analyses in mean with 1 standard deviation in parentheses; individual analyses are 
available from the author . Samples as follows: Eg-4, L84 (L . Rotomanuka); Eg-7, L85 (L. 
Rotomanuka); Eg-9, L86 (L. Rotomanuka); Eg-14, L88 (L. Rotomanuka); Mm, L91 (L. Rotomanuka); Oa-8, 
L98 (L. Maratoto). See Table 1 for tephra abbreviations. 

.... 
N 
N 
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These findings are used here to attempt to distinguish Tongariro and 

Egmont-derived tephras - the respective sources being indicated by the 

ferromagnesian mineralogy - by EMP analysis of their titanomagnetites. No 

attempt is made to distinguish between the individual eruptives pertaining to 

one or to the other of these centres. Note that the EMP has limited 

capabilities for measuring elements other than major elements and certain 

transition or heavy metals (e.g., see Westgate & Gorton 1981). Thus vanadium 

was not analysed. and measurements of nickel, almost always below the probe's 

accurate detection limits, are accordingly of little value. About 200 analyses 

were obtained from 18 tephra samples. Usually 10-15 grains in each sample 

were probed. but in samples containing very sparse fe-Ti oxides fewer analyses 

were obtainable. 

The results support Kohn & Neall (1973) and generally indicate that 

Tongariro and Egmont eruptives may be separated using Cr (as Cr 2 0 3 ) and Mn 

(MnO) abundances in particular. Cr 2 0 3 always occurs in measurable quantities 

(c.0.2 - 0.3%) in the Tongariro-derived samples, but is invariably very low 

(usually present in trace quantitites but below accurate detection limits) in 

Egmont-derived samples (<c.0.05%). MnO concentrations in the Egmont samples 

(range c.0.4-1.0%) usually exceed those of the Tongariro samples (c.0.3 -

0.5%) (Fig.4; Table 6). Recent chemical analyses of titanomagnetites in 

Taranaki tephras by Franks (1984, p.98) show corroborative values: MnO 

concentrations average 0.8% and Cr 20 3 concentrations average 0.028% (280 ppm). 

Note that the results should be treated with caution because the differences 

in element concentration are small in absolute terms. More work is required 

to determine if other elements may be used to discriminate between tephra 

sources or between individual tephras. 

Because the EMP is a grain-discrete method, mixed populations in 

samples may be readily detected (e.g., Kohn 1979; Westgate & Gorton 1981; King 

et al. 1982; Hogg & Mccraw 1983). Assuming that the above differences in 

Cr 2Q3 and MnO concentrates in the titanomagnetites are reliable indicators of 
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Fig.4. MnO vs Cr 2 0 3 plot· for Ti-magnetites of some Egmont and Tongariro­

derived tephras in Lake Rotomanuka. Bars represent one standard 

deviation from the mean. Numbers of grains analysed in Egmont 

tephras: Eg-1, 11; Eg-4, 10; Eg-7, 8; Eg-9, 7; Eg-11. 10: Eg-13, 12; 

Eg-14. 10; Eg-15, 10. Tongariro tephras: Mm. 8; Oa-5, 4; Oa-6, 3; Oa-

8. 12 (abbreviations are explained in Table 1 and Fig.2). Note that 

the Cr 20 3 analyses of the Egmont tephras are approximate (usually 

below accurate detection limits). 

Triangles mark analyses of individual grains from a "single" tephra 

layer in a core from Lake Rotomanuka, which appparently contains two 

admixed tephras: Oa-4 (closed triangles), Eg-12 (open triangles). 

Ferromagnesian mineralogical data (Table 4) indicates that Oa-4 is 

dominant, however. 

E =mean± 1 std. dev. of Kohn & Neall's (1973) analyses of Egmont­

derived tephras younger than c.16 000 yrs B.P. (n = 23); T =mean± 1 

std. dev. of Kohn's (1973) analyses of Tongariro-derived tephras 

younger than c.15 000 yrs B.P. (n = 20). 
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a Tongariro or Egmont source, the analyses showed some samples to contain 

admixed Tongariro and Egmont-derived grains (e.g. ,Fig.4; see also Table 10). 

This was evident mainly in samples of tephra deposited in the period c.10 000 

- 12 000 years B.P. (cf. tephrostratigraphy of Stewart et al. 1977 184) ' p. • 

Analyses from several other samples suggest that Egmont eruptives may have 

"dusted" the Waikato lakes between c.13 500 - c.14 500 years ago, around the 

same time that various tephras from other sources were being deposited (Table 

1). The mixing so indicated probably arises because such concentrations of 

eruptions over relatively short time intervals mean that the deposits are very 

closely spaced in the lake sediments - hence they are potentially subject to 

the bioturbation and other short-range mixing processes noted earlier. 

Analyses of suitable Fe-Ti oxide pairs enable pre-eruptive temperature 

estimates, and oxygen fugacities, to be determined by geothermometry 

(Buddington & Lindsley 1964; Spencer & Lindsley 1981). Besides their 

petrological and volcanological value, these parameters may be a useful aid in 

correlating tephras (e.g., Lerbekmo et al. 1975; Smith & Leeman 1982; Froggatt 

& Solloway 1986). Results from a limited number of Tongariro and Egmont Fe-Ti 

oxide pairs are given in Table 7, and are based on calculation procedures of 

Carmichael (1967) and Anderson & Lindsley (1985) using computer programmes 

written by J.C. Stormer. The Ti-magnetite/ilmenite sample pairs are assumed 

to have co-existed in equilibrium in the magma. Support for this equilibrium 

is shown by the semi-parallelism of tie lines in a triangular plot of the 

samples' minor elements Mn, Mg, and Al+ Cr (cf. Storey 1985, p.241-242). 

Estimated oxide equilibrium temperatures for two pairs from the same 

tephra sample (Oa-4) show close agreement. Other Tongariro and Egmont 

eruptives show a range of temperatures and oxygen fugacities (Table 7; see 

Lowe submitted). 



Plate 4.A. Two sets of exsolution lamellae in polished Ti-magnetite grain. 

(Mangamate Tephra, L. Rotomanuka.) Scale 10 mm= 15.5 µm; 

magnification X670. 
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B. Inclusions in polished Ti-magnetite grain with a narrow glassy rim. 

(Mangamate Tephra, L. Rotomanuka.) Scale 10 mm= 24 µrn; magnification 

X420. 

C. Biogenic (?) borings in labradorite or bytownite grain. The grooves are 

about 1.5-2 µmin width. (Eg-2 tephra, L. Rotomanuka.) Scale 10 mm= 

15.5 µm; magnification X670. 

D. Enlargement of lower left part of micrograph C. Scale 10 mm= 8 µm; 

magnification X1260. 
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Table 7. 

Sample• 

128 

Electron microprobe analyses of co-existing titanomagnetite - ilmenite pairs. recalculated after 
Carmichael I 1967). Oxide equilibrium temperatures and oxygen fugacities were deduced from curves 
of Spencer & Lindsley (1981) as modified by Anderson & Lindsley (1985), using a computer 
programme wr1tt~n by J.C. Stormer. 

Egmont tephras Tongariro tephras 
--------------------- ----------------------------------------------------------------------

Eg-2 Eg-13 Mm Oa-4 Oa-4 Oa-5 Oa-8 

Spine! phase 
Si0 1 0.04 0.08 0.09 0.08 0.16 0.05 0 .09 
Ti0 1 7.97 11.09 4.89 13 .13 13.23 13. 72 18.01 
Al101 2 .14 4.00 2.28 2.35 2.35 2. 77 1.16 
Cr 10, 0.04 0.00 0.30 0.24 ·0.26 0.37 0.28 
fe,o, 52.43 44.-19 55.39 40.89 40.98 40.31 32.71 
feO 34.68 35.88 33.16 39.90 40.30 39.78 43.66 
MnO 1. 11 0.63 0.28 0.34 0.38 0.40 a.so 
MgO 2.06 3.62 1.25 2.05 2.08 2.66 2.29 
Cao 0.02 0.00 0.02 0.03 0.00 0.02 0.01 

NiO 0.04 0.00 0.00 0.05 0.00 0.10 0.01 

Total 100.53 99.78 97.66 99.06 99.75 100.16 98. 71 

Mo!% 
51.0 Usp 22.3 30.6 14.5 37.1 37.4 37.9 

Rhombohed ra l phase 

Si0 1 0.02 o. 04 0.08 0.01 0.04 0.05 0.02 

no, 30.52 35.74 21. 24 44.41 44.62 33.81 37. 71 

Al 10 1 0.48 0.46 1.49 0.41 0.36 0.54 0.60 

Cr,O, 0.08 0.26 0.23 0.08 0.13 0.03 0.14 

fe,o, 42.21 32.00 59. 77 19.24 17.55 36.90 29.13 
30.31 33.78 25.55 26.59 

feO 24.07 30.51 14.54 
o. 18 0.57 0.34 0.28 0.21 0.17 

MnO 0.51 
0.84 2.29 5.17 3.42 2.60 4.00 

MgO 1.46 
0.00 0.00 0.01 

Cao 0.13 0.00 0.00 0.04 
0.07 0.03 

NiO 0.11 0.00 0.00 0.04 0.01 
99. 76 98.40 

Total 99.58 100. 04 100.20 100.03 100.19 

Mo!% 
18.4 17.0 35.8 28.6 

R20, 41. 4 31.6 59.4 

917 908 1020 1095 
Temp. (°Cl 934 948 974 

-ll.04 -8.84 -8.68 
log f0 1 -9.27 -9.62 -8.06 -10.80 

Rotomanuka); Mm, L91 (L. Rotomanuka) ; Oa-4, L95 (L. Rotomanuka l : 
• Eg-2, L83 (L. Rotomanukal: Eg-13. LlOl (L. tephra abbreviations. 

Rotomanuka l: Oa-8. L98 (L. Maratotol: see Table 1 for 
Oa-5, L96 (L. 
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Light Minerals 

Based on XRD analysis and examination by petrological microscope, the 

light minerals of the 2-4 phi fractions of tephras from the rhyolitic 

volcanoes comprise mainly glass (usually ~c.80 wt. %) plus small amounts of 

plagioclase feldspar. quartz, and rare alkali-feldspar. 

Tephras from the andesitic volcanoes are dominated by plagioclase 

feldspar (usually c.55 - 85%). Plagioclase is usually the most abundant 

phenocryst in Tongariro and Egmont lavas (Cole et al. 1986; Neall et al. 

1986). Glassy (isotropic) material makes up c.15-45% of the tephras' light 

mineral fractions, and is commonly vesicular and softish and fragile-looking; 

many grains contain semi-oriented lathlike feldspar microlites. The Tongariro 

tephras generally contain the least glass. Many plagioclase grains have 

narrow glassy mantles. 

SEM photomicrographs illustrating some of these features are given in 

Plates SA-H. 

Generally, the tephric material looks fresh and unaltered, but 

occasionally the SEM showed evidence of incipient weathering in the form of 

micropits and tiny fragments ("adhering dust") on grain surfaces (e.g., Plate 

5H; cf. Heiken & Wohletz 1985). Some calcic-plagioclase grains in an Egmont­

derived sample have unusual tubular, "box-canyon" grooves (Plates 4C,D). 

These are interpreted as biogenic - perhaps marking micro-borings by calcium­

seeking filamental algae, e.g., charophyte rhyzomes (?nitella) (cf. Ross & 

Fisher 1986). Vesicle fillings (including diatom frustules) may also occur, 

particularly in the andesitic scoriaceous/pumiceous pyroclasts. 

Elongated, parallel vesicles characterise many shards in samples of 

Tuhua Tephra. 

Feldspar composition 

Feldspar composition was investigated by EMP. In total about 130 

analyses were obtained, around 90% of these being on samples of the 
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Plate S.A Pumiceous, platy, and cuspate rhyolitic glass shards with varying 

degrees of vesicularity (cf. Nelson et al. 1985); some show 

elongated, parallel vesicles. (Taupo Pumice, L. Rotomanuka.) Scale 

10 mm= 150 µm; magnification X67. 

B. Cuspate and vesicular rhyolitic pumice shards (Taupo Pumice, L. 

Rotomanuka.) Scale 10 mm= 60 µ.m; magnification X170. 

C. Platy, rhyolitic shard (polished) of peralkaline composition. 

(Unnamed Mayor Island-derived tephra, L. Rotomanuka.) Scale 10 mm= 

50 µm; magnification X200. 

D. Blocky, andesitic purniceous/scoriaceous glass shards. (Okupata 

Tephra, Oa-8, L. Maratoto.) Scale 10 mm= 134 µ.m; magnification X75. 
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plagioclase-rich Tongariro and Egmont-derived tephras. Mainly grain cores 

were probed. Selected representative analyses are given in Table 8 _ 

The Tongariro and Egmont-derived tephras show a range of plagioclase 

compositions. with both groups containing andesine, labradorite, and bytownite 

(Fig.5). The Tongariro samples (68 analyses) range from An 35 _ 85 with the mean 

of all analyses being An61!s; Egmont samples (49 analyses) are similar, having 

a range of An33-s1 and a mean of Ans7!9 (Lowe submitted). These results are 

in close agreement with the findings of Cole et al. (1986) and Neall et al. 

(19861 for Tongariro and Egmont lavas, respectively. 

The few analyses obtained on the tephras derived from rhyolitic sources 

indicate that the feldspars are generally much less calcic. The Taupo and 

Okataina-derived tephras usually contain oligoclase and andesine (An 23 _ 38 ; 

Lowe 1986b, p.297) (cf. Ewart 1969; Cole & Nairn 1975). The peralkaline Mayor 

Island-derived T~hua Tephra contains alkali feldspar, both sanidine (Or 5 3-73) 

and anorthoclase (Or 35 ) (Fig.5) (cf. Ewart et al. 1968b; Buck et al. 1981; 

Hogg & McCraw 1983: Houghton & Wilson 1986). 

Glass chemistry 

The suitability of the EMP for analysing glass for the characterisation 

and correlation of tephras has been well documented since the early work by 

Smith & Westgate (1969) and others (e.g., see recent studies by Federman & 

Carey 1980: Self & Sparks 1981; Froggatt 1983; Kyle & Seward 1984; Mangerud et 

al. 1984: Sarna-Wojcicki et al. 1984; Davis 1985; Ledbetter 1985; Nelson et 

al. 1985; Riehle 1985: Vinci 1985; Froggatt et al. 1986). For several 

reasons, the method was seen to be potentially very useful for studying the 

tephras in this project. Firstly, the tephras in the Waikato region derive 

from multiple sources, and were thus ~{likely to show a range of chemically 

distinct units. Where glass major element compositions proved too similar to 

distinguish one tephra from another, the continuous cores would enable them to 

11 Secondly, glass is the main constituent 
be distinguished stratigraphica y. 

·1 ted Thirdly, the EMP provides 
in the rhyolitic tephras and is eas1 Y separa • 



Plate 5. E. Highly vesicular andesitic pu_miceous glass shard (polished) 

illustrating limited potential for probing with 10-20 µm beam. 

(Rotoaira Lapilli, L. Rotomanuka.) Scale 10 mm= 33 µm; 

magnification X300. 

F. Vesicular, andesitic glassy material containing abundant 

plagioclase microlites (polished). (Okupata Tephra, Oa-1, L. 

Maratoto.) Scale 10 mm= 41 µm; magnification X250. 

G. Calcium-rich, inclusion-bearing. plagioclase grain with 

fragmentary, vesicular andesitic glassy rim (polished). (Eg-2 

tephra, L. Kainui.) Scale 10 mm= 24 µm; magnification X420. 

H. Surface of part of moderately vesicular rhyolitic pumice shard 

(peralkaline) showing surface micropitting. (Tuhua Tephra, L. 

Rotomanuka.) Scale 10 mm= 8 µm; magnification X1340. 
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Okataina-Taupo tephras 

Ab 

Egmont tephras 

Fig.5. Electron microprobe analyses of feldspars (molecular%). Only 

analyses from grain cores are plotted. Numbers indicate that two or 

more grains have essentially identical Ab-An-Or compositions. Analyses 

a-d (Tuhua Tephra) were determined by Dr R.M. Briggs at Auckland 

University (University of Waikato. pers. comm. 1980); anal. a & bare 

from a subaerial deposit of Tuhua Tephra on Coromandel Peninsula 

(sample K2, site 37: Hogg 1979). 
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Table 8. Some representative electron microprobe analyses• of feldspars in tephras in Waikato lakes (see also Fig. 51. 

Alkali feldspar Plagioclase feldspar 

Sanidine' Andesine 

Sample 
Number• Lll H2 L4 LS L38 L9 L18 L40 

----------------------------------------------
Analysis 
Number 1 2 2 3a 3b 4 5 6 7 8 9 

Si02 71.23 72.32 60.18 57.15 56.10 57.12 55.93 56.27 58.18 54.86 55.73 55 .16 
Al 20 3 19.14 19.60 24.90 27.07 26.85 26.52 26.81 27.08 25.58 26.91 27.22 27.69 
Ti02 0.02 0.04 0.04 0.03 0.06 0.02 0.04 0.02 0.04 
f'eOt o. 72 0.71 0.24 0.41 0.40 0.43 0.50 0.45 0.28 0.62 0.51 0. 35 
MgO 0.01 0.02 0.03 0.03 0.04 0.05 0.01 0.17 0.03 0. 06 
Cao 6.69 9.45 9.47 9.08 9.70 9.45 7.87 9.91 9.45 9.99 
Na 20 3.19 1.90 7.31 5.98 6.02 6.42 5.87 6.02 7.02 5.64 5.90 5. 57 
K20 5.44 5.52 0.35 0.36 0.35 0.45 0.42 0.42 0.37 0.51 0.43 0. 51 
Total 99.72 100.05 99.70 100.48 99.26 100.08 99.27 99.80 99.33 99.66 99.29 99. 37 

(core) (rim) 

Or 53 66 2 2 2 2 2 2 2 3 2 3 
Ab 47 34 65 52 52 55 51 52 60 49 52 49 
An 0 0 33 46 46 43 47 46 38 48 46 48 

Cations on the basis of 8 oxygens 

Si 2.688 2.558 2.546 2.570 2.541 2.541 2.625 2.514 2.530 2. 506 
Al 1. 310 1.428 1.436 1.406 1.436 1.441 1.360 1.454 1.456 1. 482 
Ti 0.001 0.002 0.001 0.001 0.002 0.001 0.002 0.001 0. 002 
f'e 0.009 0.015 0.015 0.016 0.018 0.017 0.010 0.024 0.019 0.013 
Mg 0.001 0.001 0.002 0.002 0.002 0.003 0.001 0.011 0.002 0. 004 
Ca 0.320 0.454 0.461 0.438 0.472 0.457 0.381 0.486 0.460 0.486 
Na 0.633 0.519 0.530 0.560 0.518 0.527 0.614 0.501 0.520 0. 490 
K 0.020 0.021 0.020 0.026 0.024 0.024 0.021 0.030 0.025 0. 030 
Total 4.982 4.998 5.010 5.019 5.011 5.012 5.013 5.022 5.013 5. 013 

Analyses by JE:OL JXA-733 Superprobe at Vic-toria University of Wellington with a 12 nA beam at 15 kV defocussed to 10 
µm •. 0~-lA (or th~clase) st andard was used lo regularly check probe calibration. Analyses done on grain cores unless 
spec1f1ed otherwise: analyses 3a. 3b done on same grain. - = not detected A l t set of analyses is available 

b 

from the author on request. • comp e e 
Total f'e as f'eO 
These analyses made by Dr R.M. Briggs IUniversitv 
Tephra from which sample obtained (all from· 
abbreviations): Lll. Tu: H2. Tu (Hauraki Bog 
Maratoto); L40, E:g-14. • 

of Waikato) at Auckland University. 
Lake Rotomanuka unless noted otherwise; see Table l for tephra 
Hogg 1979); L4. Wo; LS, E:g-2; L38, Rk; L9, E:g-7; Ll8, Eg-10 IL. 
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Table 8 contd. 

Plagioclase contd. 

Labradorite 

Sample 
Numberc L6 LB LlOB LlO L109 L106 Ll05 L25 -------------- ---------------Analysis 
Number 1 2 3 4 5 6 7 8 9 10 

Si0 2 54.96 53.83 55.29 50.93 50.86 52.93 52.07 54.05 51.93 53.07 
Al 20, 27.63 28. 0·1 28. 19 30.09 30.73 28.63 29.17 28.08 28.87 28.86 
no, 0.07 0.05 0.04 0.02 0.04 0.08 0.11 0.02 FeOI a.so 0.52 0. ·13 0.60 0.52 0.39 0.59 0.56 1. 07 0.58 
MgO 0.03 0.06 0.05 0.04 0.04 0.06 0.08 0.08 0.15 0.06 
Cao 10.46 11. 37 10.28 13.43 13. 71 12.16 12.82 11.26 13.05 12.72 
Na 20 5.47 4.97 5.48 3. 79 3.86 4.10 4.16 4.89 3.82 4.32 
K,O 0.42 0.37 0.33 0.12 0.20 0.15 0.21 0.45 0.26 0.22 
Total 99.47 99.23 100.35 99.05 99.96 99.04 99.14 99.45 99.26 99.85 

Or 2 2 2 1 1 1 1 3 2 1 
Ab 48 43 48 33 33 41 37· 43 34 38 
An 50 55 so 66 66 58 62 54 64 61 

Cations on the basis of 8 oxygens 

S1 2.498 2.460 2.499 2.344 2.323 2.425 2.390 2.463 2.387 2.416 
Al 1.480 1.510 1. 493 1. 632 1.654 1.546 1. 578 1.508 1.564 1.549 
Ti 0.002 0.002 0.001 0.001 0.001 0.003 0.004 0.001 
Fe 0.019 0.020. 0.016 0.023 0.020 0.015 0.022 0.021 0.041 0.022 
Mg 0.002 0.004 0.003 0. 003 0.003 0.004 0.005 0.006 0.010 0.004 
Ca 0.509 0.557 0.495 0.662 0.671 0.597 0.630 0.550 0.642 0.620 
Na 0.482 0.440 0.478 0.338 0.342 0.418 0.370 0.432 0.341 0.381 
K 0.024 0.021 0.019 0.007 0.012 0.009 0.012 0.026 0.015 0.013 
Total 5.015 5.014 5.002 5.010 5.026 5.014 5.011 5.009 5.004 5.006 

LS, Eg-4; LB. Eg-6; LlOB, Eg-7 (L. Kainui); LlO. Eg-9; Ll09, Mm (L. Maratoto); L106, Eg'-11 or Oa-1 
CL. Maratoto); L25. Eg-12 or Oa-4; Ll05, Oa-2 CL. Mara to to). 

Table 8 contd. 

Plagioclase contd. 

Labradorite contd. 

Sample 
Number' L29 L27 LllO L40 L42 

-------------------------- ---------------- -------------------------
Analysis 

17 18 19 20 Number 11 12 13 14 15 16 

Si02 50.90 53. 19 51. 91 52.84 50.50 51.09 53.70 53.07 54.04 50.72 

Al 20, 29.81 28.45 2!1. 72 29.00 30.22 30.19 28.55 28.94 28.03 30.49 

Ti02 0. 11 0.07 0.05 0.07 0.07 o. 03 0.03 

FeOt o. 72 0.73 O.GO 0.62 0.61 0.48 0.47 0.56 0.65 0.63 

MgO 0.09 0. 10 0.07 0. 10 0.08 0.07 0.07 0.08 0.09 0.11 

CaO 13.94 11 . 86 12. •16 1 I. 93 14.07 13.52 11. 23 11.82 10.94 13.54 

Na 20 3.44 4.61 •I. 13 4.14 3.45 3.53 4.94 4.76 5.09 3.73 

K20 0.21 0.31 0. 18 0. 33 0. 13 0.17 0.34 0.37 0.40 0.23 

Total 99.11 99.36 9!1. 14 99.61 99.13 99.12 99.33 99.60 99.24 99.48 

2 I 2 1 1 2 2 2 1 
Or 1 

43 41 45 33 
Ab 31 40 37 41 30 32 

58 62 57 69 67 55 57 53 66 
An 68 

Cations on the basis of 8 oxygens 

2.379 2.411 2.326 2.347 2.449 2.421 2.467 2.327 
Si 2.345 2.432 1.508 1.649 

1.605 1.560 1.641 1.634 1.534 1.556 
Al 1.619 1.533 

0.002 0.001 0.001 
Ti 0.004 0.002 0.002 0.002 

0.023 0.023 0.024 0.018 0.018 0.021 0.025 0.024 
Fe o. 028 0.028 0.006 0.006 0.007 

0.006 0.006 0.005 0.007 0.005 0.005 0.005 
Mg 0.665 0.549 0.578 0.535 0.666 

0.688 0.581 0.612 0.583 0.695 Ca 0.315 0.436 0.421 0.450 0.332 
Na 0.307 0.409 0.367 0.419 0.308 

0.023 0.013 
0.019 0.007 0.010 0.020 0.022 

K 0.012 0.018 0.010 
5. 011 5.025 5.014 5.020 

Total 5.005 5. 011 5.004 5.024 5.009 4.996 

L29 & L27, Oa-5; LllO. Oa-8 IL. Maratoto); L40, Eg-14; L42, Eg-15. 
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Table 8 contd. 

Plagioclaee contd. 

Bytownite 

Sample Number' Ll04 L27 L40 L42 

--------------- --------------
Analysis Number 1 2 3 4 5 6 

Si0 2 49.01 49.08 49 .18 46.94 47.48 47 .69 

Al 20, 31.17 31. 84 31.25 33.13 32.73 32.45 

Ti02 o. 06 0.05 0.03 0.03 0.04 

F'eOt 0.60 0.69 0.71 0.53 0.48 0.65 

MgO 0.05 0.07 0.04 0.03 0.03 0.04 

cao 15.57 15.13 14. 72 16.54 16.00 15.78 

Na,o 2.86 2.82 2.97 2.10 2.42 2.38 

K20 0.14 0.13 0.24 0.12 0.08 0.14 

Total 99.46 99.81 99.14 99.39 99.25 99.17 

Or 1 1 2 1 1 1 
Ab 25 25 26 18 21 21 
An 74 74 72 81 78 78 

Cations on the basis of 8 oxygens 

Si 2.262 2.254 2.273 2.174 2.197 2.210 
Al 1.696 1. 723 1.702 1.808 1.786 1. 771 
Ti 0.002 0.002 0.001 0.001 0.002 
F'e 0.023 0.026 0.027 0.020 0.018 0.025 
Mg 0.003 0.005 0.002 0.002 0.002 0.002 
Ca 0.770 0.744 0.729 0.821 0.793 0.783 
Na 0.256 0.251 0.266 0.188 0.217 0.214 
K 0.008 0.007 0.014 0.007 0.005 0.008 
Total 5.021 5.012 5.014 5.020 5.020 5.015 

Ll04, Eg-12 or Oa-4 (L. Maratoto); L27, Oa-5: L40, Eg-14; L42, Eg-15. 
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the only means of detecting and potent1·ally l t· • corre a 1ng any distal deposits 

present as sparse glass shards only. 

Accordingly, glass was analysed by EMP for nine elements using methods 

and conditions described in Froggatt & Gosson (1982) and Froggatt (1983). 

These included using an 8 nA beam at 15 kV, usually defocussed to 10 µm but 

occasionally to 20 µm, to minimise loss of Na and K. These last two elements 

were always analysed first and second, respectively. Peak searches were 

carried out regularly. and glass and elemental standards frequently analysed 

to check and correct for machine drift. (Glass standards used were: KN-18, 

comenditic glass; VG-99. basaltic glass; VG-568, Yellowstone rhyolitic glass.) 

Froggatt (1982a, 1983) has demonstrated that the EMP technique has good 

reproducibility. Duplicate analyses on three glass shards from Mapara Tephra 

in Lake Kainui are given in Table 9. 

Around 35d individual analyses were made, some 300 of these being on 

glass from the rhyolitic tephras. Only c.50 reliable analyses were obtained on 

glass in tephras from the andesitic sources - the sparseness of suitable glass 

in these samples. its high vesicularity and sometimes quasi-fragmented nature 

(e.g., see Plates 5E,F), plus the presence of microlites, combine to make it 

difficult to probe. Occasionally, glass rims on plagioclase grains were 

probed. 

Usually a minimum of 10-12 analyses (each on an individual shard) were 

obtained for each of the rhyolitic tephras present. However, for the reasons 

noted above, the andesitic eruptives are less well represented, and, in some 

cases, only 1 or 2 analyses per sample were obtainable. 

Some of the analyses obtained are listed (in anhydrous form) in Table 

10 (see also Green & Lowe 1985; Lowe 1986a; Lowe & Hogg 1986). The results are 

generally consistent with previous work on eruptives from the source 

volcanoes, although relatively few analyses on glass (as distinct from whole 

rock) have been published (cf. Ewart 1963; Ewart et al. 1968a,b; McCraw & 

Whitton 1971; Topping 1974: Cole & Nairn 1975; Neall 1977; Cole 1979; Kohn 



Table 9. 

Shard No. 
Analysis 

FeO* 

MgO 

CaO 

Cl 

Watert 

Total 

Duplicate electron microprobe analyses of three glass shards 
in Mapara Tephra in a core from Lake Kainui (normalised to 
100%-loss free). 

a 

77. 03 

13.04 

0.17 

1. 73 

0.15 

1. 24 

3.56 

2.94 

0.14 

1 
b 

77.18 

12.90 

0.19 

1.50 

0.16 

1. 20 

3.79 

2.96 

0.12 

100.17 101.26 

2 
a b a 

3 
b 

Mean± 1 S.D. 
(n = 6) 

76.68 76.47 76.63 76.23 76.70 ± 0.35 

13.35 13.27 13.27 13.09 13.15 ± 0.17 

0.19 0.19 0.19 0.18 0.19 ± 0.01 

1.74 1.78 1.69 1.85 1.72 ± 0.12 

0.20 0.14 0.16 0.19 0.17 ± 0.02 

1.30 1.29 1.25 1.47 1.29 ± 0.09 

3.44 3.75 3.84 3.98 3.73 ± 0.20 

2.95 2.99 2.86 2.89 2.93 ± 0.05 

0.13 0.12 0.11 0.13 0.13 ± 0.01 

0.54 1. 22 1.55 0.20 0.59 ± 0.66 

99.46 98.78 98.45 99.80 

* Total Fe as FeO 
t Difference between analytical total as measured (given) and 100. 

Each shard was analysed in two different spots (a, b) using an 8 nA 
beam at 15 kV defocussed to 10 µm (see text). Sample L2. 
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Table 10. Electron microprobe analyses• of glass in tephras sampled from Lakes Rotomanuka, 
Kainui, or Maratoto. The analyses are normalised to 100% volatile free. 

Taupo-derived tephras 

Tp Mp Wo Op 

SiO, 76.43 10.64) 76.54 ( 0.36) 77.91 (0.26) 77.01 (0.67) 76.51 (0.40) 
Al,O, 13.05 10.23) 13.15 (0.17) 12.48 (0.07) 12.88 (0.33) 13.01 (0.32) 
Tio, 0.23 (0.05) 0.21 (0.04) 0.16 (0.05) 0.17 (0.03) 0.18 (0.03) 
feOI 1. 81 IO .19 l 1.76 (0.12) 1. 52 (0.08) 1.68 (0.14) 1. 73 (0.06) 
MgO 0.22 (0.05) 0. 19 ( 0. 04) 0.13 (0. 01) 0 .16 (0.05) 0.20 (0.02) 
CaO 1.31 IO. 16 l I. 32 IO. 10) 0.98 (0.03) 1.30 (0.16) 1.41 (0.12) 
Na,o 3.97 10.311 3.76 (0.25) 3.62 ( 0 .11 J 3. 71 (0.17) 3.86 (0.28) 
K,O 2.84 IO. 17) 2.!14 ( 0. 10) 3.09 ( 0.10) 3.00 (0.25) 2.94 (0.13) 
Cl 0.14 (0.03) 0. 13 (0.02) 0. 12 (0.02) 0.11 (0.03) 0.16 ( 0.03) 
WaterV 3.21 I l. 831 1. fi5 12.:WJ l. 55 (0.79) 1. 70 ( 1.97) 6.33 (3.90) 
n 10 !l 11 20 7 

. Analyses made with a JEOL JXA-733 Superprobe using an 8 nA beam current at 15 kV and 
defocussed to 10 µm (sev~ral shards were analysed at 20 µm) (see froggatt & Gosson 1982; 
froggatt 1983: and text). n = number of analyses in mean; numbers in parentheses= 1 
standard deviatio~. 

All fe calculated as feO. 

f Difference between original analytical total and 100. 
Tephra abbreviations are given in Table 1. Samples: Tp, Ll (L. Rotomanuka); Mp, L2 (L. 
Kainui); Wo, L4 (L. Rotomanuka); Hm, L6-7 (L. Rotomanuka); Op, L16 (L. Rotomanuka). 

See also Lowe (1986a, p.67) and Lowe & Hogg (1986, p.32). 

Table 10 contd. 

Okataina-derived tephras 

Ma Rm Wh' Rr Rk Ok 

--------------------------------------------------------------------------------------------------
SiO, 78.87 (0.50) 78.63 (0.16) 78.61 (0.30) 77.57 (0.58) 78.34 (0.41) 78.53 (0.47) 

Al,0 1 12.05 1 o .11 > 12.33 (0.10) 12.35 (0. 13 J 12.68 (0.32) 12.41 (0.18) 12.34 (0.08) 

TiO, 0.12 (0.02) 0.10 (0.05) 0.13 (0.03) 0.21 (0.05) 0.14 (0.04) 0.11 (0. 04) 

feOI 0.87 (0.07) 0.87 (0.07) 0.92 (0.08) 1.26 (0.09) 1.00 (0.13) 0.87 ( 0. 06 J 

MgO 0.10 (0.02) 0.12 (0.02) 0.14 (0.01) 0.20 (0.08) 0.13 (0. 03) 0.11 (0.03) 

CaO 0.69 (0.10) o. 71 (0.07) 0.89 (0.04) 1.20 (0.33) 0.88 (0.07) 0.82 (0.06) 

Na,O 3.80 (0.20) 3.76 (0.06) 3.60 (0.28) 3.55 (0.29) 3.42 (0.34) 3.37 (0.26) 

K20 3.38 (0.43) 3.37 (0.09) 3.26 ( 0.10) 3.19 (0.44) 3.56 (0.34) 3. 71 (0.32) 

Cl 0.12 (0.02 o. 11 (0.05) o. 10 (0.03) 0.14 (0.03) 0.12 (0.03) 0.14 (0.02) 

Waterl 1. 13 ( 1.40) 0.70 (0.43) 4.99 (3.00) 7.07 ( 1. 71) 3.38 (2.12) 5.79 ( 1. 66) 

n 14 10 10 10 12 9 

Samples: Ma, L12 (L. Rotomanukal: Rm, LlS IL. Rotomanuka); Wh, L31 (L.·Rotomanuka); Rr, L34 (L. 
Rotomanuka); Rk, L38 (L. Rotomanukal: Ok. L43 IL. Rotomanuka). 
c See also Appendix to Table JO. 
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Table 10 contd. 

Maroa-tephra Mayor Island-derived tephras 

------------- --------------------------------------------
Pk Tu Tu' Un 

------------- --------------------------------------------
Si02 78.49 (0.45) 75.40 (0.38) 74.74 ( o. 21) 75.99 (0.37) 

Al20> 12.28 (0.10) 9.43 (0.26) 9.26 (0.09) 9.68 (0.15) 

Ti02 0.08 (0.02) 0.29 (0.05) 0.22 (0.05) 0.19 (O.Oll 

feOt 0.90 (0.10) 5.65 (0.33) 5.64 (0.08) 4.71 (0.36) 

MgO 0.07 (0.03) 0.02 ( o. Ol) 0.01 (0.01) 0.01 (0.01) 

Cao 0.64 ( 0.04) 0.24 (0.04) 0.20 (0.09) 0.19 (0.02) 

Na20 3.23 ( 0.38) 4.86 CO .31) 5.51 (0.10) 4.75 (0.30) 

K20 4.17 (0.48) 3.94 (0.42) 4.24 (0.11) 4.28 ( 0.13 ). 

Cl 0.15 (0.03) 0.17 (0.06) 0.17 (0.10) 0.20 ( O .Oll 

WaterY 5.07 ( 1.09 l 0.73 ( 1.16) 1. 97 (0.92) 1.87 ( 1. 08) 

n 12 16 7 5 

--------------------------------------------------------------------
Peralk. 
Index• 1.30 (0.06) 1. 47 ( 0. 02) 1. 28 ( 0. 08 l 

Samples: Pk, L33, L36 IL. Rolomanuka): Tu. Lll (L. Rotomanuka); Tu', 
Llll (L. Kainui; analyst P.C. Froggatt); Un, L37 (L. Rotomanuka). 
b Peralkaline Index= INa,O + K,OI/Al 20 3 

Table 10 contd. 

Tongariro-derived tephras 

b ----------------------------------------------------
Oa-1 Oa-4b Oa-8 

Si0 2 
Al203 
Ti02 
feOt 
MgO 
CaO 
Na 20 
K20 
Cl 
Water11 
n 

56. 18 ( 2. 50) 
20.92 (1.63) 

0.69 (0.32) 
5.28 (0.74) 
2.39 (0.84) 

10.19 (1.41) 
3.42 (0.10) 
0.88 (0.37) 
0.07 (0.06) 
2.19 (0.331 
2 

----------------------------------------------------------
62. 61 ( 2. 96) 
21.19 (2.11) 

0.40 (0.01) 
1.82 (0.38) 
0.39 (0.13) 
7 .89 (2.25 l 
3.33 (0.76) 
2.28 (0.10) 
0.11 (0.01 l 
0.63 (0.53) 
2 

61.78 (1.17) 
16 .18 ( 1. 36) 

0. 98 ( 0.10) 
6.41 (0.51) 
2. 71 (0.50) 
6.44 (0.94) 
3.52 (0.21) 
1.89 (0.23) 
0.09 (0.05) 
1. 97 ( 0. 82) 

10 

b Analy~es may be inf111e11cf>d b~· presence of plagioclase microlites. 
Samples. Oa-1. Ll06 (L. Maratoto) • Oa-4 L25 (L R t k ) • • • o omanu a : Oa-8, LllO (L. Maratotol. 
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Table 10 contd. 

Egmont-derived tephras 

-------------------------------------------------------------------------
Eg-2 Eg-6 Eg-7 Eg-11 Eg-12 

----------------------------------------------------------------------------------
Si0 1 70. 74 (0.99) 67. 71 ( 1.65) 70.25 (2.48) 70.32 (3.83) 71.85 (0.89) 
Al 10, 15.60 (0.52) 16.54 ( 1.31) 15.44 (0.85) 15.03 ( 1.04) 14.08 (0.38) 
Ti0 1 0.39 (0.07) 0.56 (0.10) 0.52 (0.071 0.61 ( 0.10) 0.60 (0.10) 
Feat 1. 66 (0.13) 2.52 (0.40) 1. 92 (0.41) 2.52 (0.80) 2.84 (0.38) 
MgO 0.38 1 o .14 l 0.91 ( 0. 41) 0.64 (0.53) 0.75 (0. 76) 0.64 (0.13) 
Cao l. 70 (0.24) 3.08 (0.97) 1.88 ( l. 32 l 2.28 (0.62) 2.44 (0.34) 
Na 10 4.47 (0.37) 4.39 (0.37) 4.32 (0.291 3.89 (0.991 3.58 (0.13) 
K10 4.88 co. 81l 4.17 (0.67) 4.85 (0.79) 4.79 (0.91) 3.84 (0.25) 
Cl 0.18 (0.04) 0.12 (0.05) 0.18 (0.08) 0.14 (0.20) 0.13 (0.05) 
Water, 1. 69 (1.09) 3.02 ( 1.66) 2.83 (2.47) 3.60 (1.33) 3.24 (2.61) 
n 7 6 6 4 9 

Samples: Eg-2. Ll03 IL. Ka inui l: Eg-6, LS (L. Rotomanuka); Eg-7, Ll08 (L. Kainui); 
Eg-11, L106 ( L. ~Iara toto l: Eg-12. L25 (L. Rotomanuka). 

Appendix to Table 10. Glass chemistry of Waiohau Ash sampled from Waikato 
peat cores. 

Whd Wh. 

-------------------------------------------------------
Si0 2 78.32 (0.33) 78.33 (0.17) 

Al 2 0 1 12.38 (0.13) 12.38 (0.05) 

TiO, 0.11 (0.05) 0.11 (0.06) 

FeOt 0.87 (0.07) 0.86 (0.10) 

MgO 0.10 (0.03) 0.11 (0.03) 

0.82 (0.05) 0.84 (0.10) 
Cao 

( 0.16) 3.45 (0.12) 
Na,O 3.55 

(0.43) 3.73 ( 0.41l 3.81 
K20 

0. 12 (0.01) 0.11 (0.01) 
Cl (1.43) 3.05 I l. 58 l 2.68 
WaterV 

11 6 
n 

L M toto (see Green & Lowe 
d Sample L4B (RJl-3) from Rukuhia peat core, • ara 

1985, p.680). t Muir Road. 
• Sample L49 (Muir-169) from Moanatuatua pea core, 
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1979 ; Froggatt 1983: Froggatt & Solloway 1986: Houghton & Wilson 1986) 3 
• 

account the inherent variability normally associated with the EMP 
Taking into 

analysis of Na 2o, K20, and Si0 2 in particular (Smith & Westgate 1969), the 

Of most of the rhyolitic tephras are relatively homogenous, 
glass populations 

as indicated by the generally low standard deviations (Table 10), hence 

unmixed. 

The Tongariro glasses (mean of all analyses Si02 = 61 ± 2%) can be 

classed as andesitic (Table 10 and table 1 in Lowe submitted). The Egmont 

glasses are noticeably more silicic (mean of all analyses Si02 = 70 ± 2%), 

hence are rhyolitic-dacitic, but otherwise chemically resemble andesitic 

glass; they have generally high K20 contents (mean of all analyses 4.32 ± 

0.76%). 

The analyses show that the eruptives associated with each volcanic 

centre can be distinguished by their major element chemistry, particularly 

using Ti0 2, FeO*(total iron), MgO, and CaO, which typically have small 

standard deviations (see Lowe submitted). In considering individual eruptives 

from the Okataina and Taupo volcanic centres, the glass major element 

chemistry is usually insufficient on its own to identify a particular named 

unit. Rotorua Ash (Okataina) and Whakaipo Tephra (Taupo) appear to differ to 

some extent in this regard, however (see also Green & Lowe 1985; Lowe 1986a). 

Whakaipo Tephra, rather than Waimihia Lapilli as identified originally by Lowe 

et al. (1980) from its hypersthene-rich mineralogy, is re-identified here from 

' 
the slightly lower concentrations of CaO and FeO* in its glass (Table 10), and 

from the new radiocarbon dates obtained for it (c.2800 years B.P.; Fig.3). The 

individual Egmont teohras show some variations in glass chemistry (e.g., cf. 

Eg-2 and Eg-12, Table 10), but such differences are statistically uncertain 

because of the generally high standard deviations and the low numbers of shards 

analysed. 

3. Unpublished analyses of glass from near-source Okataina and 
Taupo tephras (P:C. Froggatt 1982a and pers. comm. 1984) closely 
ma~ch those_o~tained on their distal counterparts in this study. 
This com~o~it~onal homogeneity is analogous to that obtained by 
Sarna-WoJci~ki & Meyer et al. (1981) and Sarna-Wojcicki et al. 
(1983 ) on widespread samples of the May 18 1980 Mt. St. Helens' 
glasses. 
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Correlation with named units can generally only be made using 145 

stratigraphic positi 1 4c on, age, and other data (e.g., ferromagnesian 

mineralogy, abundance of feldspar) taken together (e.g., see Lowe 1986a, 

submitted). 

The only eruptive from Mayor Island previously known to have reached 

the North Island mainland is the c.6200 year-old Tuhua Tephra (Lowe et al. 

1980; Hogg & McCraw 1983). However, the occurrence of a tiny number of glass 

shards of peralkaline composition (Table 10; Plate 5C) in a tephra c.14 500 

years old in Lake Rotomanuka suggests the presence of a second Mayor Island 

eruptive on the mainland (albeit as a very light dusting in the Waikato). 

Puketarata Ash. derived from the Puketarata dome in the Maroa volcanic 

centre (Lloyd 1972: Wilson et al. 1986), is provisionally identified in the 

cores mainly on the basis of its slightly unusual glass chemistry in a sample 

from Lake Rotomanuka. (A trace amount of biotite was also present.) The very 

low Ti0 2 and MgO concentrations (Table 10) correspond to similarly low levels 

in residual glass of lava from Puketarata dome analysed by Ewart (1969) and 

Ewart et al. (1968a), and in glass from near-source Puketarata Ash 

(P.C.Froggatt pers.comrn. 1984). Thus the deposits may be correlatives. The 

shards tentatively identified as representing Puketarata Ash in Lake 

Rotomanuka occur in a zone stratigraphically between the Rotoaira and 

Rerewhakaaitu tephras. An age of around c.14 000 years is suggested. This 

stratigraphic position and age is consistent with findings from recent mapping 

near the Puketarata dome (C.G. Vucetich pers. comm. 1983), although previously 

the stratigraphic relationship of Puketarata Ash to certain other tephras was 

ambiguous (e.g., see Vucetich & Pullar 1969, 1973; Topping & Kohn 1973; Nathan 

1976). The postulated occurrence of Puketarata Ash in the Hamilton Basin seems 

remarkable, given the very small volume (0.22 km 3 ) and sub-plinian nature of 

the deposit (Wilson et al. 1986). 

Parker's Index (P.I.) values (Parker 1970) for mean glass analyses from 

the tephras derived from each volcanic centre are as follows: Taupo, 64.0; 

Okataina, 64.4; Maroa, 67.2: Mayor Island, 81.4; Tongariro, 71.8; Egmont, 
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81.7 (higher values generally 

The Mayor Island glasses have 

of 1. 33 ± 0. 1 (Table 10) • 

indicate greater susceptibility to weathering). 

a mean peralkaline index (e.g., see Smith 1976) 

Summary of compositional criteria characterising tephra sources 

Taken together. the compositional features of the lacustrine tephras 

enable them to be matched to a source volcano. The main diagnostic criteria 

are summarised in Table 11. As emphasised earlier, the individual tephras 

derived from each centre may be identified by additionally considering their 

stratigraphic position and radiometric age. 

TEPHRA DISTRIBUTION AND IMPLICATIONS 

Distribution of rhyolitic and andesitic tephras 

Bar graphs showing the relative thicknesses of rhyolitic (plain bars) 

to andesitic (stippled bars) tephras at each lake coring site are plotted in 

Fig.6. Note that the dashed bar lines represent thicknesses adjusted for 

compaction or dissemination (see text and Table 2 above) to give the 

approximate equivalent thickness of dry tephra on land. 

Generally. andesitic tephras are thickest in the southern part of the 

study region, decreasing in proportion to the thickening rhyolitic tephras to 

the east and southeast. For example, at Lake Rotomanuka the andesitic 

material comprises c.35% of the total thickness of the deposits and, at Lake 

Ngaroto, c.36%. In Lake Okoroire, however, the andesitic component is only 

c.6%, although a similar number of andesitic tephras are present. The 

proportion of andesitic tephras also diminishes northwards (e.g., the 

andesitic tephras in Lake Kainui and Leeson's Pond account for c.15% and 

c.11%, respectively, of the total thickness of tephras in these lakes; see 



Table 11. Mineralogical and compositional criteria characterising tephra sources: a summary. 

Heavy Minerals Light Minerals 
--------------------------------------------------------------------------

Source 
Volcano 

Taupo 

Okatalna 

Maroa 

Mayor Is. 

Tongariro 

Egmont 

H.M.* in Opaques • Dominant Clino- re-Ti Glass: Glass 
2-4,p in fUI. ferromagnesian pyroxene oxide Feldspar composition 
(%). (%)' mineralsb composition composition ratio' (mean%)d 

4 ± 5 19 ± 8 Hyp ± Aug - - H Rhyolitic: Si0 2 76.90 ± 0.52 
Ti0 2 0.20 ± 0.04 FeO 1.66 ± U. 15 
MgO 0.17 ± 0.04 Cao 1.26 ± 0.13 

2 ± 2 26 ± 9 Hbe + Hyp + Aug - - H Rhyolitic: Si0 2 78.52 ± 0.32 
± Cgt ± Bio A. Ti0 2 0.11 ± 0.04 FeO 0.90 ± 0.08 

MgO 0.11 ± 0.02 CaO 0.78 ± 0.07 
B. Ti0 2 0.21 ± 0.04 FeO 1.30 ± 0.14 

MgO 0.21 ± 0.05 CaO 1.26 ± 0.23 

- - (Bio+ Hbe ± Hyp) 1 - - (H) Rhyolitic: Si0 2 78.46 ± 0.49 
TiO, 0.07 ± 0.03 reo 0.87 ± 0.18 
MgO 0.07 ± 0.02 Cao 0.68 ± o.o9 

0.6 ± 0.5 4 ± 4 Aeg ± Aen ± Rie ± Olv - - H Rhyolitic: Si0 2 75.35 ± 0.53 

15 ± 5 

22 ± 9 

a 
b 

C 

d 
e 

Peralkaline (Na 20 + K20]/A!,0 3 >l 
(mean 1.33 ± 0.1) 

9 ± 6 Opx + Cpx ± Olv(Fo) Wo,. 2 ! i Cr 20 3 0. 2-0. 3% L Andesitic: Si0 2 61.38 ± 2.41 
± Hbe MnO 0.3-0.5% K20 1.82 ± 0.43 

10 ± 6 Cpx + Hbe ± Opx Wocs!l Cr 20 3 <O. 05% L Rhyo.-dacitic: Si0 2 70.46 ± 2.19 
MnO 0.5-1.0% K20 4.32 ± 0.76 

H.M. = Heavy minerals (see Table 3). 
Hyp = Hypersthene: Aug= Augite; Hbe Hornblende; Cgt = Cummingtonile (dominant in Whakatane and Rotoma tephras: 
Table 4); Bio= Biotite (dominant in Rerewhakaailu and Okareka lephras; also important in Rotorua Ash; Table 4); 
Aeg = Aegirine: Aen = Aeni~rnatite; Rie = Reibeckite; O!v = Olivine; Cpx = Clinopyroxene; Opx = Orthopyroxene. 
H = High (glass ~c.80'%. of 2-4,1, fraction); L = Low (glass c.15-45% of 2-4,p fraction). 
Anhydrous basis: A= tephras other than Rotorua Ash; B = Rotorua Ash (Okataina source); total fe as feO. 
Parker Index: (-!~~1, + (~gl.__ + !~l._ +(~~l._ ] x 100 

(Na-Ols !Mg-O)b (K-O)b (Ca-O)b 
where IX), = atomic proportion of element X, and (X-O)b = bond strength of element X with oxygen (Na-0 = 0.35; Mg-0 
= 0.9; K-0 = 0.25: Ca-0 = 0.7) (Parker 1970). 
Based on Kohn ( 1973 I and Topping & Kohn ( 1973). 
indicates not measured or insufficient data. 

The~c properties are quite variable, probably because of the effects of aeolian fractionation etc., 
i.e., the proportions arc not likely to be entirely persistent. 

Feldspar 
composition 

Sodic 
plagioclase 
(olig. - and.) 

Sodic 
plagioclase 
(o!ig. - and.) 

-

Alkali 
(sanidine-
anorlh.) 

Cale i c plag. 
(Jabrad.-bytown.) 
mean An 6 1:!1 

Calcic. p!ag. 
( labrad.-bytown.) 
mean Ans1:!, 

p. I. 
(mean)' 

64.0 

64.4 

67.2 

81. 4 

71. 8 

81. 7 

... 
~ 
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also Lowe 1986b, fig.6b). These differences probably reflect changes in 

diS t ance from the source volcanoes, and the distributional pattern of fallout 

(e.g., see Fig.7). 

Implications for weathering 

The broad changes in the ratio of andesitic to rhyolitic material 

across the central Waikato region, based on the lacustrine tephra 

compositions, support the findings of most studies on the subaerial tephra­

derived soils - those formed from the so-called "Mairoa Ash" and "Tirau Ash" 

beds as described earlier (e.g., Grange 1931; Taylor 1933; Hodder & Wilson 

1976; Lowe 1981a). The possible influence of this "compositional gradient" on 

weathering and argillisation processes in the tephra-derived soils in the 

central-eastern Waikato is discussed in detail in Lowe & Nelson (1983) and 

Lowe (1986b) (see also Birrell & Pullar 1973; Parfitt et al. 1982b, 1983). 

The P.I. values of glass in the lacustrine tephras indicate that the 

Egmont, Tongariro, and Mayor Island glasses (P.I.s = 71.8-81.7) are more 

susceptible to weathering than are the Maroa (P.I.= 67.2) or Taupo and 

Okataina-derived glasses (P.I.s = 64.0-65.4). This implies that in tephra 

studies involving detailed analysis of glass from weathering environments 

(e.g., Hodder & Wilson 1976), glasses from these first three centres in 

particular are liable to be under-represented. Similarly, olivine, which is 

found in small amounts in some of the Tongariro-derived tephras in the lake 

cores, has not been recorded in any subaerial tephra deposits in the Waikato 

area (e.g., Lowe 1981a), presumably having been rapidly weathered in the soil­

forming environment (cf. Wilson 1975). 

Isopach maps and tephra dispersal mechanisms 

Provisional isopach maps of eleven tephras, including the main marker 

tephras, are given in Fig.7. Thicknesses adjusted for compaction and 

dissemination are given in parentheses. The isopach contours are tentative 
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Fig.6. Bar graphs illustrating tephra thickness-compositional relationships 

in the Waikato area based on approximate measurements of lacustrine 

tephras aged ~c.15 000 years (i.e., younger than and including 

Rerewhakaaitu Ash). Bars with hatching= total thickness of tephras 

from all sources; blank bars= total thickness of rhyolitic tephras; 

stippled bars= total thickness of andesitic tephras. Solid bar lines 

represent actual thickness measurements; dashed bar lines represent 

thicknesses adjusted for compaction and dissemination to obtain an 

equivalent dry-land tephra thickness (approximately 2X actual 

measurements - see text). Dashed lines are isopach contours (in 

millimetres) of the sum of tephras erupted during the last c.15 000 

years, as measured at subaerial sites by Pullar (1967, p.28). 

Lake sites are: 1, L. Maratoto; 2, L. Rotomanuka; 3, L. Ngaroto; 4, L. 

Mangakaware; 5, L. Mangahia; 6, L. Rotoroa; 7, L. Rotokauri (note: 

thickness measurements do not include Rerewhakaaitu Ash); 8, L. 

Kainui; 9, L. Rotokaraka; 10, Leeson's Pond; 11, L. Okoroire; 12, L. 

Rotongata. 
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Fig.7. Provisional isopach maps for eleven tephras in the Waikato area, based 

on measurements from lake sediment cores (see Fig.6 for lake names and 

locations). Insets, all drawn to the same scale, allow comparison with 

isopachs of the same tephras in the Taupo-Rotorua-Gisborne-Taranaki 

districts (B after Neall 1972; A,F after Vucetich & Pullar 1973; 

D,E,H,J,K after Pullar & Birrell 1973a; G,I after Topping 1973). All 

measurements are •in millimetres; numbers in parentheses are 

thicknesses adjusted for compaction and dissemination to give an 

estimate of dry-land tephra thicknesses (see text). 

Axis-2 line and 100 mm isopach contour in Map C (Tuhua Tephra) are 

based on Hogg & McCraw (1983). Map J (Rotorua Ash) isopach contours 

appear to straddle a NW-SE axis (indicated in inset). perhaps 

reflecting the effect of strong directional winds. a directed blast, 

or possibly co-ignimbrite ash fall generated by near-source 

pyroclastic flows resulting from column collapse. Pullar & Birrell 

(1973a) appear to have possibly overestimated the thickness of Rotorua 

Ash in the eastern Waikato (dotted isopach; see also Fig.SD). 

Isopach maps of Taupo Lapilli are given by Pullar & Birrell (1973a) 

and Pullar et al. (1977). 
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h . pread of the sites is relatively limited, 
because the number and geograp 1c s 

h th . k ess measurements mav differ by small amounts in 
and because the tep ra 1c n -

lake (an a verage thickness was used in such cases). It is 
cores from the same 

assumed that all of the tephric material is essentially airfall in origin, 

no t been overthickened (or thinned) by post-depositional wave i.e . , it has 

action or by inwashing from the catchment . 

The outer limits of previous isopach maps (e.g., insets in Fig.7) are 

generally restricted to c.100-200 mm thickness contours. The new isopach maps 

presented here have improved on this degree of resolution by around 10 to 100 

times, and include isopachs as thin as 3-5 mm (e.g .. Figs. 78.E). The maps 

generally "conform" with the previous ones in that the more distal deposits in 

the Waikato are usually thinner than the outermost contours of the earlier 

maps. In the case of Rotorua Ash, the outermost isopach (c.200 mm) of Pullar 

& Birrell (1973a) appears to conflict with the lake measurements (Fig.7J, 

inset). The 300 mm isopach distribution pattern in Fig.7J, with a possible 

NW-SE trending fallout axis (arrowed), is more consistent with the lake data, 

~ - however. In Fig.7, (Rotoma Ash), the outermost isopach of Pullar & Birrell 

(1973a) of 100 mm may similarly have been overestimated (cf. approximately 55 

cm dry-land equivalent thickness from lake core data). (See also Figs. BC,D.) 

Graphs showing isopach thicknesses plotted against distance from 

isopach centre for twelve tephras are given in Fig.8. These combine the 

approximate thickness data from the Waikato lake cores with measurements from 

the previously-published isopach maps as referenced in the caption to Fig.7. 

The isopach thicknesses are plotted along a transect from the isopach centres 

towards Hamilton. These transects do not. therefore, necessarily coincide 

with a major or minor fallout axis (cf. froggatt 1982b). The dashed curves 

link adjusted thickness measurements (open symb l ) f th 1 · o s or e acustr1ne 

tephras. 

Near-linear semi-log plots indicate an exponential decrease in tephra 

thickness (T) with increasing distance (x) f 
rom source i.e., T = ae-k• (Fisher 
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& Schmincke 1984). Various workers have suggested that a change in slope 

reflects a change in dispersal mechanism of the tephra, perhaps from turbulent 

transport near source to normal wind dispersal of finer material further from 

source. More recently, however. this flatter-lying "fine tail" has been 

interpreted as representing co-ignimbrite ash fall rather than Plinian-type 

fallout material (Sparks & Walker 1977; Froggatt 1982a; Fisher & Schmincke 1984). 

In Fig.8 some of the plots are approximately linear (with essentially 

little effective difference in shape between the actual and adjusted thickness 

plots), and hence generally fit an exponential decay model (e.g., Fig.BA). 

However. the distal fallout deposits of other tephras are thicker than the 

exponential would predict, indicating either a change in dispersal mechanism 

or a contribution from co-ignimbrite ash associated with the eruptions. 

Mamaku Ash (Fig.88). Rotorua Ash, Rerewhakaaitu Ash, Okareka Ash (Fig.8 D), 

and possibly Waiohau Ash (Fig.BC) show this latter pattern to a greater or 

lesser extent. The Mamaku and Waiohau eruptions included ignimbritic events 

(Nairn 1981), and Rotorua Ash local near-vent pyroclastic flow and surge 

events (Nairn 1980), so it is possible that the "fine tail" for these tephras 

in the Waikato area partly represents co-ignimbrite ash. However, a change in 

dispersal mechanism (see further discussion below) cannot be excluded. The 

plots of the Tongariro-derived tephras in Fig. BE also appear to show slope 

breaks, but more measurements at intermediate sites are needed to corroborate 

this. 

Tuhua Tephra (not plotted in Fig.8) is thickest to the north-northeast 

of Hamilton Citv, but drops off markedly to the south (Fig.7C). The Waikato 

lakes' measurements generally support the onland distribution pattern in Hogg 

& McCraw (1983, p. 182), which shows a postulated depositional axis (Axis-2 in 

fig.7C) extending southwestwards from Mayor Island and passing to the north of 

Hamilton. Tuhua Tephra has recently been identified in Rotorua City, c. 5-10 

mm thick (Kennedy & Froggatt 1984). 
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Fig.8. Plots of isopach thickness against distance from isopach centre for 12 

tephras (see also plots for Whakaipo and Taupo tephras in Froggatt 

1982b, p.305). Dashed curves join adjusted thicknesses (open symbols) 

for tephras in Waikato lakes. Horizontal bars indicate region of 

Waikato lake core measurements. Symbols for tephras are: Wo, 

Whakaipo; Op, Opepe; Wk, Whakatane; Ma, Mamaku; Rm, Rotoma; Wh, 

Waiohau; Rr, Rotorua*; Rk, Rerewhakaaitu; Ok, Okareka; Mm/Tt, 

Mangamate (Waikato lakes) and possible near-source correlative, Te 

Rato Lapilli; Oa-8/basal-Oa, Okupata (informal unit 8, Waikato lakes) 

and possible near-source correlative, the basal lapilli unit of 

Okupata Tephra; Eg-2/Il, Egmont-2 (Waikato lakes) and possible near­

source correlative, Inglewood Tephra (references given in Fig.7). 

* ✓/ Curves a,a;-)are drawn through Pullar & Birrell 's (1973a) 200-400 mm 
··-

isopachs (Lake Okoroire measurement ignored); curves b,b' are drawn 

through the isopach based on the Lake Okoroire measurement (Pullar & 

Birrell's 1973a 200-400 mm isopachs ignored). ... 
U'1 
00 
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f the tephras found in the The curves in Fig.8 suggest that many o 

Waikato lakes are 11. kely to persist well beyond the Waikato area. 

159 

l·ndicate that for the Taupo and Okataina-derived Extrapolation of the graphs 

h · l • k l to occur c. 200-250 km from source tephras the c.1 mm isopac 1s 1 e Y 

(probably c.300 km or so for Mamaku Ash); for the andesitic tephras. the c.l 

300 km f e The new isopach maps may mm isopach could occur c.250 - rom sourc • 

allow estimates of tephra volumes to be improved (e.g., Froggatt 1982b), but 

such calculations are not considered here. 

Possible dispersal mechanisms 

The identification of the distal tephras in the Waikato lakes has 

enabled most tephra distributions to be extended well beyond previously mapped 

limits, as is shown in Figs. 7 & 8. This is especially so for the Tongariro 

and Egmont-derived tephras (cf. Neall 1972; Topping 1973; Neall & Geddes 1981; 

Geddes & Neall 1982 ; Neall & Alloway 1986). Indeed, the presence of so many 

tephras from the various sources, apart perhaps from the relatively close 

Okataina centre. is initially surprising. However, upon consideration of the 

highly active nature of the Tongariro and Egmont volcanic centres in 

particular (e.g., Cole & Nairn 1975), and with the benefit of hindsight, it 

seems that such a record might have been expected, provided favourable sites 

for preservation (e.g., lake sediments) could be found. Even so, the Waikato 

area is essentially upwind of the source volcanoes, and a good proportion of 

the distal lacustrine tephras present relate to relatively minor deposits (in 

terms of thickness) near source. Consequently, their deposition in the 

Waikato must depend on certain eruption conditions or wind regimes applying. 

Although the prevailing winds in the North Island are presently 

southwesterly-westerly (and are likely to have been so for at least the past 

c.20 000 years, e.g . , see Salinger 1984 and Stewart & Neall 1984), the 

predominant wind direction at altitudes greater than c.20 km is usually 

easterly (Nelson et al. 1985·, Buck 1985). Th us, one explanation for the 

deposition of many of the late Quaternary tephras in the Waikato is that they 
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derive largely from erupt1·ons that were fl h d · power u enoug to pro uce eruption 

columns exceeding c.20 km in height (the dispersion of tephras being mainly a 

function of column height and the atmospheric wind regime, e.g., Walker 1973, 

1981a; Wilson et al. 1978: Sarna-Wojcicki & Shipley et al. 1981; Fisher & 

Schmincke 1984; Carey & Sparks 1986). This was evidently the case for the 

''ultraplinian" Taupo eruption (Walker 1980; Wilson & Walker 1985) and the 

Tuhua eruption (Buck 1985; Houghton & Wilson 1986), and possibly for the 

Rotorua and Hinemaiaia eruptions (Nairn 1980; Lowe 1986a), at least (see also 

Wilson et al. 1986). The possible role of water-magma interactions in producing 

very powerful (phreatomagmatic) eruptions may also be relevant in some cases 

here (cf. Walker 1981c; Self 1983). 

Alternatively, or in addition, some of the tephras may have originated 

from less powerful eruptions but were ejected obliquely (directed blasts) or 

were emplaced by strong northeasterly, southeasterly, or southwesterly lower 

atmosphere winds. Strong southerly winds blowing during the modest February 

1975 eruption of Mt. Ngauruhoe resulted in fine ash being deposited as far 

north as Hamilton and Tauranga cities (Nairn & Self 1978). (Note: this ash 

has not been detected in the Waikato lakes.) The curves in Fig.SE suggest that 

such winds may have been responsible for depositing Mangamate and Okupata (Oa-

8) eruptives in the central Waikato lake sites (see also Topping 1973). As 

noted above, co-ignimbrite ash fall may also have had an effect on tephra 

dispersal patterns and thickness variations (e.g., for Mamaku Ash, Fig.88?). 

A number of known rhyolitic eruptives from the Taupo and Okataina 

volcanoes do not appear to be present as macroscopic tephras in the Waikato 

lakes studied. i.e., the Kaharoa 4 (Okataina) and the Waimihia, Motutere, 

Poronui, and Karapiti (Taupo) tephras. Two of these eruptions, Kaharoa and 

Waimihia, were evidently quite powerful but probably strongly controlled by 

------------------------------------------------

4. Kaharoa Ash does probably occur in the northeastern Waikato, 
being tentatively identified in surficial peat deposits at 
three localities: the Hauraki bog (Lowe et al. 1981; Hogg & 
McCraw 1983); the Pohlen bog (near Matamata); and an unnamed bog 
in the Kaimai Range (D.J.Lowe, unpublished data). Its apparent 
absence in the Lake Okoroire cores (Fig.2) may be attributable 
to the difficulty of coring the very sloppy surficial lake 
sediments. Close inspection of all the cores taken from the 
other lakes has, so far, revealed no trace of Kaharoa Ash. 
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1970b: Pullar et al. 1977; Walker 198lbl. 
contemporary winds (see Cole 

to weak in nature, producing plinian or 
other eruptions were moderate 

The 

Vucetich & Pullar 1973; Froggatt 198lb,c; Froggatt 
subplinian deposits (e.g .• 

& Solloway 1986; Wilson et al. 1986). 

r einforced here is that eruptions Clearly. an important lesson 

· t near source will not necessarily persist represented by substantial depos1 s 

tl minor deposits near source may far (nor in all directions). whereas apparen Y 

Sheet -formi·ng eruptions and be quite widely dispersed (see represent powerful 

Walker 1973, 1980; Fisher & Schmincke 1984). 

TEPHRA ACCUMULATION RATE 

The average rate of accumulation of tephras in the Waikato area over 

the last c.17 000 years has been approximately one event per c . 400 years. 

Rhyolitic tephras are deposited, on average , once every c.1100 years. 

Andesitic tephras are deposited more frequently, every c.650 years on average, 

but in relatively concentrated bursts of activity, especially from Tongariro 

(see discussion in Lowe submitted). Based on the average depositional rate of 

one event per c.400 years, the Waikato area can possibly expect to receive a 

"significant" ash fallout event (i.e., substantial enough to be recorded in 

the lake sediments) at any time because the last such event recorded was 

deposited c.1800 years ago (Taupo Pumice). It is hard to say which volcanic 

centre is likely to produce this next event because all can be considered 

active and capable of producing a widespread deposit under certain conditions 

* (see also Froggatt 1982b and Latter 1986) . The Maroa centre, with only one 

relatively small eruption in the past c.17 000 years, might be considered 

least likely, but such a low frequency does not preclude the possibility of a 

large, widespread eruption in the near future. For the reasons outlined 

previously, any tephra erupted from one of the six volcanic centres in 

question may not be carried to the Wa1· kato 1· n · · s1gn1ficant quantities . 

* See also review by Dibble & Neall (1984) 
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However, because the lake record represents approximately 60% of the known 

major tephra-producing eruptions (e.g., Mccraw 1975; Cole & Nairn 1975), there 

is perhaps a better-than-even chance that th • • f • ano er s1gn1 1cant eruption from 

any of these volcanic centres will result in tephra fallout in the Waikato 

area. 

TEPHROCHRONOLOGICAL APPLICATIONS TO PALAEOENVIRONMENTAL STUDIES 

The value of tephra layers as isochronous marker horizons for 

palaeoecological studies was recognised earlier this century by the founder of 

tephrochronology, S. Thorarinsson, who worked initially with L. von Post on 

the correlation of pollen records using Icelandic tephra layers (Buckland et 

al. 1981: Thorarinsson 1981b; see also, e.g., Oldfield et al. 1980; Watts & 

Bradbury 1982; Horie 1984; Leonard 1986). In New Zealand, a number of 

palaeoecological studies utilising tephrochronology have been done largely on 

peat bogs (e.g., McGlone & Topping 1977, 1983; McGlone 1981,1983; Pocknall & 

Millener 1984).~alaeolimnological studies in New Zealand have begun only 

comparatively recently, however (e.g., see Lowe & Green 1987, p.54). The 

Waikato lakes have been the focus of many of these studies, chiefly because 

the dated tephras contained in the lake sediments provide an exceptionally 

detailed and. within the constraints of 14 C dating, accurate time­

stratigraphic framework. In addition. because most of the lakes are c.16 000-

17 000 years old. they provide a record of both late-glacial and postglacial 

changes in the lakes and their catchments. 

Palaeoenvironmental studies on the lake sediments that have utilised 

the dated tephras as time-parallel marker beds include Green (1979), Boubee 

(1983), Green et al. (1984), Green & Lowe (1985), Kellett (1985), McCabe 

( 1985), Lowe & Green ( 1987), and Newnham ( 1987). ;rhese and further studies in 

progress involve a "team approach" (Frey 1974) in which various specialists study 

different aspects of the same cores. Ultimatel½ it is hoped to reach an 

integrated interpretation. 
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CONCLUSIONS 

Cores from 14 Waikato lakes have provided a new record of tephra 

deposition in the Waikato area over the past c.17 000 years. A total of 41 

distal tephras of rhyolitic or andesitic composition have been identified 

(Table 1). They originated from six North Island volcanic centres as follows: 

Taupo, 5 tephras (Taupo. Mapara, Whakaipo, Hinemaiaia, and Opepe); Okataina, 

7 tephras (Whakatane. Mamaku, Rotoma, Waiohau, Rotorua, Rerewhakaaitu. and 

Okareka); Maroa, 1 tephra (Puketarata); Mayor Island, 2 tephras (Tuhua and 

uncorrelated); Tongariro. 11 tephras (Mangamate, Okupata (8 informal units, 

Oa-1 to Oa-8). uncorrelated, Rotoaira); Egmont. 15 tephras (15 informal units, 

Eg-1 to Eg-15 5 ). These sources and correlations were distinguished using the 

tephras' mineralogy and composition (Table 11) together with stratigraphic 

position and 14 C chronology (Figs.2 & 3). 

In terms of thickness, the rhyolitic tephras predominate at all sites, 

but the proportion of andesitic to rhyolitic eruptives differs across the 

region: c.30-35% in the south, c.10-15% in the north, and c.5% in the east 

(Fig.6). The compositional variations associated with these differences may 

have influenced weathering and argillisation in the late Quaternary tephra­

derived soils in the region (Lowe 1986b). 

In the Ohaupo-Hamilton area, the total thickness of the lacustrine 

tephras younger than c.15 000 years is c.25 cm (approximately equivalent to 

c. 47 cm on dry land); in the Whitikahu-Morrinsville area, the thickness is 

c. 2o cm (c. 37 cm); and near Tirau the thickness is c.42 cm (c.78 cm). Detailed 

thickness distribution p tt f 
a erns or eleven of the tephras are given in 

provisional isopach maps for the central Waikato area ( 
Fig.7). These improve 

on the resolution of t · 
mos existing maps for other parts of the North Island by 

one to two orders of magnitude. 
Isopach thickness-distance plots show some 

tephras to have an exponential rate of th· k 
• 1c ness decrease away from source; 

----------------------------------- -------------------
5. 

Possible tentative correlativ 
= Inglewood· Eg-4 = K ·t es are: Eg-1 = Maketawa; Eg-2, Eg-3 

, or1 o· Eg-5 - T ·k· E 
Eg-8 = Sl & S2 (?Ahuahu) (VE - ari 1 ; g-6 = Waipuku; Eg-7, 
1984-5· Neall & All •• Neall & B.V.Alloway pers comm • oway 1986). • • 
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others have an ''overthickened" fine tail possibly reflecting either a change 

in dispersal mechanism (e.g., strong directional surficial or high altitude 

winds) or the addition of co-ignimbrite ash. 

The tephras preserved by the lake sediments are useful as time­

stratigraphic markers in multidisciplinary palaeoenvironmental studies 

in the Waikato area. 
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Tephrostratigraphy and chronology of the Kaipo Lagoon, 
an 11,500 year-old montane peat bog in U rewera National 
Park, New Zealand 

David J. Lowe* and Alan G. Hogg** 

Elen~n well-presern~d Holocene tephras occur interbedded with peat in 
'.he Kaip<? L~goon bog i~1 Urewera National Park, North Island. They are 
1de1111fiec1 ch1eA,· ?V then- field appearance, stratigraphv. and ferromagne­
s1an 111111tTalogv. (,lass shards from one tephra (Hinemaiaia) were analvsed 
bv electnm microprobe. ' 

The, tephras originate from the Taupo, Okataina, and Tongariro Vol­
came Centres and. from youngest to oldest, are: Kaharoa Ash, Taupo Pum­
ICe, \lapara Tephra, Waimihia Lapilli, Hinemaiaia Tephra, Whakatane Ash, 
Rotoma :\sh. Opepe Tephra. Poronui Tephra, Karapiti Tephra, and Oku­
pata Tephra. Thirteen new radiocarbon ages were obtained on six of the 
teph1·as (old T 1/2, vears B.r.): Waimihia, 3,250 ± 70 (Wk498), 2,910 ± 60 
(\\'k499), 3,040 ± 50 (Wk500): Hinemaiaia and Whakatane, 4,490 ± 60 
(Wk-!96), 4,530 ± 60 (Wk497): Whakatane, 4,860 ± 70 (Wk501): Ro­
toma, 5.H0 ± 170 (Wk493), 7,380 ± 80 (Wk494), 7,560 ± 100 (Wk495) 
(\\'k493-495 are all considered anomalously young); Opepe, 8,710 ± 80 
(Wk492): Poronui, 10,160 ± 130(Wk351),9,960 ± 90(Wk352),9,560 ± 
80 (\Vk49 l ). Estimated ages, assuming constant sedimentation rates, for 
Karapiti Tephra and Okupata Tephra are 10,100 and 10,300 years, re­
spectively. Two peat horizons below the Okupata Tephra were dated at 
(old T 1/2) I 0,600 ± 90 years B.P. (Wk263) and 11,500 ± 80 years B.P. 

(Wk264) and date the initial growth of the Kaipo Lagoon bog. Peat accu­
mulation rates have been slow (average 0.19 mm/year) but variable. 

The identification and dating of the tephras at Kaipo extends their known 
distribution in eastern North Island, and improves their potential usefulness 
as isochronous stratigraphic marker units. 

r-:,•nmrt!s: pvrorlastirs. tephra. ,,ofranir ash, stratigraphy. radiorarbon dales, Holocene, Ta!lpo Volcanic Zone, 
/1•rro111a1pu•si<111 111i11emlogi·, glass rhe1111st1:1: sed1111e11tat1011 rates. 

INTRODUCTION 
Late Quaternary tephras (volcanic ashes) erupted from the Taupo Volcanic 

Zone (Fig. I A) have been intensively studied _over ~he past 20 years, and ~re 
becoming increasingly useful as datable strat1graph1c marker ~eds for a wide 
variety of purposes (e.g., see Howor~h e_t al.: 1981). Many studies ha~e concei:i­
trated on the stratigraphy, age, and d1stnbut1on of the tephras near their volcamc 
source areas (e.g., Healy, 1964; Vucetich and Pullar, 1964, 1973; Topping, 1973; 
Howorth, 1975; Frnggatt, 198 la, b) whereas comparatively few ~ave examined 
them in detail as distal deposits far (~I 00 km or more) from thetr source areas 

* Department of Earth Sciences, Uni\'ersitv of Waikato, Private Bag, Hamilton, New 

Zealand. • • f 'k • ** Radiocarbon Dating Laboratory, School of Science, Urnverstty o Wat ·ato, Pnvate 
Bag. Hamilton. New Zealand. 
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Fig. l - Location of the Kaipo Lagoon in the Urewera National Park, '.\iorth Island . .-\. 
Location_ map _of eastern Nonh Island. The inset (~ased ?11 Cole and, ;-..;airn, 197 5) shm~·s 
the relattonsh1p of the studv area to the Tau po \ olcamc Zone (T\ Z) and the ,·olcamc 
centres (\'.C.) that were sources of the tephras deposited at Kaipo. B. ~lap of the south­
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location of the reference section 111,·estigated. Other wetland clearings in the area are 
shown also. (Based on sheet :\'96 of tht> t•_;..;ographical map series ;-..;z'.\IS l ). 
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\ 1'-!..'.:· Pullar .-t ril .. I \l77: 1-lmrnnh I'/ ill .. I ~)80: Lowe et al., 1980; Hogg and 
\l(.r;n,. I \lx:~). So111e_ of these latter studies ha,·e utilised cores or sections of peat 
;111d oq~;1I11c l;1ke sed1111e111s to pnl\·ide ;1 detailed stratigraphv and an improved 
cl11011ologv 101· 111;111v of the tephras .. -\ similar approach is evident in several 
on:rseas studies (l'.g .. B<ffchardt ti al., 197:·L \lathewes and Westgate, 1980; 
\lelmnger I'/ 11I .. I q84). 111 addition to extending the known distribution of Late 
Quater11an· tepl11'as in New Zealand, peat and lake sediment cores can also pro­
,·ide an accurate record of the stratigraphic relationships of interbedded tephras 
deriH·d from different ,olcanic centres (1'.g .. Lowe, 1986). 

In this papn ,,·e examine the stratigraphy and chronology of 11 distal, rhyolitic 
and andesitic tephras interbedded with peat in a section through an 11,500 year 
old* peat bog. the Kaipo Lagoon. in the Urewera National Park (Fig. IA,B). 

The main purposes of the study are to establish a more certain Holocene 
tephrostratigraphv for the L:rewera-vVaikaremoana area. and to obtain new elates 
on se,·er;1l teph1·as that have few or 110 previous elates, thus improving their 
potential usefulness as time stratigraphic marker beds. In addition, we provide a 
detailed chronologv for funher studies on the paleoecological history of the 
Kaipo Lagoon area. Such a chronology is important because many previous 
pahnological studies in New Zealand have been hampered by limited time control 
(\lcGlone and Topping, 1977). 

KAIPO LAGOON STUDY AREA 

The Kaipo Lagoon is a 73 ha montane peat bog lying at an altitude of 1,100 
m in the south-eas'tern part of U rewera National Park (Fig. 1 ). It is the largest of 
a group of natural enclosed clearings in the vicinity of Lake Waikareiti that form 

Fi _ 2 _ West\,·ard view of the Kaipo Lagoon -:ind surrounding beech forest. T he bog's 
I g -k . - rc.1cp t1-1s· -1 s·hi·ub boo- vegetation with numerous small pools: surface channels 
HtmllH)( \ SU I, L ' ' " • • I . , I h 

drain tm,·:irds sinkholes on the southern m_argms ~o1n the ldt)d. Wh 11te Ka 1~rokahAls (oPchcurs 
· I . tli bcig's a 111-c.1ce ·111d is espeoalfv en( ent aroun t e upper sm • o e. oto 
Ill pate lt'S On t' • ,, I, • • • , 

court es\· of :\. B. Rogers). 

II 11(' . 1· ... I •111 the text ·u-e collYt'lltional ages based 011 the (old) l.ibbv half~life of 5,568 * _\ , ~lgt''\ l IS( llSSt'l . .. , 

n:;1r,(Hogg. l~lK~). 
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distinctive small peatv wetlands and lakelets surrounded largely bv maturSe sil_ver 
' ' · · b h (V Ji ) ~ t (N Z Forest erv1ce, beech (.\'othofagus 111e11z.1ess1) and red eec •.. usca . ores • • . 

1969; Rogers, 1984). The block-faulted valley m whICh_the bog has fo_rn:ed (~ig. 
2) mainly comprises sandy to muddy soft blue-grey sd_tstones of M1ocene ,1ge 
(Grindley, 1960). It is thought that erosion of these sediments, perha_ps acceler­
ated by a post-glacial increase in rai:1fall, e1;1pounded the v~lley some_ume b~~ore 
or about 11,500 years ago impedmg dramage and creat~ng bogg~ cond_1t1ons 
(Rogers, 1984). Alternatively, an earthquake many have triggered a landslide to 
form the initial bog basin (cf. Adams, 1981 ). . 

Although the Kaipo Lagoon i_s neit~er a lagoon nor a sil_ted lake bed as not~d 
on topographic maps, the name 1s reta111ed here becaus_e of its common _colloquial 
usage. It is essentially an ombrogenous s~rub bo&" dom111ated by E111pod1s1~w m111_11s 
(a rush) and Gleichenia dicarpa (a fern), with occasional Sphagnum spp., whICh fo1 m 
unusual hummocks amidst numerous small, permanent pools (Rogers, 1 ~~4). 
Marginal sinkholes allow subterranean drair:iage of w~te: from channels d_ra111mg 
the surface of the bog (Fig. 2). A more detailed descnption of the vegetation and 
ecology of Kaipo Lagoon is reported by Rogers ( 1984). 

Tephra exposure in the Waikaremoana-Kaipo Lagoon area 
The landscape in the Waikaremoana area is mantled with Lat~ Quatern_ary te­
phras, which are exposed in limited road cuttings and above. slip scarps 111 gen­
erally steep terrain. These tephras, up to about 3 m total thickness, have been 
described and mapped by Gibbs (1959), Vucetich and Pullar (1964, 1969), and 
Pullar and Birrell (1973) as part of wider surveys in the Bay of Plenty-Gisborne 
region. Rijkse ( 1979) has described the soils in part of the U rewera area and 
mapped them at a scale of 1: 100,000. At Tiniroto, 35 km east of Urewera 
National Park (Fig. 1 A), a sequence of Holocene tephras preserved within muddy 
organic lake sediments has been examined by various workers (Vucetich and 
Pullar, 1964, 1973; Howorth and Ross, 1981; Kohn et al., 1981) but positive 
tephra identifications have proved problematical (see Lowe, 1986). 

Kaharoa Ash, the most recent tephra deposited in the region~ occurs on the 
bottom of Lake Waikareiti and in patches on the surface of Kaipo Lagoon (Fig. 
2). At the western end of Kaipo Lagoon (Fig. 1 B), a small stream (Kaipo Stream) 
draining from it has exposed a 2.8 m-high section that exhibits interbedded 
tephras and peats overlying muddy peats and muds (Fig. 3). The description, 
correlation, and dating of the well-preserved tephras in this reference section, 
and in a pit dug near the centre of the bog (Fig. 1 B), forms the basis of this 
report. 

STRATIGRAPHY AND CORRELATION OF THE TEPHRAS 

Eleven tephra formations are recognised in th~ Kaipo Lagoon. From youngest 
to oldest these are: Kaharoa Ash, Taupo Pumice, Mapara Tephra, Waimihia 
Lapil_Ii, Hinemaiaia ~ephra, Whakatane Ash, Rotoma Ash, Opepe Tephra, Po­
ronm _Tephra, Karap1t1 Tephra, and Okupata Tephra (defined in Healy, 1964; 
Vucet1ch and P1:11Iar, 1964, 1973; T<;>ppin_g 1973; Froggatt, 1981 a, b, d). 
_ The teph:as, illustrated and ?escnbed_ 111 Figs. 3 _an_d 4, are compact, predom­
mantly medmm to coarse ash with a pumJCeous or vunc character, and often with 
normal but occasi~nally reverse bedding. They range in thickness from 1-20 cm 
and have a_ total thickness of ab?u~ 1.2_ m. ~ome of the tephra layers, particularly 
the very thm ones, are hard to d1stmgu1sh visually from the enclosing peat because 
of brownish staining (Fig. 3). 

The top three tephras are only poorly represented in the reference section 

*Apart from a dusting of ash fallout {<c.5 cm) from the Tarawera 
eruption of A.O. 1886 (see Pullar & Birrell, 1973). 
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- -1.- ✓ 
Intern 

muds a.!'d peat 

Fig. 3 - Photog,·aph of the Kaipo Lagoon section showing the interbed­
ded tephr·as and peat o\·erlying mu~dv peats and muds. The scale is in 
IO cm unus. The lowest peat layer 111 the section (at 2. 7 m depth) has 
been dated (Wk264) at 11,500 ±: 80 years B.P. (see Figs. 4 and and 5). 
Note the coarse n>ots and ~tick~ pr·otruding from parts of th~ section 
face . Tephra svmbols are: Ka, Kaharoa Ash; Tp, Taupo Pumice; ?Mp, 
possibh· \lapara Tephra: Wm, Waimihia Lapilli: Hm. Hinemaiaia Te­
phra: \\"k. \\"hakatane Ash: Rm. Rotoma Ash: Op. Opepe Tephra; Po, 
Ponmui Tephra: Kp. Karapiti Tephra: Oa, Okupata Tephra. 

(Fig. '.~). ,\·hich has probablv been truncated bv erosion: however, they can be 
found as discrete units elsewhere in the bog (1'.g .. in the central pit, and also in 
an 85 cm-long core taken b,· \:.8. RogtTs) (Fig. 4). 
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tine lapilli (Taupe Pumice} 

1,/k No. . . 
6 cm pale yellow med• coarse ash 499 a I• 

(? Mapara Tephra} 500b} 5 1-.-:.-•.--!•:.~, .. -.. ;"'"':,-:I: 
Water 
table 

4 ·°o'?.:::: 
40 •.L·-·.:..•~·· 

6 cm +orange coarse ash 
(Waimihia Lapilli) :.=:::....------~49;-;8;--;50 

D Peat 

Samples for C-14 dating (Wk nos)t, 
- { a Roots extracted from 
• Peat bulk peat (·1mm diam) 

b Residual fine peat 

o Peat - Sampled at duplicate 
section 10 m south of 
reference section 

496• 6 
4970 

501 
100 

m ~l • l--"'""'-----1 
495 0 : : : -: : : 

8 :\':' i ::·:: ..... 

150 

492 9 :> ';_ .. · .. 

491 10 ~-----
351 jfO l--'----.1,------''"'i 

352 bl 1~ t:::==:J 

121::===l 

263 = =~= 
250 

264 ---.--- -

2/fJ..i_.--~ 

-10 cm gritty peat (trunc:ited/m1xed 
Kaharoa, Taupo,• 7 Mapara tephrasl 

7 cm orange pum1cli!01Js coarse ash 
(Wa1m1h1a lap1ll1 I 

1 cm white punuceous medium ash 
(Hinemaiaia Tephra) 
12-15cm weakly-bedded yellow med,um 
ash over coarse ash at base 
(Whakatane Ash I 

20-22 cm weakly-bedded orange 
• grey medium+ coarse ash over 
bedded yellow and grey fine +medium 
ash at base 
(Rotoma Ash} 

12-15 cm yellowish medium ash over 
yellowish-brown coarse ash 
(Opepe Tephral(sl,ghtly disturbed top I 

6 cm yellow mli!:d ash over yellow,sh­
brown medium to coarse ash over fine 
ash at base (Poronui Tephral 

3cm yellow med ash(Karap,ti Tephral 

2-3cm yellow med ash (Okupata T•phral 

t 
Jnterbedded dark brown to brown 
muddy peats and grey to white muds 
and clays (non-lacustrine sediments) 

l 
Base of section 

Fig. 4 - Peat and tephra stratigraphy of the Kaipo Lagoon. The positions at which tephra 
and peat were sampled are indicated. Peat samples were about 2 cm in thickness. The 
basaf muds and clays. which lack diatom remains (Rogers. 1984), appear to grade into 
massive blue-grey silt below 2.8 m depth. The grain size descriptions are approximate and 
based on: fine and medium lapilli 2-16 mm; coarse ash V2-2 mm; medium ash 1/16-½ 
mm; fine ash <1/10 mm. Note: med = medium. 
* Grid reference based on the 1,000 m grid of the 1 :50,000 topographical map series 
(NZMS 260). 
t Numbers prefixed Wk refer to the University of Waikato Dating Laboratory number. 
In the text, numbers prefixed NZ are New Zealand Radiocarbon Dating Laboratory 
numbers. 

R:e_cogni~ion of the teph~as was based or~ fiel?_ appea1:ance and stratigraphic 
po~1uon (Fig. 4) together with_ ferromagnes1an silicate mmeralogy. The identifi­
cations were supporte~ ~y rad10carbon dates. In addition, glass shards from one 
of the teplll'as (Hmema1aia) were analysed by electron microprobe to help confirm 
its identification. 
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Tephra sources and identifications 
Th~ im\·erm<~st teplll'a. Okupata Tephra, is andesitic and derives from the Ton­
~'.mrn \ olcamc Ce11t1·e: it is included in the Tongariro Subgroup (Topping, 1973). 
I he oth~rs are all rhvolitic, derived from either the Taupo Volcanic Centre 
(Tau po Subgroup: Howorth 1'/ 11/., 1981) or the Okataina Volcanic Centre (Ro­
torua Subgroup: Howorth el al., 1981 ). The three volcanic centres are located 
between I 00-150 km distance from Kai po Lagoon (Fig. 1 A). 

'.he topmo:t teph1·a ill the stratigraphic column, Kaharoa Ash, is distinguished 
;. b\: !!_hard, _white pumice grains and the dominance ofbiotite in its ferromagnesian 

m111eralog1cal assemblage (Table 1). It has an Okataina Volcanic Centre source 
(Cole. 1970). 

Lnderlying Kaharoa Ash are Taupo Lapilli, !\,Iapara Tephra, Waimihia Lapilli, 
and Hinemaiaia Tephra, each with an hypersthene-dominant mineralogy (Table 
1) characteristic of a Tau po source (Ewart, 1963; Froggatt, 1981 c). The identi­
fication of \lapara Tephra is tentative, as its close stratigraphic proximity to the 
overlying Tau po Lapilli (tephra 2 in Fig. 4) suggests that it may represent Hatepe 
Tephra, the lm,·est member of the Taupo Pumice Formation (Froggatt, 198 ld; 
Walker, 1981 ). We prefer Mapara Tephra, however, because this tephra has been 
identified in another montane peat deposit in the Urewera National Park (at Te 
Rangaakapua)*clearly separated from Taupo Lapilli by a layer of peat 3-6 cm 
thick (W. B. Shaw and D. J. Lowe, unpublished data). Also, Mapara Tephra is 
known to occur well beyond the Kaipo Lagoon area, in organic-rich sediments at 
Lake Poukawa (Howorth et al., 1980) and at Tiniroto (Howorth and Ross, 1981; 
Kohn et al., 1981 ), whereas Hatepe Tephra is not recorded at either of these 

Table I - Dominant ferromagnesian mineral abundances of the tephras at Kaipo Lagoon.* 

Tephra Sample No. Ferromagnesian Opaques H.M.§ 
(See Fig.4) silicate minerals (vol%)t 

(summed to 100%) 
Hyp Aug Hbe Cgt Bio 

Kaharoa Ash I 37 5 12 46 15 Low 
Taupo Lapilli 2 100 9 Low 
Mapara Tephra 3 97 2 13 Low 
\\'aimihia 4 94 6 14 Low 

La pi Iii 5 100 12 Low 
Hinemaiaia Tephra 6 95 5 17 Low 
\\'hakatane Ash 7 30 1 4 65 19 Low 
Rotoma Ash 8 5 8 87 21 Low 
Opepe Tephra 9 84 16 14 Low 
Poronui Tephra 10 83 17 7 Low 
Karapiti Tephra 11 84 I 3 2 IO Low 
Okupata Tephra 12 72 28 2 High 

* Determined bv point-count of the 2-4<P size fraction of the heavy mineral assemblage 
(2:2.95 g.on<'). Between 200 and 5_00 grains were co_unt~d. . 

t Proportion of opaque minerals (rnamly t1tanomagnet1te) 111 2-4 <P heavy mmeral frac-

tion. f · L I • q, § Approximate abundanc~ of heavy minerals in the whole 2-4 <P racuon. ow = -:> ,c; 

High = 20-30'{ (by weight). . , . 
Hvp = Hvpersthene; Aug = Augite; Hbe = CalC1c Hornblende; Cgt = Cummmgton-
ite; Bio Biotite; - not obser\'ecl. 

* see Appendix to Kaipo Lagoon study after References. 
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Table 2 - Che111ical analyses of glasses fro111 1-linemaiaia Tephra at Kaipo Lagoon as determined by electron microprobe. * The analyses are 
prese111ed 011 a normalised I ()()<if-loss-free basis. 

2 3 4 5 6 7 8 9 10 11 I 2 1 :1 Mean(lsd) 

Si( )0 71i.88 7(i.!1'.I 77 .0:1 77.12 77.22 7(i.:-H> 77 .08 7(i. 70 7ti.8'.I 7(i.9!1 71i.!l'.1 77.00 7fi.8-I 76.90(0.23) 
Al,(), 12.98 l,Ull I :1.07 12.80 12.!)7 13.20 l 2.8(i I 3 .0,1 12.!)5 12.9!1 1:rn1 12.!17 t:Ul0 12.99(0.10) 
TiO, 0.15 0. I 8 0.17 0.20 0.14 0.20 0.18 0.2!1 0.23 0.18 0.22 0.15 0.22 0.19(0.03) 
Fe<H 1.58 1.52 1.52 1.50 1.56 I. 72 1.54 1.69 1.65 1.54 1.68 I. :iti I .ti 7 l.60(0.08) 
:'\fgO 0.21 0.14 0.15 0.19 0.12 0.18 0.19 0.18 0.18 0.18 0.17 0.17 0. lli 0.17(0.02) 
CaO 1.32 1.26 1.27 1.31 1.42 1.39 1.2 I 1.25 1.21 l.2(i 1.34 Uti 1.2:1 l.30(0.07) 

Na,O :t81 3.87 3.68 :UJ 3.44 3.85 3.82 3. 71i 3.84 3.79 3.59 3.74 3.81 3.75(0.12) 
K,O 2.97 2.98 3.01 3.07 3.02 3.00 3.00 3.06 2.97 2.98 2.94 2.94 2.% 2.99(0.04) 

Cl 0.10 0.11 0.10 0.10 0.11 0.16 0.12 0.08 0. 14 0.09 0.12 0.10 0.09 0.11 (0.02) 
Water§ 1.40 1.77 2.93 3.81 2.16 1.62 2.48 2.18 4.84 1.6 I 2.24 2.:Hi :~. 01 2.50(0.96) 

* (;Jass shards in the 2-4q> size fraction of sample G (Fig.4) were mou111ed in epoxy resin, polished, c1rbon-coated. and analysl'd usi11g a JH)I. 
JX.-\-7:1:1 SL' l'ERl'ROBE at Victoria University of Wellington (Froggatt and Gosson, I 982). A IO ~1111 hl'alll dia111l'tcr and 8.0 11.\ hl';1111 
rnrTerrt, a11d other analytical conditions as described in Froggatt ( I !)83), were used. Concentrations are gi,Tn in oxide 1,·l'ight pent·111 
except for Cl which is in atomic weight percent. lsd = I standard deviation of the mean of analyses 1-1'.t 

t All Fe calculated as FeO 
§ Differenc-e between original analytical total and JOO. The glasses also contain detectable l\fn and I' (1101 analvst'<I). 
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localities.- (bi'.pach 111;q>-; sho,\· thin deposit:; of Hatepe Lapilli extended to Gis­
liorne: \ 11'.·euch ;u1d Pullar. [ qfi4; \\'alke1·. I ~l8 I) . 
. Hi11ema1;11a Tephra (as clefo_1e~I by Frnggatt, 198 la) occurs stratigraphically 
l!st <tbm e \\ l~abun~ :\sh at Ka1po Lagoon (Fig. 4). l.'ntil recently. Hinemaiaia 
l ~phra (defu11t1011of 1-t:oggatt. 198 la) had been tacitly regarded as underlving 
\\ l_1;1btane .. \sh: follmnng the stratigTaphic and chronologic relationships· de­
scnbed b\' \ ucet1cl1 arn_l Pulla~·(l973) for 1-linemaiaia Ash. However, Lowe(l986) 
has demonstrated that 1t straugraphicallv overlies \\'hakatane Ash and is probably 
\\'Jdespread o,·er much of the :'\iorth Island. Lowe ( 1986) based his correlation in 
part 011 the_ e_lectron microprobe analyses of glass shards from the Hinemaiaia 
fephra at Ka1po Lagoon (Table 2). The 13 chemical analyses reported in Table 

2_ show it ,to be of_ rhvolitic cor~1position and support an origin in the Tau po 
\ olcarnc Centre (c/. glass chemistry analyses of Taupo-derived tephras in, for 
example, E,\·art. 1963, Frnggatt, 1983, and Lowe, 1986). The close similarity of 
each of the analnes, and the consequent low standard deviations (Table 2; 1f 
Fro~gatt and Gosson, 1982). indicate that the sample is relatively pure, despite 
the mherent problems that may be associated with probing glass (Froggatt, 1983). 
These analyses. together \\"ith those on the same tephra elsewhere, confirm its 
identification as Hinemaiaia Tephra (Lowe, 1986). 

Lnderh·ing Hinemaiaia Tephra are the Whakatane and Rotoma tephras, which 
are positively identified by their high cummingtonite content (Table 1 ). This 
amphibole, diagnostic of tephras derived from the Haroharo complex in the 
Okataina \'olcanic Centre (Ewart, 1971 ), occurs in only these 2 tephras in the 
Rotorua Subgroup (Kohn and Glasby, 1978; Howorth et al., 1980). 

The next 3 tephras below Rotoma Ash are Opepe Tephra, Poronui Tephra, 
and Karapiti Tephra. Each of these has an hypersthene-rich ferromagnesian 
mineralogy (Table 1) characteristic of a Tau po source (Froggatt, 1981 c). 

The oldest tephra obsen·ed in the Kaipo section differs from the others in 
ha,ing a high proportion ofheaYy minerals (20-30%) in the whole 2-4<P (63-250 
µm) size fraction, a very lm\· abundance (2%) of opaque minerals in the heavy 
mineral suite, and at least twice as much augite (28%) in the ferromagnesian 
mineral assemblage (Table 1 ). These properties indicate an andesitic rather than 
rhrnlitic origin. and Tongariro Volcanic Centre is the likeliest source - its erup­
ti,·es tYpically contain abundant phenocrysts of hypersthene and augite but low 
concentrations of opaque minerals (Clark, 1960; Lowe et al., 1980). We consider 
that the tephra is a member of Topping's (1973) Okupata Tephra Formation, 
,d1ich immediatelv underlies Karapiti Tephra in the Tongariro area (Topping 
and Kohn, 197 3). ·The "unnamed andesitic ashes" that underlie Karapiti Lapilli 
to the east of Lake Taupo, and described by Vucetich and Pullar (1973), are 
hence probablv correlatives of the Okupata Tephra. 

CHRONOLOGY 

Radiocarbon dating and sample reliability . 
To supi~ort th_e iclentifi<:ation of tl~e tep~ras, and to det~rmme,,rat~s of ,P~at 

accumulation. l ::> ne,\· radiocarbon dcttes ha, e been determmed (Fig. ::>). \,\ htlst 
nine samples comprised bulk peat, the other three samples, ~a~en from the top, 
middle. and bottom of the section exposure, were each spilt mto a coarse and 
fine fraction. The coarse fraction consisted of handpicked roots generally larger 
than about ~ l mm in diameter, and the fine fraction residual peat after the root 
extraction (Fig. :,). This splitting procedure ~\·as d01~e to determ!ne whether the 
abundant coarse root-like material and occasional sttcks present m the reference 
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Tephra 
!source l 

Kaharoa 
(Okata1nal 

Taupo 
(Tau po) 

Mapara 
(Tau po) 

Waimihia 
(Tau po) 

Hinemaiaia 
(Taupo) 

Whakatane 
(Okata,na) 

Rotoma 
(Okataina) 

Opepe 
(Taupo) 

Poronui 
(Tau po) 
Karapiti 
(Tau po) 
Okupata 

(Tongariro) 

Wa1i<ato 
Radiocarbon 

Lab. No 

-Wk491 
-Wk351 
'--....._Wk352 

-Wk263 

-Wk264 

Age (years B.P) 

Old TYz 

2910:!:69 
3040 ± 50 

3250 ± 70 

Ne.,. T'h 1 

2990 :!:60 
3130 ±60 

3340:!:70 

4490±60 I 4620:!:60 

4530:!'60 4660:!:60 

4860±70 
5440:!:170 
7380:!:80 
7560±100 

8710:!:80 

5000 ± 70 
5600 :!: 170 
7590 :!: 80 
7780 :': 100 

8970±80 

9560 ± 80 9840 ± 80 
10160:!:130 10500:!:130 

9960:!:90 10290±-90 

10600:!:90 10900! 90 

11500±80 11900± 90 

Sample* 

{ PR 

PF 

p 

p 

p 

p I 

Comments 

Age , s c 700 years old 
( Mc Glone,1983) 

Age is c 1800 years old 
(Healy, 1964) 

Age is; c.2100 years old 
IVucet,ch & Pullar,1973) 

{ PR -- Sample severely 
PF diluted (24%sample) 

p 

p 

p 

{ PR 
PF 

p 

p 

Fig. 5 - Radiocarbon dates on peaty material ass?ci~ted wi~h t~e vari~us tephras ide_nfi~~d 
at the Kaipo Lagoon section. Tephra sources are indicated m Fig. 1 A (mset). The reliab1htv 
of the dates is discussed in the text. *P = Peat (bulk sample); PR = Roots (coarser than 
~ I mm diameter) extracted from the bulk peat; PF = Fme peat residual from the bulk 
peat after root extraction. 

section (Fig. 3) represented contemporary (i.e., autochthonous) or modern veg­
etation growth. As a further precaution, we also took three bulk peat samples 
from a nearbv duplicate section that had fewer obvious roots in the Hinemaiaia 
Tephra-Rotoma Ash zone (Fig. 4). 

The results indicate that, apart perhaps from the zone of peat between the 
\\'hakatane and Rotoma tephras, very little mixing or contamination has taken 
place in the section. The dates progressively increase in age down the section 
with no stratigraphic inversions from tephrn to tephra. Comparison of the three 
coarse and fine pairs of dates, using the statistical method in Currie ( 1981 ), shows 
that both the top pair (Wk 499-500) and the bottom pair (Wk35 l-352) are 
p1:obably not significantly di~ere_nt at a 90_% significance level. The middle pair 
of samples (\\'k-193-494) are s1g111ficantly different from each other, with Wk493 
several thousand yea1·s younger than either \Vk494 or \Vk495. Presumably the 
rootlets making up Wk_-193 represent 1~atur:~I contamination of the peat overlying 
the Rotoma Ash deposit (see funher chscuss10n below). The large counting errors 
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on \\'k-l(U stem from it· · · II ·· I, .•. • I · · · 
I. . .. ; sm,1 s.m1p e size ,llH consequent seYere dtlutton 111 the 

c.1t111g- procedure (hg. :1). 

Ages of tephra deposition 
The Kaharoa. Taupo. and '.\lap;~ra tephras were not dated at Kaipo Lagoon, but 

(hFa_, e ?een dated elsewhere at ~, 00, ~ 1,800, and ~ 2.100 vears B.P., respectivelv 
1g. :J ), , • 

_Tl_1e three dates associated with \,Vaimihia Lapilli (Wk498, 499, 500) all fall 
w1t~111 the range of previous dates for this tephra (Froggatt, 198 lc), although 
their average of ~ 3,070 ve~rs is younger than the commonly accepted age of 
~ 3,400 vears (Pullar and Herne, 1971; Vucetich and Pullar, 1973; Walker, 1981). 

The_ two dates on the thin (3 cm) layer of peat between Hinemaiaia Tephra 
and \\ ha½atane Ash_ (Wk 496, 497) apply to both tephras, and average ~4,51 O 
years. This average 1s thus a maximum age for Hinemaiaia Tephra and a mini­
m~m for Whakatane Ash. Hinemaiaia Tephra has an average age, based on 
reliable dates from several sites elsewhere, of ~4,500 years (Lowe, 1986). 

A maximum age on the Whakatane Ash at Kaipo is (Wk501) 4,860 ± 70 vears 
B.P., which agrees closely with the previously accepted best estimate of ~4,800 
years for this tephra (Cole and Nairn, 197 5; Lowe, 1986). 

Disregarding Wk493, the other 2 dates on Rotoma Ash (Wk494, 495) average 
~ 7,470 years. This age concurs with initial age estimates of (NZ 1152) 7,050 ± 
77 vears B.P. and (~Zl 199) 7,330 ± 235 years B.P. for Rotoma Ash (Pullar and 
Heine, 1971; Vucetich and Pullar, 1973), but is considerably younger than more 
recently obtained dates of (Wk522) 8,370 ± 90 and (Wk523) 8,350 ± 100 years 
B.P. (Green and Lowe, 1985) and (NZ 1945) 8,860 ± 120 years B.P. (Nairn, 1980) 
that are probably more accurate because of better stratigraphic control. Conse­
quently, we regard all of the dates on the peaty material above Rotoma Ash, 
particularly Wk493, as too young - with respect to the deposition of Rotoma 
Ash - by possibly 1,000 years or more. The explanation for this apparent 
anomaly is uncertain, although it may be partly the consequence of an excessive 
sample size given the particularly slow peat accumulation rate (between 0.06 -
0.07 mm/year) evident for this period (see Fig. 6 below). 

The minimum date we obtained for Opepe Tephra is (Wk492) 8,710 ± 80 
years B.P.Taking errors into account, this is not significantly different from the 
previously published date of (NZ 185) 8,850 ± 1,000 years B.P. on Opepe Tephra 
near Taupo (Pullar and Heine, 1971; Vucetich and Pullar, 1973), and is only 
slightly younger than a maximum age of(Wk230) 9,370 ± 21? years B.P. obtained 
for Opepe Tephra in Lake Maratoto (Green and Lowe, 198:J). 

The three dates associated with Poronui Tephra (Wk35 l ,352,491) are the first 
to be obtained on it and average ~9,900 years. Previously, Poronui Tephra had 
an extrapolated age estimated to be about 9,740 years (Topping ~nd Kohn, 1973), 

Neither Karapiti Tephra nor Okupat~ Tephra were dat~d directly, but their 
stratigraphic positions within a f~w centnnetres of Poro_nu1 Tephra an? the un­
derlying 11c sample Wk263 (10,600 ± 90_years ~.P.) (Fig. 4) allo:v their ages to 
be estimated reasonably accurately. Assummg umform accumulation rates, Kar­
apiti Tephra has an estimate_d_ age of ~ I 0, 100 years, ~nd (?kupata Tep~ra 
~ 10,300 vears (Fig. 6). Karap1t1 Tephra has only one prev10us direct date, bemg 
(NZ4847) 09,9 l O ± 130 years B.P. (Froggatt. 1981 b). Okupata Tephra, consisting 
of multiple units near source, has previously been dated between (~Z 1374) 9,790 
± 160 vears B.P. and (NZ 1189) 12,450 ± 340 years B.P. (Toppmg, 1973), and 
the age 'of~ 10.300 years is consistent with these dates. 
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Age of bog formation and peat sedimentation rates 
The date (\\'k264) 11,500 ± 80 years B.I'. from the base of the section \,·as from 
the lowest peaty horizon we obser\'ed in the a,·ea. and is assumed to represent a 
minimum age for the beginning of bog formation. The sediments o\·erl\'ing this 
horizon an<l underlying Okupata Tephra (Fig. 4) are mudd\'. suggesting that 
permanent bog-forming conditions \\·ere not attained for another thousand \'ears 
or so. probably at around l 0,500 years. This l 1,500-1 O,SOO year age for the 
initiation of bog growth at Kaipo is similar to dates of inception of bogs in otha 
parts of the North Island (McGlone and Topping, 1977: Green and Lowe. 1985), 
and may indicate a response to post-glacial climatic change such as an increase in 
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Fig. 6 - Peat accumulation rate curve for the K· i L· 
rates of deposition, in mm/vear. are shown betw~~i1<;1 •i00d re~erence section. Average 
on average ages from Fig. :J. Jn the Opepe-\\'I . k- . le ,Ile pon~ts. The dates are based 
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c eRosu1on. The post-\\'anmh,a sedimentaticm nte. 1 . : _ P1 ~ errec or Rot?ma Ash 
~hnnkage, and possible erosion of the peat in th•e u •s 011 \. •1_PP1 _oxnnate_because of mixing. 
ts assumed to be aged ~ 700 ve·irs) Te I .. . b piper p,u t_ of the section (the top surface 
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rainfall. resulting in higher catchment erosion rates or higher water table le\'els, 
or both. ' 

__ Th: r;ite of peat accumubrion in the bog since 11,500 vea,·s ago is plotted in 
fig. h: the :1H'1·age rate for the whole section is 0.19 mm/\'ear. The rates for 
separate pe1·iods are '?riable. 1·a11ging from 0.4 7 mm/,·ear (for the muddy peats 
at the base of the section) to onlv 0.0o-0.07 mm/,·ear in the Rotoma-\Vhakatane 
pe,~od. The a~·nag:'. sedime11tati'on rate between f I ,:'lOO ,·ears and Opepe Tephra 
(8. ,00 vears)_is 0.:), mm /vea,·, but between Opepe Tephra and the bog's surface 
(ma,·ked lH· Kaharoa Ash) the average rate is much slower, about 0.13 111111/vear. 
.-\ssu!ning an age ?f 8.400 yea,·s for the deposition of Rotoma Ash, the bog gr~wth 
rate 111 tl~e short l}llerval between this tephra and Opepe Tephra was apparently 
at a maximum o.~JO mm/vear. 

The fluctuations in acc~1mulation rates may have several causes, such as varia­
tions ir~ local drainage conditions. the effects of tephra fall, peat decomposition 
or enJs1on, 01· changes in climate. and we do not know which, if any. is dominant. 
Howe,·er. the b,·oad pattern of change, ,,·ith relatively fast rates peaking between 
Opepe-Rotoma tephra depositions, then slowing considerably, is similar to the 
pattern of sediment accumulation in Lake Maratoto (Green rt al., 1984; Green 
and Lm,·e, 1985), and in peat deposits in the Tongariro region (McGlone and 
Topping. 1977). In these studies the changes in sedimentation rates were related 
largeh· to post-glacial climatic changes; in Lake Maratoto, Green and Lowe (1985) 
attributed the maximum sedimentation rate at around Opepe Tephra time to a 
short period of increased rainfall and windiness with enhanced catchment ero­
sion. This climatic change explanation may thus apply also to the Kaipo Lagoon 
peat sequence. 

The average sedimentation rate of 0.19 mm/year for the Kaipo bog is slow 
compared with rates of about 0.8-0.9 mm/year reported for the 10,000-11,000 
years-old Rukuhia and Hauraki bogs in the Waikato region (Harris, 1963; Hogg 
and \lcCraw, 1983: Green and Lowe, 1985), about 1 mm/year for peat at Lake 
Pouka,,·a (Howorth rt al., 1980; Froggatt and Howorth, 1980), and 0.36-0.75 
mm/vear for post-4000 year-old peat at Turakirae Head, Wellington 
(\[ildenhall and \,[oore, 1983). Elsewhere in New Zealand, however, such rela­
tiveh· slow rates of peat accumulation have been recorded in Holocene-aged 
deposits at various localities (e.g., 0.19 mm/year, Holden's Bay, Rotorua: Mc­
Glone. 1983: 0.03-0.15 mm/year, Longwood Range, Southland: McGlone and 
Bathgate, 1983). 

Implications of the absence of Waiohau Ash at Kaipo . 
The basal peat date of 11,500 years has impli<:ations with regard ~o the a?e. of 
the \\'aiohau .-\sh Formation. This tephra, which does not occur 111 the Ka1po 
section. \,·as identified in a road cutting near Lake \\'aikarernoana, by Vucetich 
and Pullar ( 1904::71) onlv IO km from the Kaipo Lagoon, and has been dated 
near source at l 1,250 !: 200 vears B.P. ('.\/ZS68), 11,100 ::!:: 210 years B.P. (NZ878), 
and 11.800 ::!:: 150 vears B_,;_ (:',;Z 1135) (Pullar and Heine. 1971). Its generally 
accepted age is aro~md 11,300 years (Pullar and Birrell, l 97~); the last date 
( 1 1.800 vears) has a less certain stratigraphy than the others and 1s ra~ely quoted. 

Conse~1uentlv. the apparent abs_e'.1ce o_f Waiohau As~ '.rorn the Ka1po ~ago_on 
section implies that either it was 1111s1dent1fied a_t Lake \\~~ka,·emoana by~ uceuch 
and Pullar ( [ 964). and also bv Pullar and Birrell ( 191.)). or the previous age 
determinations (done on charc~Jal) underestimated its re,~I ag': by seYeral hund;ed 
years at least. .\ssu111i11g that there is no erosional unconfonrntv aboYe the 11,~00 
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vear date at Kaipo, we fanHlr the second option because_ GrL"ell and Lowe ( I :lH:1) 
i·eport au age of about J 2.400 \·ears for \\':1iohau :\sh 111 Lake \laratolo (b,1sed 

011 four dates). 

CONCLUSIONS 
Eleven Holocene teph,·as occu1Ti11g at Kaipo Lag:oon are derived from the 

Tau po (7). Okataina (3), and Tongariro (I) \'ol~arnc Centres. a,~d hav_e _been 
identified chieflv from their field appearance, stratigraphy, and do1rnnant fe1 rom­
agnesian miner~logy. In addition, the glass chemistry of_ one of the tephras. 
Hinemaiaia Tephra, was analysed bv electron microprobe. Six of the tephr~ts have 
been radioca1·bon dated bv 13 ne\\· dates on enclosing peat or peaty material: two 
more tephras were dated by extrapolation assuming constan~ sedimentati~n rates. 
Three dates obtained on Rotoma Ash deposition are considered to be mexact. 
however, being at least I .000 years too young in comparison with reliable dates 
on this tephra elsewhere. The other new dates obtained on the tephras generally 
accord with previous determinations. 

The Kai po Lagoon bog formed between about 11,500 and 10,500 years ago, 
perhaps partly in response to the effects of post-glacial climatic change, and peat 
has accumulated since then at a variable but mainly slow rate (average 0.19 mm/ 
year). The pattern of change of sedimentation rates, relatively fast before and 
slow after the Opepe-Rotoma maximum. may relate to climatic change, but var­
iation in local conditions could also have been important influences. 

The positive identification of the tephras in the Kaipo Lagoon using diagnostic 
laboratory methods to supplement the field observations has resulted in a more 
certain Holocene tephrostratigraphy for the Urewera-Waikaremoana area. The 
identification ofOpepe, Poronui, Karapiti, and Okupata tephras in particular has 
extended their known distribution in eastern North Island. Such improvements 
to tephra dispersal maps are potentially helpful in interpretations regarding vol­
canological processes associated with eruptions of tephra (e.g., Walker, 1981; 
Lowe, 1986). The dates on Poronui Tephra, the first obtained for it, and most 
of t_hose on the other teph~as, are valuable additions to the few dates presently 
available, although the speofic age of the Rotoma Ash eruption is still uncertain. 

Fii:ially, the identi~cation and. 14C dating of the tephras in the Kaipo Lagoon 
provides an except10nally detailed chronology for associated studies on the 
vegetational and climatic history of the Kaipo-Waikareiti area. 
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Appendix to Kaipo Lagoon study - Tephrostratigraphy of Te Rangaakapua sub­

alpine peat bog, Urewera National Park. 

A tephra-bearing sub-alpine bog at Te Rangaakapua was excavated, 

described, and sampled by Mr. W.T.Shaw (Biological Sciences, University of 

Waikato) in 1984. I examined samples of the tephras supplied by Mr. Shaw 

and identified their source volcanoes and likely correlatives using dominant 

ferromagnesian mineralogy (Table 1) and field relationships and ages 

(Fig.1). Two 14C dates were obtained (Fig.1; Hogg et al. 1987). 

The tephrostratigraphy is consistent with that described at Kaipo 

Lagoon by Lowe and Hogg (1986), except that Hinemaiaia Tephra, found at 

Kaipo, was not identified at Te Rangaakapua (see also Lowe 1986). A pollen 

analysis of peat samples is being undertaken by Dr M.S.McGlone (Botany 

Division, DSIR, Chris~church). 
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Table 1. Dominant ferromagnesian mineral abundances in tephras at Te 
Rangaakapua (Profile 1). 1 

Tephra Sample No. Ferromagnesian silicate minerals* Opaques 2 H.M. 3 

Formation (Fig.1) (summed to 100%) 
Hyp Aug Hbe Cgt Bio (%) (%) 

Kaharoa 1 42 3 17 2 36 28.5 1. 3 

Taupo 2 97 2 1 30.5 11.1 

Mapara 3 84 13 3 11.3 0.5 

Waimihia 4 88 10 2 19.5 1.0 

Whakatane 5,6 21 1 15 63 22.1 1.1 

Rotoma 10 9 1 9 81 21. 8 0.4 

1. Determined by point-count of the 2-4 ~ size fraction of the heavy mineral 
assemblage (~2.95 g.cm- 3 ). Between 300 and 550 grains were counted in each 
sample. 

2. Proportion of Fe-Ti oxides in the 2-4 ~ heavy mineral fraction (point­
count). 

3. Abundance of heavy minerals in the total 2-4 ~ size fraction (by weight). 

* Additional minerals identified include zircon and apatite; a trace of 
olivine occurs in sample 1. 

Hyp = Hypersthene; Aug= Augite; Hbe = Calcic Hornblende (mainly green­
brown; sparse reddish-brown-brown); Cgt = Cummingtonite; Bio= Biotite; - = 
not observed. 
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Fig.1. Tephrostratigraphy of Te Rangaakapua sub-alpine bog (Profile 1), 

Urewera National Park (G.R. NZMS260 Wl?/765894). Kaharoa, Whakatane, and 

Rotoma tephras are derived from the Okataina Volcanic Centre; Taupo, Mapara, 

and Waimihia tephras were erupted from the Taupo Volcanic Centre (Healy et 

al. 1964). Ages on old T½ basis; Wk- number is Waikato Radiocarbon Dating 

Laboratory number. 
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Revision of the age and stratigraphic relationships of 
Hinemaiaia Tephra and Whakatane Ash, North Island, 
New Zealand, using distal occurrences in organic deposits 

DAVID J. LOWE 
Department of Earth Sciences 
University of Waikato 
Private Bag 
Hamilton, New Zealand 

Abstract The stratigraphic and chronologic 
relationships of Hinemaiaia Tephra and Whaka­
tane Ash are examined using distal tephras pre­
served in organic-rich deposits at five sites in eastern 
and northern North Island, New Zealand. A c. 10 
mm thick, unnamed white rhyolitic ash layer 
described at two of the sites (Tiniroto and Pou­
kawa), and previously of disputed strati~aphic _sig­
nificance, also occurs, at the other three sites (Ka1po, 
Rotomanuka, and Okoroire) as a primary airfall 
tephra. The tephra is derived from the T~upo ~~1-
canic Centre and is correlated with Hmema1a1a 
Tephra (definition of Froggatt) _u~ing similarity of 
stratigraphic position, compos1t1~m (ferromagn~­
sian mineralogy and glass chemist:)'), and radi­
ocarbon age. It stratigraphically overlies Whakatane 
Ash. The tephra underlying Whakatane Ash,. ~nd 
previously identified a~ Hinemaiaia Ash (definition 
ofVucetich & Pullar), 1s probably Motutere Tephra. 

Hinemaiaia Tephra has a mean age of (old T 1h) 
c. 4500 years, Whakatane Ash c. 48~0 ye~rs. New 
t4C dates, obtained on peat or gyttJa adJacent to 
these tephras, are (old Tl/2, years B.P.): 4220 ±. 60 
(NZ3160A), 4490 ± 70 (Wk541) (above H~ne­
maiaia Tephra); 4470 ± 70 (Wk542) (below Hme­
maiaia Tephra); 4800 ± 50 (NZ3161A), 4490 ± 
60 (Wk496), 4530 ± 60_ (~k497), 4260 ± 140 
(Wk662) (below Hinemaia1a Tephra and above 
Whakatane Ash); 5210 ± 80 (NZ3162A), 4860 ± 
70 (Wk50 I), 4850 ± 80 (Wk660) (below Whaka-
tane Ash). . 

Based on the distal occurrences descnbed h~re, 
the Hinemaiaia Tephra has a much more wide­
spread distribution than previously demonstrated, 
and may have been e_mplaced _by a very powerful 
"above average" pliman eruption. 

Received 23 November 1984, accepted 9 September 1985 

Keywords Hinemaiaia Tephra Formation; 
Hinemaiaia Ash Formation; Whakatane Ash For­
mation; pyroclastics; Holocene; stratigraphy; 
tephrostratigraphy; organic matter; C-14; isopach 
maps; glasses; chemistry; electron probes; explo­
sive eruptions 

INTRODUCTION 

Late Quaternary tephras erupted from rhyolitic and 
andesitic sources in the Taupo Volcanic Zone (Fig. 
I), and from Mt Egmont and Mayor Island, cover 
large areas of the North Island (e.g., Pullar et al. 
1973; Howorth et al. I 981 ). Following early recon­
naissance mapping of these deposits, chiefly for soil 
survey purposes (e.g., Grange 193 I), many studies 
in the past 20 years have concentrated on the stra­
tigraphy, age, and distribution of the tephras near 
their source areas (e.g., Healy 1964; Vucetich & 
Pullar 1964; Howorth 1975). During this period it 
has been found that tephra deposits proximal to a 
particular source commonly contain interbedded 
distal deposits from outside centres, and a more 
complex tephrostratigraphy than originally 
described has ensued (e.g., Topping & Kohn 1973; 
Vucetich & Pullar 1973; Stewart et al. I 977; 
Howorth & Topping 1979). Largely because of their 
thinness in relation to the locally derived deposits, 
the distal tephras can be difficult to trace or iden­
tify with certainty in the field, especially where 
affected by weathering or soil-forming processes. 
Similar problems are evident in distal sequences 
consisting wholly of thinly bedded tephras (e.g., 
Vucetich & Pullar 1969; Pullar & Birrell 1973; 
Hodder & Wilson 1976). 

Two approaches have been applied to circum­
vent this problem. The first has involved detailed 
laboratory-based tephra "fingerprinting" methods 
(e.g., Kohn 1970, 1979; Topping & Kohn 1973; 
Hogg & McCraw 1983); the second has been the 
utilisation of sections or sediment cores of muddy 
or organic-rich deposits within which discrete 
tephra layers are separated and preserved (e.g., 
Topping & Kohn 1973; Kohn & Glasby 1978; 
Howorth et al. 1980; Lowe et al. 1980). These latter 
studies have begun to provide not only an improved 
chronology for many of the tephras (through radi-
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ocarbon dating of the intervening organic sedi­
ments) but also a clearer record of the stratigraphic 
relationships of interbedded tephras derived from 
different volcanic centres. 

In this paper, distal tephras contained within peat 
and organic lake sediments (gyttja) are investigated 
to determine the stratigraphic and chronologic 
relationships of two Holocene tephras, the Taupo­
derived Hinemaiaia Tephra (defined by Froggatt 
198 I a) and the Okataina-derived Whakatane Ash 
(defined by Vucetich & Pullar 1964). From studies 
in the Taupo area, Vucetich & Pullar (1973) defined 
Hinemaiaia Ash and considered it to be strati­
graphically overlain by Whakatane Ash. Froggatt 

( 198 I a), in redefining Hinemaiaia Ash as Hine­
maiaia Tephra, essentially followed the stratigra­
phy of Vucetich & Pullar ( 1973) which, until now, 
has been unquestioned. However, recent exami­
nation of the tephras in peat and gyttja deposits at 
Kaipo, Rotomanuka, and Okoroire, in eastern and 
northern North Island (Fig. I), identified a thin 
rhyolitic ash layer which, with regard to its char­
acteristics and stratigraphic position, could not be 
correlated with any known proximal eruptive. 
Moreover, such an "unnamed rhyolitic tephra" had 
previously been found in a similar stratigraphic 
position in organic sediments at Tiniroto and Pou­
kawa (Fig. I), although its stratigraphic significance 
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at these sites was disputed (Howorth & Ross 1981; 
Kohn et al. 198 I). It is shown here that the 
unnamed rhyolitic tephra found at all of these dis­
tal sites is the same eruptive unit and that it is a 
correlative of Hinemaiaia Tephra. That Whaka­
tane Ash stratigraphically underlies Hinemaiaia 
Tephra at the distal sites has meant revision of the 
stratigraphic and chronologic relationships previ­
ously described by Vucetich & Pullar (1973) and 
Froggatt ( 1981 a) for these tephras. 

The revision includes 10 previously unpublished 
14C dates on the Hinemaiaia Tephra and the 
Whakatane Ash. Electron microprobe analyses of 
glass shards from the distal correlative of Hine­
maiaia Tephra and from Whakatane Ash are given, 
and implications of the possible widespread distri­
bution of Hinemaiaia Tephra in the North Island 
are examined. 

STRATIGRAPHY AND CHRONOLOGY OF 
THE HINEMAIAIA AND ASSOCIATED 
TEPHRAS IN THE T AUPO AREA 

In a revision of earlier work by Baumgart (1954) 
and Healy ( 1964), Vucetich & Pullar (1973) defined 
the Hinemaiaia Ash Formation (symbol Hm) at the 
De Bretts Hotel type section near Taupo _(~ig. _l). 
The Hinemaiaia Ash, established as ongmatmg 
from the Taupo Volcanic Centre, was defined as 
lying conformably between the Whaka_tane Ash 
Formation and the Rotoma Ash Formation (th~se 
last two tephras being derived from the Okatama 
Volcanic Centre; Fig. I). It was dated at c_. ?200 
years old by correlation with a tephra at Tmiroto 
that had 14C dates of 6390 ± 120 (NZ! 137)* ~nd 
6190 ± 70 (NZ1247) years B.P. (Pul~ar & Heme 
I 97 I· Vucetich & Pullar I 973). Vuceuch & Pullar 
(I 973) noted that both Whakatane and Rotoma 
tephras were infrequel!-tly exposed_ around_ Taupo 
and were difficult to distmgmsh with certam~y. In 
many sections, Hinemaiaia ~sh was sandwiched 
within a multiple paleosol with a blotchy app~ar­
ance. Of the tephras derived f~om :raupo, Hi~e­
maiaia Ash lies between Wa1m1hia Formation 
(above) and Opepe Tephra Formati~m (be_l~w). 

Froggatt ( 1981 a) redefined the H!nemaiaia Ash 
as the Hinemaiaia Tephra Format1cn (Hm) at a 
new type site in Opawa Road in Lake Taupo ~tate 
Forest (Fig. 1 ). Recognising the difficulty of iden-

*NZ = New Zealand Radiocarbon Dating I:aboratory 
number. These and other 14C ages discussed m the text 
are all conventional ages based on the old half-hfe of 
5568 years. See also Table 2. 
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tifying the Whakatane and Rotoma tephras as dis­
crete units in the Taupo area (Whakatane Ash could 
not be found at Opawa Road), he purposely defined 
Hinemaiaia Tephra in relation to locally mappable 
Taupo-source tephras only. It was thus defined as 
the rhyolitic tephra lying conformably between the 
Waimihia Lapilli Formation and the paleosol cap­
ping the Motutere Tephra Formation. The Motu­
tere Tephra, a Taupo-derived tephra first recognised 
and described by Froggatt (1981a), and similarly 
defined without reference to Okataina-source 
tephras, lies below the Hinemaiaia Tephra and 
overlies the paleosol on Opepe Tephra. Froggatt 
( 198 la) considered that both Hinemaiaia Tephra 
and Motutere Tephra were wholly airfall deposits 
in the type area. The volume of the Hinemaiaia 
Tephra is c. 3 km3 (Froggatt 1982a). New 14C dates 
of 4650 ± 80 years B.P. (NZ4574) for the Hine­
maiaia Tephra, and 5370 ± 90 years B.P. (NZ4846) 
for the Motutere Tephra, both determined on char­
coal found in the type area, were published by 
Froggatt (1981a). 

Other dates of possible relevance to these tephras 
were collated in a summary diagram by Froggatt 
(1981a, p. 103). Whakatane Ash, with ages ranging 
from 4600 to 5180 years, is shown between Wai­
mihia Lapilli and Hinemaiaia Tephra. This stra­
tigraphy, based on Vucetich & Pullar (1973), tacitly 
implies that Hinemaiaia Tephra, like Hinemaiaia 
Ash, underlies Whakatane Ash. However, Frog­
gatt's (1981 a) definition does not preclude the pos­
sibility of Hinemaiaia Tephra occurring 
stratigraphically above Whakatane Ash. Motutere 
Tephra, significantly older than Hinemaiaia Tephra 
by about 700 radiocarbon years, therefore probably 
underlies Whakatane Ash (Froggatt 198 la), as dis­
cussed later. 

Thus, at the time of publication of Froggatt's 
( 1981 a) paper, there was e~ectiv~ly no ~ew i~for­
mation regarding the stratigraphic relationship of 
the Hinemaiaia and Whakatane tephras beyond that 
of Vucetich & Pullar (1973). Moreover, Froggatt's 
caution regarding the identification of Whakatane 
Ash in the Taupo area indicates that Vucetich & 
Pullar's (1973) stratigraphy with respect to this 
tephra must be viewed as uncertain. In comparing 
the ages, and associated errors, of the Hinemaiai_a 
and Whakatane tephras, it is evident that the soli­
tary 14C date on the Hinemaiaia Tephra (Froggatt 
198 la) is indistinguishable from most of those 
available for Whakatane Ash (a few are several 
hundred years older: Grant-Taylor & Rafter I 971; 
Howorth et al. 1980). Hence, in the absence of a 
definitive section containing both tephras, a chron­
ologic separation based on the published dates is 
unjustifiable. 
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STRATIGRAPHY OF DIST AL TEPHRAS IN 
ORGANIC DEPOSITS IN EASTERN AND 
NORTHERN NORTH ISLAND 

Previous studies at Tiniroto and Poukawa (Fig. I) 
have reported the occurrence of an unc?i:elated 
rhyolitic ash layer betw~en t~e Waimihia an? 
Whakatane tephras, but its existence and stra~i­
graphic significance have. been disputed,. and i!s 
identification is problematical. However, smce this 
previous work was published: !hree. further sec­
tions or sediment cores contammg airfall t~phras 
intercalated with organic deposits have been i~ves­
tigated - at Kaipo Lagoon (Urewera Natio~al 
Park) and at Lake Rotomanuka and Lake Oko~mre 
(both in the Waikato region). In these sectio~s, 
which have a more comprehensive tephrostratig­
raphy than at Tiniroto and Poukawa, a rhyolitic 
tephra also occurs between the Waimihia and 
Whakatane tephras or within the general age range 
they span. The nature, strati~aphic_ positio~, and 
age of this tephra, and those immediat~ly _adJa~e~t 
to it, are specifically examined to estabhs~ its ongm 
and possible correlation with Hinemaiaia Tephra. 

Tephrostratigraphy 
Tiniroto 
The sequence of tephras preserved within muddy 
lacustrine sediments has been variably interpreted 
largely because of unreliable radiocarbon dating 
(Vucetich & Pullar 1964, 1973; Pullar & Heine 
1971; Howorth & Ross 1981; Kohn et al. 1981 ). 
Most studies have noted the presence of a thin (c. 
10-25 mm) rhyolitic tephra, or "ashy horizon", 
lying between the Waimihia and Whakatane tephras 
(labelled Un in column 2, Fig. 2) that has been 
assigned several names. Kohn et al. ( 1981) called 
it an "unnamed rhyolitic tephra" that "records an 
eruption from the Tau po Volcanic Zone which has 
not been previously recognised on the east coast of 
the North Island" (p. 65). This conclusion was based 
on its orthopyroxene-rich ferromagnesian mineral­
ogy, its stratigraphic position above Whakatane Ash 
( considered to be aged between 4680 ± 100 years 
B.P. (NZ1358) and 5180 ± 80 years B.P. (NZ1066)), 
and the apparent lack of any known rhyolitic erup­
tion in this time period (between Waimihia and 
Whakatane tephras). The tephra below Whakatane 
Ash at Tiniroto was correlated with Hinemaiaia Ash 
from its stratigraphic position and mineralogy, and 
its age was estimated at between 4680 ± l 00 years 
B.P. (NZl 358) and 6345 ± 130 years B.P. (NZ427). 

In contrast, Howorth & Ross (198 l) dismissed 
the "ashy horizon" as being of no stratigraphic 
importance due to its occurrence in one core only 
and within sediments described as badly slumped. 
The tephra below Whakatane Ash was identified 

as Hinemaiaia Ash (column I. Fig. 2) and assigned 
an age of c. 5500 yea~s old (based on correlauon 
with a tephra in a s1m1lar strat1graph1c posltlon at 
Poukawa: Howorth et al. 1980). 

Poukawa 
The stratigraphy of the Holocene tephras preserved 
in peats and lake sediments at Poukawa has been 
described by Pullar ( 1970), Howorth et al. ( 1980). 
and B. P. Kohn, V. E. Neall & R. B. Stewart 
(unpublished manuscript, _Y_. E. Neall pers comm.). 
The last workers, as at Tmiroto, recorde? _at Po_u­
kawa a thin (c. 10 mm) "unnamed rhy?ht1c w~1te 
coarse ash" lving below Waimihia Lapilh and Just 
above Whak~tane Ash (column 4, Fig. 2). It was 
14c dated from peat above at 4220 ± 60 years B.P. 
(NZ3 l 60) and below at 4800 ± 50 years B.P. 
(NZ3 l 6 l ). The tephra below Whakatane Ash was 
identified as Hinemaiaia Ash. 

Howorth et al. ( 1980) did not record any tephra 
layer between Waimihia and Whakatane tephras at 
Poukawa. Whakatane Ash was dated between 4600 
+ 90 (NZ3948) and 4640 ± 90 (NZ3949) years 
B.P.; the tephra below was identified as Hme­
maiaia Ash with 14C dates of 5680 + 130 (NZ3950) 
years B.P. (above) and 5370 ± 90(NZ3951) years 
B.P. (below) (column 3, Fig. 2). However, Froggatt 
(1981 a) concluded that this tephra was probably a 
correlative of Motutere Tephra (dated at 5370 ± 
90 years B.P. (NZ4846) near the source), and this 
correlation presumably also applies to the tephra 
identified as Hinemaiaia Ash by Kohn, Neall & 
Stewart at Poukawa. 

Kaipo Lagoon 
Kaipo Lagoon is a montane peat bog located near 
Lake Waikareiti, north of Lake Waikaremoana. 
Kaipo Stream, draining the bog, has exposed a 3 
m section at its western end (Fig. I) that shows 
interbedded tephras and peats overlying material 
dated at about 11 000 years old (Lowe & Hogg 
1986). At a depth of about I m is a 5-10 mm layer 
of white pumiceous ash (labelled HmT in Fig. 2). 
It underlies Waimihia Lapilli and overlies, within 
2-3 cm, Whakatane Ash. It has a modal ferrom­
agnesian mineralogy (2-4q, fraction) of 95% ortho­
pyroxene and 5% clinopyroxene (based on point 
count). This composition indicates a Taupo source 
(Froggatt 1981 b). The Whakatane Ash was iden­
tified by its characteristic cummingtonite-domi­
nated (65%) ferromagnesian mineralogy (Kohn & 
Glasby 1978; Howorth et al. 1980) and its age (Fig. 
2). The difference in mineralogy indicates that the 
white ash layer cannot be a disturbed fragment 
derived frortl the Whakatane Ash. The Waimihia 
Lapilli was identified by its field characteristics. its 
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orthopyroxene-dominated ferromagnesian 
mineralogy (100%), and a carbon date of 3250 ± 
70 years B.P. (Wk498)* (Fig. 2; Lowe & Hogg 1986). 
It is most unlikely that the white ash has derived 
from reworking of the overlying Waimihia Lapilli, 
being separated from it by a generally uniform 25-
30 cm thickness of peat. 

The white ash layer can be traced as a discrete 
bed c. 20 m along the exposure of peat. The 14C 
dates of 4490 ± 60 years B.P. (Wk496) and 4530 
+ 60 years B.P. (Wk497) were obtained on sam­
ples c. 2 cm thick taken from beneath the tephra 
at two sites c. IO m apart on the section face. These 
dates apply equally to the white ash and to Whaka­
tane Ash because the samples spanned the entire 
layer of peat between the tephras. The date of 4860 
± 70 years B.P. (Wk501) here gives a maximum 
age of the Whakatane Ash (Fig. 2). The dates from 
Kaipo are consistent with minimal mixing in the 
section, further indicating that the white ash layer 
has not been reworked (Lowe & Hogg 1986). 

Lake Rotomanuka 
Lake Rotomanuka is a shallow ( < 8 m) lake located 
adjacent to the Moanatuatua bog near Ohaupo 
about 15 km south of Hamilton (Fig. 1). It was 

*Wk = University of Waikato Radiocarbon Dating 
Laboratory number (Hogg 1982). 

Sig. 5• 

for:med when a valley was dammed by alluvium 
(Hinuera Formation) at least 17 000 years ago 
(Green & Lowe 1985). A series of sediment cores 
was collected using a modified Livingstone piston 
corer. The cores, up to 3.5 m long, contain numer­
ous thin, discrete tephra layers, derived from vari­
ous volcanic sources, interbedded with gyttja. Such 
tephras have been described and correlated pre­
viously ~nearby Lake Maratoto by Lowe et al. 
(1980) and Green & Lowe (1985). By virtue of its 
greater sedimentation rate, its less peaty character, 
and perhaps its slightly more southerly, nearer 
source location, Lake Rotomanuka contains a 
clearer and more detailed tephrostratigraphic record 
than Lake Maratoto, particularly in the upper one­
third of the sediment column. 

The tephrostratigraphy of part of a core from 
Lake Rotomanuka is shown in Fig. 2. A thin (3-5 
mm) white, fine ash layer (HmT in Fig. 2) occurs 
at a depth of c. 0.5 m below Taupo Pumice. It is 
straddled by andesitic tephras, probably from a Mt 
Egmont source (D. J. Lowe in prep. "Stratigraphy, 
chronology, and correlation of late Quaternary dis­
tal rhyolitic and andesitic tephras interbedded with 
organic sediments in the Waikato region, North 
Island, New Zealand"), which are dated at 3750 ± 
70 years B.P. (Wk540) and 5280 ± 80 years B.P. 
(Wk543) (Fig. 2); their ferromagnesian mineral 
assemblages are dominated by clinopyroxene 
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(augite) and hornblende in approximately equal 
amounts. The white fine ash is found in five other 
cores taken from the lake. In some of these it is 
intermixed with a contemporary, slightly coarser 
ash derived from Mt Egmont additional to those 
noted above. Neither Waimihia nor Whakatane 
tephras were identified as megascopic layers, 
although the latter may be sparsely present as 
microscopic "dust" associated with the underlying 
andesitic tephra. Because of the thinness (ranging 
from only c. 1-5 mm) of the white ash, insufficient 
ferromagnesian minerals could be extracted from 
it for an accurate point count, but both orthopy­
roxene and clinopyroxene were present. Dates of 
4490 ± 70 years B.P. (Wk541) and 4470 ± 70 years 
B.P. (Wk542) were obtained from 1-2 cm thick 
slices of gyttja taken from above and below the· 
tephra, respectively (Fig. 2). A thin, white ash layer 
of similar age (as estimated from sedimentation 
rates) and stratigraphic position is known to occur 
in at least four other lakes (Rotokauri, Ngaroto, D, 
and Mangahia) in the Hamilton area. 

Lake Okoroire 
Lake Okoroire, located about 5 km north of Tirau 
(Fig. 1), is a shallow peaty lake similar to Lake 
Rotomanuka in origin and character. Three cores, 
up to 3 m long, were taken, as at Rotomanuka 
revealing a similar tephrostratigraphy (Fig. 2). A~ 
unnamed white fine ash layer (HmT in Fig. 2) 
occurs c. 0.3 m below Taupo Pumice and is under­
lai11: by Whakatane Ash and overlain by an Egmont­
denved tephra, each within c. I cm of it in the 
core. ~he white fine ash layer, 8-10 mm thick, was 
found m each core taken. It has a ferromagnesian 
mineralogy (2-4<j> fraction) of 87% orthopyroxene 
~ith _13% clinopyroxene. The Whakatane Ash was 
identified by cummingtonite (81 %). The andesitic 
tephra overlying the white ash contains clinopy­
roxene a?d hornblende in approximately equal 
amounts m the ferromagnesian mineral assemblage 

A l cm thick slice of gyttja between the whit~ 
fine ash and the Whakatane Ash was dated at 4260 
± 140 years B.P. (Wk662); a 2 cm thick slice below 
Whakatane_Ash was dated at 4850 ± 80 years B.P. 
(Wk660) (Fig: 2). The andesitic tephra immediately 
above the white ash layer is aged c. 4100 years based 
on the date 3?59 ± 90 years B.P. (Wk661) obtained 
3 cm above it m the core (Fig. 2). 

Glass chemistry 
Glass shards were ex!racted from three samples of 
the uncorrelat~d white ash from the Kaipo and 
Rotoma~uka sites and analysed for nine major ele­
ments usmg an electron microprobe (Table 1). The 
results show that each of the tephra layers sampled 

is homogeneous, as indicated by the generally low 
standard deviations (cf. Froggatt & Gosson 1982. 
p. 10); sample I shards have the smallest, and sam­
ple 3 shards the greatest. variance. The composi­
tions are remarkably similar to one another (Fig. 
3A), as demonstrated by the similarity coefficients 
of the sample-pair histograms (Fig. 3B) whose 
values, near 1.0, lie within the range that typically 
indicates an origin from a single emplacement unit 
(Borchardt et al. 1972; Sama-Wojcicki et al. I 984; 
Davis 1985). The small coefficient of variation (CV) 
values ( < 6.0) similarly indicate a close chemical 
match (Borchardt et al. 1971; Froggatt 1983). 

The analyses confirm that the white ash is rhyol­
itic in composition, and favour an origin in the 
Taupo Volcanic Centre (Table I, Fig. 4). All Taupo­
derived tephras of Holocene age apparently have 
similar major element compositions (exemplified 
by Motutere Tephra in Table 1), and most appear 
chemically indistinguishable from one another on 
this basis (Froggatt 1981 b, 1982b; see also glass 
analyses in Ewart 1963 and Froggatt 1983). How­
ever, they are quite distinct from many of the Oka­
taina-derived tephras (e.g., Whakatane Ash, Table 
1), as illustrated in Fig. 4 for CaO and FeO (see 
also glass analyses in Cole & Nairn 1975 and Kohn 
1979). (The Holocene Taupo-derived tephras also 
contain more Al20 3, TiO2, and MgO, but less K10, 
than the Okataina-derived tephras.) 

CORRELATION OF THE UNNAMED 
RHYOLITIC TEPHRA WITH 
HINEMAIAIA TEPHRA AND 
STRATI GRAPHIC IMPLICATIONS 

Th~ occurrence of the unnamed rhyolitic tephra at 
Kaipo, Okoroire, and Rotomanuka as a distinct 
str_atigraphic unit supports the arguments for its 
existence as a genuine primary tephra at Tiniroto 
and Poukawa. Moreover, in considering all sites, 
the tephra manifestly has many features in 
common. 

(I) It is white with comparable grain size (fine 
to coar~e ash)_ and thickness (av. c. 10 mm) 
compatible with a distal location. 

(2) It has an orthopyroxene-dominated ferrom­
a~esian mineralogy (demonstrated for four 
sites) indicative ofa Taupo Volcanic Centre 
source. 

(3) It has a radiocarbon age of between c. 4200 ;f d c. 4800 years (av. c. 4500 years: Table 

(4) It _occupies a similar stratigraphic position 
(Fig. 2): at Kaipo, Poukawa, and Tiniroto 
the _te~h~ occu_rs. stratigraphically below the 
Wa1mih1a Lapilh and just above Whaka-



214 

Lowe-Revision of Hinemaiaia Tephra Fmn 

Table I Chemical analyses of glass from the unnamed white ash, Motutere Tephra, and Whakatane Ash, as deter­
mined by electron m1croprobe*. The analyses are normalised to 100% loss free. 

White ash 

2 3 4 5 6 

SiO, 76.90 (0.23) 76.97 (0.57) 77.04 (0. 77) 76.97 (0.52) 77.01 (0.22) 78.41 (0.24) 
Al,O, 12.99 (0.10) 13.01 (0.27) 12.75 (0.38) 12.92 (0.28) 13.18 (0.1 I) 12.41 (0.15) 
TiO, 0.19 (0.03) 0.17 (0.04) 0.17 (0.02) 0.18 (0.03) 0.16 (0.01) 0.12 (0.03) 
FeOt 1.60 (0.08) I. 75 (0.13) 1.61 (0.15) 1.65 (0.13) 1.62 (0.08) 0.78 (0.11) 
MnO n.d. n.d. n.d. n.d. 0.08 (0.04) 0.12 (n.d.) 
MgO 0.17 (0.02) 0.17 (0.04) 0.14 (0.06) 0.16 (0.05) 0.19 (0.03) 0.10 (0.01) 
CaO 1.30 (0.07) 1.37 (0.16) 1.22 (0.17) 1.29 (0.15) 1.30 (0.04) 0.67 (0.05) 
Na,O 3.75 (0.12) 3.53 (0.11) 3.89 (0.22) 3.73 (0.20) 3.59 (0.08) 3.77 (0.08) 
K,O 2.99 (0.04) 2.92 (0.12) 3.08 (0.37) 2.99 (0.22) 2.88 (0.08) 3.62 (0.09) 
Cl 0.11 (0.02) 0.11 (0.02) 0.10 (0.03) 0.10 (0.03) n.d. n.d. 
Water:j: 2.50 (0.96) 2.10 (3.23) 1.25 (0.71) 2.00 (1.93) 1.79 ( 1.66) n.d. 
n 13 10 10 33 9 20 

I = white ash, Kaipo Lagoon; 2 = white ash, Lake Rotomanuka (core A); 3 = white ash, Lake Rotomanuka (core 
D); 4 = mean of all analyses 1-3 ( = Hinemaiaia Tephra in this study); 5 = Motutere Tephra (lower unit, Opawa 
Rd: analyses from Froggatt 1982b, p. 320); 6 = Whakatane Ash (analyses from P. C. Froggatt pers. comm. 1984). 

n = number of analyses in mean (each analysis was done on a different shard); numbers in parentheses are I standard 
deviation. n.d. = not determined or unavailable. Note that analyses on Hinemaiaia Tephra from the Taupo area 
are not currently available. 

*Glass shards in the 2-4<j> size fraction were analysed using a JEOL JXA-733 SUPERPROBE at Victoria University 
of Wellington (Froggatt & Gosson 1982). Analytical conditions were as described in Froggatt (1982b, 1983) includ­
ing a IO µm beam diameter, an 8.0 nA beam current, and peak counts of 3 X 10 s (meaned). Repeated analysis 
of glass standards (KN-18 comendite glass; VG-99 basaltic glass) gave a check on probe calibration and operation. 
Some samples showed slight Na loss ( < I wt% oxide), probably due to volatilisation or electron-induced Na+ 
migration (Federman & Carey 1980; Froggatt 1983), and only moderate precision for SiO2, as may occur in probing 
glasses (e.g., Smith & Westgate 1969). 

t All Fe calculated as FeO. 
tWater by difference. 

Fig. 3 Chemical composition of 
the "white ash" glass shown as 
arbitrary ratios to (A) Yellow­
stone rhyolitic glass standard VG-
568, (B) histograms of absolute 
difference between sample pairs 
where the plot 1-2 compares sam­
ples I and 2, and so on. 

A 2 3 
012301230123 

Si02 

Al 2 0, 

Ti02 

Fe0 1 

MgO 

CaO 

Na,O 

K20 

CI 

Ave ratio 
to VG·568: 1.77 

a Total Fe as FeO 

1.76 1.63 

B 1-2 

Si0, 

Al203 

Ti02 

FeO' 

MgO 

Cao 

Na, 0 

K20 

Cl 

LJ3 

Ave fl : 0.07 

~~:ft. : 0.96 
CV ' 3.9 

2·3 
LJ3 

0.13 

0.93 

5.5 

1-3 
0 0.3 ,__.. 
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Ave & = average difference in ratios; Sim. Coeff. = similarity coefficient. for 
sample pair using all elements analysed (Borchardt et al. 1972); C'( = coefficient 
of variation (Borchardt et al. 1971) (see text). Samples are: 1, Ka1po La~oon; 2, 
Lake Rotomanuka (core A); 3, Lake Rotomanuka (core D)_. J'.!ote_: The wh1~e ash­
Whakatane Ash sample pair (analyses 4 & 6, Table I) s1m1lanty coefficient = 
0.75, CV = 18.4. 
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Fig. 4 Plot of CaO versus FeO 
(total) in glass of some late 
Quaternary tephras derived from 
Taupo or Okataina sources. The 
"white ash" samples (Hm) from 
Kaipo and Rotomanuka have a 
Taupo rather than Okataina affin­
ity. and are considered to be cor­
relatives of Hmema1a1a Tephra. 
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All analyses were by electron microprobe as described in Ta~le _1; bars represent 
1 standard deviation from the mean (dots). Tephra abbreviations an~ sample 
details (lake and core, number of shards analysed) are: Tp, Taupo Pumice (Lake 
Rotomanuka core A, 10); Mp, Mapara Tephra (Lake D core 2, 9) (NZMS 260 
grid ref. S14/072893); Wo, Whakaipo Tephra (L. Rotomanuka core A, 11); Hm, 
white ash (=Hinemaiaia Tephra) (column 4, Table I); Mt, Motutere Tephra 
(column 5, Table !); Op, Opepe Tephra (L. Rotomanuka core A, 7) [all from 
Taupo Volcanic Centre]; Wk, Whakatane Ash (column 6, Table 1); Ma, Mamaku 
Ash (L. Rotomanuka core A, 14); Rm, Rotoma Ash (L. Rotomanu~a core C, 
10)· Wh Waiohau Ash (L. Rotomanuka core A, 10); Rk, Rerewhakaa1tu Ash (L. 
Roioma'nuka core A, 10); Ok, Okareka Ash (L. Rotomanuka core A, 9) [all from 
Okataina Volcanic Centre]. 

tane Ash; at Rotomanuka it is straddled by 
andesitic tephras dated at 3750 years (above) 
and 5280 years (below); at Okoroire it 
underlies a c. 4100 year old andesitic tephra 
and closely overlies Whakatane Ash. 

(5) The glass shards of samples from Roto­
manuka and Kaipo are chemically indistin­
guishable from one another and have major 
element concentrations typical of Taupo­
derived Holocene tephras (Table l, Fig. 4). 

These stratigraphic, chronologic, and composi­
tional similarities together indicate that at all five 
sites the unnamed rhyolitic tephra is the equivalent 
eruptive unit, and, furthermore, that it is a distal 
correlative of Froggatt's ( 198 la) Hinemaiaia 
Tephra. Based on this identification, and with both 
tephras occurring together at four of the five distal 
sites, it becomes obvious that Hinemaiaia Tephra 
stratigraphically overlies Whakatane Ash. The 
tephra originally identified as Hinemaiaia Ash at 
Poukawa and Tiniroto, and underlying Whakatane 
Ash, is probably Motutere Tephra. These previous 

identifications as Hinemaiaia Ash, although strictly 
correct in terms of the definition of Vucetich & 
Pullar (1973), are now obsolete in view o~ Fro~­
gatt's (198 la) redefinition and the findings m this 
study. 

The correlation of the unnamed rhyolitic tephra 
with Hinemaiaia Tephra allows revision of the 
radiocarbon dates pertaining to it and the closely 
associated Whakatane Ash, and a reconsideration 
of the distribution pattern of Hinemaiaia Tephra 
in the North Island. 

CHRONOLOGY OF THE HINEMAIAIA AND 
WHAKATANE TEPHRAS 

Radiocarbon dates relevant to the Hinemaiaia 
Tephra and Whakatane Ash are summarised in 
Table 2 and Fig. 5. Four of the dates are deliber­
ately listed in both parts of the table because they 
apply equally to both tephras. This duality arises 
because the samples taken for dating bridged the 
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Table 2 Summary of radiocarbon dates relevant to Hinemaiaia Tephra or Whakatane Ash. 

Dating 
laboratory 
number' 

Age (years B.P.) 

Old half-life 

HINEMAIAIA TEPHRA 
Abm·e' (mean = 4360) 
NZ3 I 60 4220 + 60 
Wk54 I 4490 ± 70 

Below (mean = 4530) 

New half-life 

4340 + 70 
4620 ± 70 

NZ3161 4800 + 50 4940 + 60 
NZ4574 4650 + 80 4780 + 90 
Wk496 4490 + 60 4620 + 60 
Wk497 4530 + 60 4660 ± 60 
Wk542 4470 ± 70 4600 + 70 
Wk662 4260 ± 140 4390 + 150 

Sample 
material2 

p 
G 

p 
C 
p 
p 

Location 
and 

reference3 

Poukawa (a) 
Rotomanuka (b) 

Poukawa (a) 
Near Opawa Rd, Taupe (c) 
Kaipo (b) 
Kaipo (b) 
Rotomanuka (b) 
Okoroire (b) 

Mean age for Hinemaiaia (n = 8): 4490 (std. error ± 

G 
G* 

140 at p 0.05) 

WHAKA T ANE ASH 
Above (mean = 4540) 
NZ3161 4800 + 50 
NZ3948 4600 + 90 
Wk496 4490 + 60 
Wk497 4530 + 60 
Wk662 4260 ± 140 

Below (mean = 4930) 
NZ426 5085 + 102 
NZI066 5180 + 80 
NZ1358 4680 + 100 
NZ3162 5210 + 80 
NZ3949 4640 + 90 
Wk501 4860 + 70 

4940 + 60 
4740 + 90 
4620 + 60 
4660 + 60 
4390 ± 150 

p 
p 
p 
p 
G 

cw 
C 
C 
p 
p 
p 

Poukawa (a) 
Poukawa (d) 
Kaipo (b) 
Kaipo (b) 
Okoroire (b) 

Terraces pumice pit, Taupo (e) 
Haumia Rd, Galatea (e) 
Mt Haroharo (f) 
Poukawa (a) 
Poukawa (d) 
Kaipo (b) 

Wk660 4850 + 80 
Mean age for Whakatane-(n = 

5240 + 110 
5340 + 80 
4820 + 100 
5370 + 90 
4770 + 90 
5000 + 70 
4990 + 80 

12): 4770 (std. error ± G * 170 at p 0.05) 
Okoroire (b) 

1NZ = New Zealand Radiocarbon Dating Laboratory (Lower Hutt); Wk = University of Waikato Radiocarbon 
Dating Laboratory (Hamilton). 

2C = charcoal; P = peat; G = gyttja (organic lake sediment); CW = charred wood. 
3a = B. P. Kohn, V. E. Neall & R. B. Stewart (unpublished); b = this study; c = Froggatt (1981a); d = Howorth 

et al. ( 1980); e = Grant-Taylor & Rafter ( 197 I); f = Goh & Pullar ( 1977). 
•Sample position with respect to tephra (NZ1358 within deposit). 

two closely spaced tephras. That Whakatane Ash 
is older than Hinemaiaia Tephra is now unques­
tioned because of its established lower stratigraphic 
position. However, the magnitude of the age differ­
ence is less certain because of the various uncer­
tainties in the radiocarbon dating method (Hogg 
1982) and possible errors related to variations in 
sample thickness, position, or type of material being 
dated. Although there are variations amongst the 
dates in relation to each tephra, a t-test comparison 
of them nevertheless shows that the mean age for 
Hinemaiaia Tephra (4490 years) is significantly 
younger, at a 95% significance level, than that of 
Whakatane Ash (4770 years). The difference 
between the means is 280 years; the standard errors 
indicate that, at p = 0.05, the actual difference may 

* See Postscript to this paper 

be several hundred years greater or less than this 
figure. A more precise estimate of age difference 
may be difficult to attain by the 14C method because 
the errors associated with the dates ultimately limit 
its resolution (Table 2, Fig. 5). However, more 14C 
dates from reliable samples may help to resolve 
some of the discrepancies evident in Fig. 5.* 

Because Whakatane Ash consists of multiple 
eruptive units in the Rotorua area (Vucetich & Pul­
lar 1964), it is conceivable that one or more of these 
units may yet be found to overlie Hinemaiaia 
Tephra, perhaps at sites proximal to their Okataina 
source. This possibility clearly requires that the 
uppermost Whakatane Ash eruptives are several 
hundred years younger than the lowermost ones. 
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Fi 5 Comparison of radiocarbon dates (old T½) that apply to Hinemai'.'-ia Tephra or ':"hakatane Ash (from Table 
2) gThe dates show considerable variation when their error terms are constdere~. The sohd bars ~eprese~t- I stand~rd 
d~viation the open bars 2 standard deviations. The dates are arranged accordmg to their samplm~ posrnon rela~ve 
to the Hi~emaiaia or Whakatane tephras: A, samples above Hinemaiaia Tephra; B, samples below Hm~ma1a1~ :rep ~ 
or above Whakatane Ash, or both (NZ3948 applies to Whakatane only, NZ4574 and Wk542 to Hmema1a1a only, 
the rest apply to both tephras); C, samples below Whakatane Ash. 

DISTRIBUTION OF THE HINEMAIAIA 
TEPHRA 

The Hinemaiaia Tephra probably originated from 
the vicinity of a submerged dome-like feature in 
the southeastern part of Lake Taupo (Froggatt 
1981 a; Fig. 6). The tephra is about 65 cm thick at 
its type section (c. 10 km from the postulated vent), 
and probably has a near-source isopach distribu­
tion pattern very similar to that shown for Motu­
tere Tephra (Froggatt 1981 a, p. I 02) or Hinemaiaia 
Ash (Vucetich & Pullar 1973, p. 761). However, its 
demonstrated occurrence at the five widely sepa­
rated sites in Hawke's Bay, Gisborne, eastern Bay 
of Plenty, and the Wai1~ato, between 110 and 155 
km from the source, shows that it is a much more 
widespread tephra than previously mapped. This 
adds support to the studies on other plinian depos­
its that have indirectly deduced much larger dis­
persion areas than their isopachs indicated (e.g., 
Walker 1980, 1981 b). Because the eruption of 
Hinemaiaia Tephra apparently lacked an ignim­
britic component (Froggatt 198 la; cf. Vucetich & 
Pullar 1973), the distal deposits studied here pre-

sumably derive from plinian fallout rather than co­
ignimbrite ash fallout. The occurrence of Hine­
maiaia Tephra in the Waikato area, well upwind 
of the vent, and the roughly circular shape of the 
tentative 10 mm isopach in Fig. 6, suggests that it 
may also be found in suitable sediments in the 
Wc:nganui and Taranaki regions. Assuming an 
exponential decrease in thickness (Froggatt 1982a}, 
the Hinemaiaia Tephra is likely to be only a few 
millimetres thick at distances of c. 200-250 km 
from Lake Taupo. 

Dispersive power 

The area, D, enclosed by the 0.0 l T MAX isopach 
(where T MAX is the maximum thickness of the 
deposit) is indicative of the dispersive power of an 
eruption (Walker 1973, 1980). Assuming that T MAX 

for Hinemaiaia Tephra is similar to its type section 
thickness of c. 650 mm (it may be a little more or 
less than this, allowing for the uncertain vent posi­
tion}, then the c. IO mm isopach in Fig. 6, admit­
tedly based on sparse data, may be regarded as a 
crude approximation of the 0.0 IT MAX isopach (i.e., 
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Fig. 6 Possible distal distribution of the Hinemaiaia 
Teph_ra. Th_e _dashed line is a tentative c. 10 mm isopach 
of Hmema1a1a Tephra based on its estimated thickness 
at the five sites as indicated. Isopachs (in millimetres) 
around Lake Taupo are of the Hinemaiaia Ash (Vucetich 
& Pullar I 973, _p. 761). Hinemaiaia Tephra's probable 
source location m Lake Taupo is indicated by an asterisk 
(Froggatt 198 la). 

c. 6.5 mm). On this basis, and using a circular dis­
tribution of radius 110 km, a D (dispersal index) 
value of about 40 000 km2 is obtained. Even if this 
figure is overestimated by 25%, comparison with 
D values in the literature (Nairn 1980; Walker 1980, 
1981 b) suggests that the Hinemaiaia Tephra rep­
resents an "above average" plinian event of com­
parable ranking to the Waimihia Lapilli eruption 
(D ::::: 30 000 km2), being surpassed only by the 
Taupo Pumice ultraplinian eruption (D ::::: 100 000 
km2). The Hatepe Lapilli eruption (D ::::: 10 000 
km2) represents an "average" plinian event (Walker 
1980), as presumably does the Rotorua Ash erup­
tion (D ~ 10 000 km 2: Nairn 1980). The impli­
cation is that the Hinemaiaia Tephra eruption was 
extremely powerful and had a very high eruptive 
column (possibly between 30 and 50 km, and with 
an extensive plume) because the dispersal area is 
mainly a function of the column height and the 
atmospheric wind regime (Walker I 973, 1981a; 
Wilson et al. 1978). The generally fine ash size grade 
and the low phenocryst content of Hinemaiaia 
Tephra at its distal localities supports the deduc­
tion of such a high eruption column (Walker 1980, 
I 981a). 

Walker ( 1981 b, p. 323) commented that it was 
remarkable that the two latest major eruptions 
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(Taupo, Waimihia) from the Taupo Volcanic Centre 
produced exceptional plinian deposits. From the 
above inf~rence~ '.egarding the above average sta­
tus of Hmemaiaia Tephra, it seems that such 
exceptional plinian eruptions are perhaps not so 
rare. 

CONCLUSIONS 

T~e stra_ti~raphic and chronologic relationships of 
Hmemaia1a Tephra and Whakatane Ash, uncertain 
from prior studies in the Taupo area, have been 
resolved thr<?u~h the ex~mination of distal tephras 
preserved w1thm orgamc deposits at five sites in 
eastern and northern North Island. The existence 
of a disputed unnamed rhyolitic tephra, previously 
reported between the Waimihia and Whakatane 
!ephras at two o[the sites (Tiniroto and Poukawa), 
1s confirmed by its _unequivocal occurrence as a pri­
mary tephra deposit at the_ other three sites (Kaipo, 
Rotomanuka, and Okoro1re). Based on its strati­
gr~phic position, composition (ferromagnesian 
mmeralogy and glass chemistry), and 14C chronol­
ogy, this tephra, derived from the Taupo Volcanic 
Centre, is established as a distal correlative of 
Hinemaiaia Tephra (as defined by Froggatt 1981a). 
It stratigraphically overlies Whakatane Ash at all 
of the sites except Rotomanuka where the latter 
tephra is not evident as a megascopic layer. The 
tephra previously identified as Hinemaiaia Ash 
(foll<;>V.:-ing the definition ofVucetich & Pullar 1973) 
at Tm1roto and Poukawa, and underlying Whaka­
tane Ash, is probably Motutere Tephra (Froggatt 
198 la). 

Th~ 10 new 14C dates obtained on peat or gyttja 
associated with the Hinemaiaia and Whakatane 
tephras permit revision of their eruption ages: 
Hinemaiaia Tephra has a mean age of c. 4500 years, 
Whakatane Ash c. 4800 years, with standard errors 
near c. 150 years (Table 2). The Motutere Tephra 
has a mean age o~ c. 5400 years (Froggatt 1981a). 

Based on the distal occurrences described here 
th_e Hinemaia_ia !ephra has a considerably mor; 
widespread d1stnbution, probably from coast to 
coast across central North Island, than previously 
mapped. Such a large dispersal area for this tephra 
(perh~ps of the order o_f 104 km2) as a sheet-forming 
deposit suggests that 1t may have been deposited 
by a very powerful, above average plinian event 
(Walker 1980) with an eruption column probably 
exceeding 30 km in height. 
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Postscript to Paper 6 

The mean ages calculated in Table 2 are arithmetic means of the old half­

life ages. The standard errors (at 95% confidence limits) are derived from 

these means (e.g., Loveday 1968) • h , i.e., t e dating laboratory counting errors 

( = 1 standard deviation - see Paper 8) have not been taken into account. 

Mean ages that incorporate these laboratory counting errors are "error 

weighted" or "pooled" means, and are calculated as shown on the next page 

(Gupta & Polach 1985). The mean dates given in Table 2 may be recalculated 

using this method as follows: 

HINEMAIAIA TEPHRA 

Samples above tephra (n 
Samples below tephra (n 

All samples (n 

WHAKATANE ASH 

Samples above tephra (n 
Samples below tephra (n 

AU scunples (n 

= 2) 
= 6) 

8) 

= 5) 
7) 

= 12) 

Pooled mean (t) 
p 

4336 
4596 

4528 

4612 
4942 

4766 

Error (o t) 
p 

46 
27 

23 

30 
32 

22 

The pooled mean ages for Hinemaiaia and Whakatane tephras are similar to 

to those calculated in Table 2. The pooled mean errors generally decrease 

as n increases because of the better counting statistics. However, as exemp­

lified in Fig. 5 (which incorporates the dating laboratory counting error 

terms),Chi-square tests on these means show very high T values (defined over 

page), hence the individual values differ significantly. 
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calculation of pooled means and errors (from Gupta & Polach 1985, p.141) 

For the general case of more than two values we proceed as fol lows 

Firstly calculate the pooled mean (tp) and 1ts error (&tp) as below 

tp = r rt/(6 t;>2 11 L 1 t(6 t;>2 
6 tp = ± ./[ 1 /I( 1 / 6 ti )21 

Eqn (6.7) 
Eqn (6.8) 

Where t- .st- t 6t are as defined before and summation is over the 
I' I' p, p 

number of ages pooled (n) 

Next we calculate the test statistic (T), and use the simplified formula 

as given by 

Eqn (6.9) 

(T) has a chi-squared distribution with (n - 1) degrees of freedom Ir the 
value of (T) is less than the tabulated chi-square value at the chosen signi­
ficance level then we accept the hypothesis that the results are statistically 
indistinguishable. The pooled mean (tp) and its error (6tp) can then be 

accepted as valid. 

For example, we have four dates: (4900 ± 100), (4700 ± 90), (4800 ± 70) and 

(5100 ± 200) 

[4900/ 1002 + 4700/902 + 4800/702 + 5100/2002] 

[ 1/1002 + 1 /902 + 11702 ♦ 1 /2002] 
= 4811 yr 

1 

6t = ±./[ 111002 • 11902 + 1 no'2 + 1120021 
= ±47 yr 

degrees of freedom are 3 and the statistics 

( 4900-481 1 )2 (4700-481 1 >2 (4800-481 1 )2 (5100-481 I )1 
T =----- + ♦-----♦-----

ga2 2002 
= 4.43 

To test the hypothesis that the results are distinguishable from each 
other at SX confidence level we look In table Chi-square (0.05, 3) c 7.82; 
since this Is more than the computed value or statistics CT), we reject the 
p~stulated hypothesis and accept the hypothesis that the results are lnslgnl­
r1cantly dlff erent from each other at 957' confidence level and calculat 
mean age or 4811 t 47. ea 



PAPER 7 

Notes on the stratigraphy, chronology, and correlation of tephras 

in Lake Waiatarua (Lake St. Johns), Auckland, and Lake Omapere, 

Northland. 

This paper, in preliminary form, is divided into two parts: 

Part 1, Lake Waiatarua; Part 2, Lake Omapere. A location map for 

both sites is given in Fig. 1. 
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Part 1. 

Tephrostratigraphy of f · a core rom Lake Wa1atarua (Lake St. Johns), Remuera, 

Auckland. 

INTRODUCTION 

Lake Waiatarua (also known as Lake St. Johns) was probably formed by 

damming of local drainage by a basaltic lava flow from Mt. Wellington 

volcano (Fig.IA) c.9000-9300 years ago (Searle 1962; Kermode 1983; Lowe & 

Green 1987). The lake has since been drained (drainage works began in the 

1920s) and part of it is now used as a golf course. Dr M.S.McGlone (Botany 

Division, DSIR, Christchurch) took a core of the lake sediments in 1982 

(core X82/11), and asked me to identify the thin tephra layers contained in 

the sediments (Fig.2). 

TEPHRA CORRELATION AND AGES 

The tephras are identified chiefly from their dominant 

ferromagnesian mineralogy (Table 1) and their stratigraphic relationships. 

1. Tuhua Tephra (derived from Mayor Island; Hogg & McCraw 1983) is 

characterised by its unique aegirine-dominated ferromagnesian mineralogical 

assemblage, and has been dated at c.6200 years B.P. (old T½ ) (Lowe et al. 

1980; Buck et al. 1981; Hogg & McCraw 1983). 

2. Rotoma Ash (sample 2, Table 1) contains abundant cummingtonite, 

which is diagnositic of a source in the Haroharo Complex, Okataina Volcanic 

Centre (Ewart 1971). The occurrence of this tephra stratigraphically below 

the Tuhua Tephra shows that it cannot be Whakatane Ash, the only other 

Holocene tephra containing abundant cummingtonite (Lowe 1986). (The 

possible presence of Rotoehu Ash, aged c.50 000 years B.P., is untenable 
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Fig.1. A. Location of (drained) Lake Waiatarua in Auckland City in 

relation to Mt. Wellington volcano and lava flows (after Kermode 1983). 

5 

B. Location of Lake Omapere in Northland in relation to volcanic rocks of 

the Kerikeri Volcanic Group (after Browne et al. 1981). Numbered volcanic 

cones or domes are: 1, Te Ahuahu; 2, Maungakawakawa; 3, Tarahi; 4, 

Waimimihi; 5, Maungaturoto; 6, Pouerua; 7, Te Pua; 8, Putahi; 9, Kaikohe 

(see also Kear 1961). Inset: O.V.C. = Okataina Volcanic Centre; T.V.C. = 

Taupo Volcanic Centre. 
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Stratigraphic Units 
:o·-. ·:.-o ... •. 
:\._"o.-·.·.q\·: /;_:_ Modem soil (fill) 
CY:.:· :O.· -~---
• • • ••. • •• _ .. _. Unconformity 

0 Olive-greenish-grey lake sediment 
z 
Q) 

a. 
E 
(13 

CJ) 

1 Grey coarse-medium ash (Tuhua T ephra) • .. ·.·.•.• .. ·.·,r-.-·.··· 
(c.50mm thick: c.6200 yr B.P.) 

: ·.·. · .. : .· .... -... · .. •. -: Pale ash in sediment (Mamaku Ash?) 
· ( c. 7000 yr B.P.?) 

.. : .. ·-.. ·: .· ..... : .·;: .... 2 White fine ash (Rotoma Ash) 
(c. 25 mm thick: c. 8500 yr B.P.) 

.- :-: .. : . : .. -. ~ ·.· .... ·.· Pale ash in sediment (Opepe Tephra? c. 8900 yr B.P.) 
5 .A Blackish-brown woody peat 

3 Black scoriaceous ash ("Mt Wellington ash") 
( c.15 mm thick: c. 9000-930Q yr B.P.) 

6 
Pinkish-brown woody organic silt with logs 

Pale greenish-grey inorganic silt 

7 

(* Wa-1, Wa-2 etc. are C-14 field sample numbers) 

Fig. 2. Stratigraphy of core (X82/11) from Lake Waiatarua, Auckland (G.R. 

NZMS260 Rll/732781). The tephra layers are shown in stipple. Estimated 

ages given on old T½ basis. Arrows indicate sampling positions for 14C 

dating (not yet determined). The core description is based on notes by 

Dr M.S. McGlone (pers. comm. 1983). 
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• • l b d ces 1 1n tephras at Lake Table 1. Dominant ferromagnes1an m1nera a un an 

Waiatarua (core X82/11). 

Tephra Sample No. Ferromagnesian silicate minerals 0paques 2 H.M. 3 

(Fig.2) (summed to 100%) 
Hyp Aug Hbe Cgt Aeg Aen Olv 0th (%) % 

Tuhua 1 2 2? 3 73 4 3 17 15.6 1. 3 

Rotoma 2 10 2 2 79 7 48.4 1.4 

"Mt. We 11 i ngton " 3 2 10 22 66 12.0 54.3 

1. Determined by point-count of the 2-4 <f> size fraction of the heavy 
mineral assemblage (~2.95 g.cm- 3 ). Between 150 and 400 grains were 
counted in each sample. 

2. Proportion of opaque minerals (mainly Fe-Ti oxides) in the 2-4<t> heavy 
mineral fraction (may include some v. dark aegirine crystals in Tuhua 

Tephra) (point-count). 

3. Abundance of heavy minerals in the total 2-4<t> fraction (by weight). 
Hyp = Hypersthene; Aug= Augite; Hbe = Calcic Hornblende; Cgt = 
Cummingtonite; Aeg= Aegirine; Aen = Aenigmatite; Olv = Olivine; 0th= 
other minerals (includes zircon and apatite in sample 2; includes dark, 
partly altered, glassy, ferromagnesian-bearing scoriaceous grains in 
sample 3); - = not detected; ? = uncertain identification. 

4. Includes many acicular grains with glassy rims. 
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given that the lake was formed by the Mt. Wellington lava in Holocene 

times.) Its age is around c.8500 years 8.P. (Green & Lowe 1985). Electron 

microprobe analyses obtained on cummingtonite grains from Rotoma Ash are 

given in Table 2. 

3. The dark scoriaceous nature and the presence of olivine (Table 

1) in the lowest tephra in the core are both indicative of a basaltic 

origin. Searle (1962, fig.7) shows a thin ash cover, informally designated 

Mt. Wellington Ash. in the Remuera-Mt.Wellington district, and it is this 

ash that is likely to be represented in the core. The age is probably 

c.9000-9300 years based on three dates associated with the Mt. Wellington 

eruptions (NZ386 9315 ± 145, NZ387 9330 ± 150, NZ500 8970 ± 130 years 8.P.; 

Grant-Taylor & Rafter 1971). 

Two further tephras occur in the core, at c.3.6 m and at c.4.8 m 

(Fig.2). These were not sampled, but based on their stratigraphic position 

and the assumption that they are rhyolitic, they are probably Mamaku Ash 

and Opepe Tephra, respectively. These two tephras occur in the Waikato 

lakes as prominent, c.2-3 cm-thick layers, so their postulated occurrence 

in Auckland is tenable (see also Part 2). 

DISCUSSION 

The occurrence of the rhyolitic tephras, derived from the Okataina 

(Mamaku, Rotoma), Taupo (Opepe), and Mayor Island (Tuhua) volcanoes (Fig.1, 

inset) in Auckland City has not previously been documented. The distal 

isopachs of Mamaku, Rotoma, and Opepe are extended well beyond those mapped 

previously for these tephras (Pullar & Birrell 1973; Vucetich & Pullar 

1973). That the Tuhua Tephra is relatively thick (c.50 mm) is perhaps not 

surprising. however, because the lake site lies almost directly on an 

extension of the northwesterly-trending Axis-1 of the Tuhua Tephra eruption 

as shown in Hogg & McCraw (1983, p.182). Also, this tephra was identified 



229 

from l·ts aegirine mineralogy in a soil profile at a site in by Lowe ( 1981) 

South Auckland (Kerns Road, Pukekohe). 

Table 2. Electron microprobe analyses 1 of cummingtonite grains in Rotoma Ash 
in a core from Lake Waiatarua, Auckland. 

Analysis No. 1 2 3 4 5 6a 6b 

Si02 52.81 53.39 52.62 52.07 52.75 53.17 52.82 
Al203 1. 71 1. 32 1. 97 1. 95 1. 73 1. 53 1.48 
Ti02 0.30 0.33 0.35 0.39 0.40 0.26 0.29 
FeO* 19.26 19.97 19.81 19.56 20.15 20.26 19.64 
MnO 1. 60 1.57 1. 57 1. 72 1. 73 1. 60 1.39 
MgO 18.63 19.00 18.20 17.80 18.23 18.53 18.51 
Cao 2.22 1. 55 2.30 2.05 1. 79 1. 67 1.66 
Na20 0.53 0.38 0.59 0.52 0.44 0.47 0.43 
K20 0.01 0.01 0.01 0.03 0.03 0.00 0.04 
Total 97.07 97.52 97.42 96.09 97.25 97.49 96.26 

Cations on the basis of 23 oxygens 
Si 7.720 7.767 7.691 7.714 7.727 7.760 7.781 
Al 0.294 0.227 0.339 0.340 0.299 0.262 0.257 
Ti 0.033 0.036 0.038 0.043 0.044 0.028 0.032 
Fe 2.355 2.429 2.421 2.423 2.468 2.473 2.420 
Mn 0.198 0.193 0.194 0.216 0.215 0.198 0.173 Mg 4.060 4.121 3.966 3.932 3.981 4.032 4.066 Ca 0.347 0.242 0.360 0.325 0.281 0.261 0.262 Na 0.150 0.108 0.168 0.148 0.125 0.132 0.122 K 0.002 0.002 0.001 0.006 0.005 0.000 0.007 Total 15.159 15.125 15.178 15.147 15.145 15.146 15.120 

*Total Fe as FeO 
1. Analyses done with a Jeol 733 Superprobe at Victoria University of 

Wellington under conditions as described in Froggatt & Gosson (1982) (12 
nA beam current at 15 kV and 3 µm beam). Probe calibration checked using 
PSU 4-190 (Hornblende), PSU PX-1 (Augite), and element standards. 

2. Analyses on grain cores except 6b (rim of same grain as 6a). 
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Part 2. 

Tephrostratigraphy of cores from Lake Omapere, Northland. 

INTRODUCTION 

Lake Omapere is an 11.6 km 2 shallow lake (maximum depth 1.9 m) near 

Kaikohe, Northland (Fig.lB). Bell & Clarke (1909) and Cotton (1958) 

suggested that the lake was formed through damming of the Waitangi River by 

basaltic lava flows (Taheke Basalts) at the eastern end of the lake basin, 

probably in the late Pleistocene or Holocene (Kear 1961). 14 C dating of 

lake sediment in cores taken from the lake (Fig.3) indicate that the modern 

lake is very young (c.1000 years B.P. ), but that earlier transitory lakes 

existed periodically in the Omapere basin. These were probably shallow and 

weedy , as at present (Harper 1987). Lowe & Green (1987) suggest that the 

modern lake may have originated by siltation (blockage) of the western 

outlet (the Utakura River) as a consequence of erosion induced by 

Polynesian deforestation (cf. McGlone 1983). 

This prehistoric age supports local Maori legends. These record 

that Lake Omapere was once a "swampy plain on which five Maori villages 

stood until being flooded after a fire swept through the area" (e.g., see 

Buese 1977, p.190-193). 

CORING AND TEPHRA CORRELATION 

Nine cores were taken from 5 sites in the lake in December 1983 as 

part of a joint New Zealand-Japan project on palaeolimnology (see Lowe 

1984; Lowe & Green 1987). A generalised description of the cores is given 

in summary form in Fig.3. Six macroscopic tephras were found. Only the 

top two of these have been provisionally identified (Mamaku Ash and Rotoehu 

Ash), based on sparse ferromagnesian mineralogy, glass chemistry, and age. 
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14C dates Depth Probe 

(m) Samp~le=------------,--_____ _,No. 
1190 ! 90 Wk-625 
541 O ! 150 Wk-604 -~====l 7 Indistinct fine and medium ash 

(Mamaku Ash) 8030 ! 330 Wk-626 

>35 000 * Wk-590 

>35 000 Wk-589 

i//i://_;?·.:: 1,2 Fine ash (Rotoehu Ash) ( c.1 0 cm) 
Mainly brown 

fine gyttja 

Greasy greenish-grey clay ("amorphous') 

>35 000 Wk-588 _,_.====t 6 Fine ash 

3 

>30 000 Wk-587 --{~==""""1 3 Fine ash 

. 4 
>35 000 Wk-586 --{ .. -· ··· - - 4 Fine ash 

P="==-==1 S Fine ash 

Mainly brownish-gr~y to 
grey muddy gyttJa 

>35 000 
>35 000 
>35 000 
>30 000 

Wk-585 
Wk-581* 
Wk-583 
Wk-584 

Base of lake sediments 

.• - tJ, -

. @)_. 

-· e;':} • 

. - .. 
7-1.-------

Woody peat 

BJP-188t t 
Gritty muds with woody 
fragments and quartz-rich 

mottles (pre-lake) 

Fig.3. Generalised stratigraphy and chronology of cores from Lake Omapere, 

Northland. The 14C dates (old T½ basis) were all assayed from muddy lake 

sediment (low in C) except the lowest three which were wood samples (see 

Hogg et al. 1987 for details). 

* Samples Wk-590, -581 have also been submitted (Jan 1987) for re-counting 

by Dr H.A.Polach, Radiocarbon Research Laboratory, Australian National 

University, Canberra.(A preliminary result (provisional - not to be quoted) of 

46 900 + 1930 - 1550 years B.P. has been obtained for Wk-590 (ANU-5642).) 

t Sample BJP-188 is a wood s'ample on which an amino acid racemisation date 

is being attempted (by Dr B.J.Pillans, Victoria University of Wellington). 
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Table 3 • Electron microprobe analyses on glass shards in two tephras from Lake 
Omapere, Northland, and comparative analyses on Mamaku Ash and Rotoehu Ash 
samples from central North Island. 

Sample No. 7 1 2 Maa Reh 
(see Fig.3) (Ma?) (Re?) 

Si0 2 78.01 ( 0. 58) 78.24 (0.24) 78.26 (0.37) 78.87 (0.50) 78. 72 (0 .48) 
Al203 12.42 (0.33) 12.32 (0.18) 12.36 (0.15) 12.05 (0.17) 12.16 (0.19) 
Ti02 0.14 (0.04) 0.14 (0.03) 0.13 (0.02) 0.12 (0.02) 0.14 (0.03) 
FeO* l.ll ( 0 .13) 0.88 (0.10) 0.89 (0.07) 0.87 (0.07) 0.90 (0.08) 
MgO O.ll ( 0. 04) 0.15 (0.02) 0.13 (0.03) 0.10 (0.02) 0.13 (0.03) 
CaO 0.98 ( 0. 26) 0.87 (0.06) 0.87 (0.06) 0.69 (0.10) 0.82 (0.06) 

Na 20 3.61 (0.30) 4.07 (0.14) 3.99 (0.20) 3.80 (0.20) 3.84 (0.39) 

K20 3.43 (0.55) 3.16 (0.12) 3.16 ( 0. 41) 3.38 (0.43) 3.29 ( 0. 21) 

Cl 0.19 (0.03) 0.17 (0.06) 0.21 (0.03) 0.12 (0.02) n.d. 

Watert 6.41 (2.97) 4.36 (0.80) 5.41 ( 1. 15) 1.13 ( 1. 40) n.d. 

n 7 12 12 14 42 

Analyses normalised to 100% loss free. n = number of analyses in mean (each 
analysis done on a different shard); numbers in parentheses are 1 standard 
deviation. Analyses by JEOL -733 Superprobe at Victoria University of 
Wellington, using 8 nA beam at 15 kV defocussed to 10 µ.m or 20 µ.m (see Froggatt 
& Gosson 1982; Froggatt 1983; Green & Lowe 1985). 
Samples 7, 1, 2, and Re were analysed by Dr P.C.Froggatt, Victoria University 
of Wellington. 
* All Fe as FeO 
t Water by difference 
a Mamaku Ash (sample from Lake Rotomanuka: Green & Lowe 1985) 
b Rotoehu Ash (P.C.Froggatt, pers. comm. 1984). 
n.d. = not determined or unavailable. 
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The tephra identified as Mamaku Ash (sample 7) contains Fe-Ti 

oxides, hypersthene, calcic hornblende, augite, and zircon in its heavy 

mineral assemblage, all indicative of an Okataina origin. Its glass 

chemistry, listed in Table 3, shows relatively high standard deviations but 

is generally consistent with an Okataina source (cf. Green & Lowe 1985; 

Lowe in press). The 14 C dates above and below the tephra have large error 

limits but constrain its age at between c.5500 and c.8000 years (Fig.3). 

Mamaku Ash has been dated elsewhere at c.7000 years B.P. (McCraw 1975; 

Green & Lowe 1985), so it appears to be the most probable correlative. 

2. The tephra identified as Rotoehu Ash (samples 1.2) is c.100 mm 

thick, very compact and highly vitric. Cummingtonite predominates in the 

sparse heavy mineral suite, together with augite, Fe-Ti oxide, calcic 

hornblende, hypersthene, zircon, and apatite. The glass chemistry closely 

matches analyses on Rotoehu Ash glass samples obtained near source (Table 

3; P.C.Froggatt, pers. comm. 1984). These results, together with the age 

of >c.35 000 years B.P. obtained on sediment immediately underlying the ash 

layer, suggest that it is Rotoehu Ash. (Rotoehu Ash is probably aged 

c.40 000 - 50 000 years: McGlone et al. 1984.) Isopachs of the Rotoehu Ash 

are given in Fig.4. Lake Omapere is about 400 km from the primary eruptive vent. 

DISCUSSION 

These are the first rhyolitic tephras, other than Kaharoa Ash and 

Taupo Pumice, to be identified with some surety in Northland. However, the 

presence in Northland of late Quaternary rhyolitic tephras from central 

North Island sources has been known for many years ( r· l e.g., 1e des & 

Weatherhead 1968; J.E.Cox 1973 and pers. comm. 1984) (see also Rankin 

1973, Self 1983, and Stewart et al. 1984). Kaharoa Ash and Taupo Pumice, 

both <c.5 cm thick, were positively id t·f· d d t4c en 1 1e an dated at various 

sites in Northland by Pullar et al. (1977), following Wellman (1962). The 
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Fig.4. Isopach map of Rotoehu Ash, in mm (central North Island isopachs 

after Pullar & Birrell 1973). Tentative estimated dry land thickness for the 

Lake Omapere site is given in parentheses (adjusted for compaction and 

dissemination - see Table 2 in Paper 4). The inset shows a log-normal plot of 

isopach thickness against distance from isopach centre. Curve A= thickness as 

measured at L. Omapere; curve B = adjusted thickness. Whichever curve applies, 

the marked change in slope probably reflects a "fine tail" of "littoral co­

ignimbrite ash-fall" generated by the Rotoehu eruption (see Walker 1979). 

Alternatively, it may relate to a change in dispersal mechanism (e.g., see 

Fisher & Schmincke 1984). 



0 e cores is presumably absence of these latter tephras from the Lake maper 

due to their non-preservation or erosion. Because of such hiatuses in the 

11 analvsis, M.S.McGlone pers. comm. depositional record (shown also by po en 

incomplete record of tephra deposition in 1984), the cores provide only an 

the area. 

The four thin tephra layers older than Rotoehu Ash (samples 3-6, 

Fig.3) are uncorrelated as yet. They are rhyolitic and probably derived 

from central North Island caldera volcanoes. Similar relatively thin 

tephras aged between c.50 000 and c.80 ODO years are recorded in sediments 

at Mahia Peninsula, East Coast (Berryman & Hull 1984, p.84). 

is in progress (D.J. Lowe & P.C.Froggatt in prep). 
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t Chemistry Department 

INTRODUCTION 

The radiocarbon dating laboratory at Waikato was established in 1975, 

primarily as a research tool in the fields of geomorphology, volcanology, 

tephrostratigraphy, coastal studies and paleolimnology, to cope with the 

increasing supply of late Quaternary lake sediment, wood, peat, and shell 

samples submitted by University staff and postgraduate students undertaking 

research in the North Island of New Zealand. The method employed is 

scintillation counting of benzene using the procedures and vacuum systems 

designed by HA Polach for the Australian National University (ANU) 

Radiocarbon Dating Research Laboratory (Hogg, 1982). This date list reports on 

samples submitted by University of Waikato researchers and assayed in the 

Waikato laboratory mainly between 1979 and 1985. Other dates on material 

submitted by individuals working in other organisations in New Zealand, and 

overseas, are to be reported later. 

When necessary, combustible samples are boiled in both dilute NaOH and 

dilute tt3 Po4 to remove humic acid contaminants and inorganic carbon. Carbonate 

samples are leached in dilute HCl, dried, crushed and analysed by XRD methods 

to determine the relative proportions of calcite and aragonite. Benzene is 

synthesised using the three well established chemical steps : oxidation of 

sample carbon to carbon dioxide, conversion to acetylene and catalytic 

trimerisation to benzene (eg Noakes, Kim & Stipp, 1965; Polach & Stipp, 1967; 

Polach, Gower & Fraser, 1972; Tamers, 1975). Carbon dioxide is generated by 

combustion in a silica combustion tube, and purified using a purification 

2 42 
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0 h CuO (600oC), KI in 1 2 , Hg(N0 3 ) 2 , and chromic acid. 
train including AgN 3 , ot 

The co2 is desiccated by a series of ethanol slush traps (at -B0°C) a nd a 

silica gel column and the CO 2 condensed by liquid N2 traps. The CO2 is 

U sing a stainless steel reaction vessel based on the design converted to c2H2 

of Polach, Gower & Fraser (1972). Acetylene is trimerised to benzene using 

Noakes' catalyst, sealed in silica catalyst columns and cleaned between 

samples by flushing with air at 500°C. Undersized samples are diluted wi th 

dead co2 prior to c2H2 generation to standardise benzene synthesis reactions. 

The dead co2 is obtained from coal for combustible samples, or from ancient 

limestone for carbonates. 

Synthesised benzene samples are transfered into 5ml, low-K glass vials 

(constructed after the design of Polach, 1969), into which 75mg of 

scintillator (t-butyl PBD) has been weighed. The vials are then sealed with 

teflon stoppers and the benzene weight (around 4.5g) accurately determined. 

Machined aluminium caps (black anodised) are then slid over the teflon 

stoppers and butted against the glass vials to reduce cross-talk between the 

counter photomultiplier tubes. Sample activities are determined in either an 

LKB 1211 scintillation counter, factory modified by Wallac ("Kangaroo 

Package") for low level 14c determinations, or a Packard Tri-Carb, similarly 

modified for low level counting. Eight samples and two reference standards 

(sealed ANU sucrose and AR benzene) are interspersed in a chain and 

automatically cycled over a period of 14 days with a counting interval of 20 

minutes, with each sample being counted for a minimum of 1980 minutes. 

Background levels vary between counters and vials and range from 0.72 cpm/gC 

to 0.96 cpm/gC. Modern activities (A0 n) also vary, ranging from 8.11 cpm/gC to 

9.80 cpm/gC. The laboratory working standard is ANU sucrose, with the 
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normalised oxalic activity calculated using the conversion factor determined 

from an international cross-calibration exercise conducted by HA Polach of 

14 
ANU (D C = 508.1 ± 2.0~, Currie & Polach, 1980). 

Radiocarbon dates presented are conventional radiocarbon ages as defined 

by Stuiver & Polach (1977) with ages expressed in years BP± 1 standard 

deviation. The counting error includes the statistical uncertainties of the 

sample, background, and reference standards and, in addition, errors in 

estimating the o13c (in the few samples where this was not measured), and in 

the ANU sucrose/oxalic acid conversion factor. Carbon-13 determinations for 

each sample were performed on a Micromass 602C mass spectrometer. 

Interlaboratory comparisons are reported in Table 1. Sample descriptions and 

interpretations are based upon information received from the submitters. 
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TABLE 1 

Interlaboratory check samples 

Wk-1. Benzene cross check# 24 

ANU-1310 19,600 ± 300 

Wk-526. Lab cross check (NPL-64) 

ANU-03 9410 ± 100, 9800 ± 220 

A 
sn 

A 
on 

Wk-742. Lab cross check (ACT VII) 

A 

19,925 ± 300 

13 
Est o C = -25%. 

9450 ± 100 

o13c = -31. 7%. 

= 1.2444 ± 0.0056%. 

4 

Reported sn 

A 
values from participating labs (M Stuiver, pers commun, 1986): 

on 

Quaternary Isotope Lab (M Stuiver) 

Participating laboratory A 

Participating laboratory B 

1.2460 ± 0.0022%. 

1.2506 ± 0.0019%. 

1.2538 ± 0.0040%. 
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GEOLOGIC SAMPLES 

New Zealand 

The majority of the dates reported here relate to the deposition of distal 

airfall tephras in lakes and peats in the central and northern North Island of 

New Zealand (Section 1). The tephras were erupted from rhyolitic and andesitic 

sources in the Taupo Volcanic Zone or from Mt Egmont or Mayor Island (Fig 1). 

They are useful as datable stratigraphic marker beds for a wide variety of 

purposes (eg Pullar, 1973; Self & Sparks, 1981; Howorth et al, 1981; Pillans 

et al, 1982; McGlone, Howorth & Pullar, 1984; Harper, Howorth & McLeod, 

1986), and as a "window" into volcanological processes, volcanic history, and 

the composition and evolution of magmas (eg Walker, 1980, 1981a,b; Hodder, 

1981, 1983; Froggatt, 1982; Wilson .il.tl, 1984; Blake, Smith & Wilson, 1986). 

The preservation of tephra deposits in suitable organic sediments potentially 

allows their stratigraphic and chronologic relationships to be determined more 

accurately and possibly in much greater detail than might be obtained from 

subaerial exposures, particularly at distal localities where relatively thin 

tephras can be difficult to trace with certainty because of postdepositonal 

mixing and weathering processes (eg Hodder & Wilson, 1976; Howorth, Froggatt, 

& Robertson 1980· Lowe et al 1980; Hogg & McCraw, 1983; Lowe, 1986a). Lakes ' ' - _, 
and peat bogs of late Pleistocene and Holocene age in the North Island, 

particularly in the Waikato region (Fig 1), have proved ideal sites for 

preserving multiple tephra layers, including fine grained deposits of only a 

few millimetres thickness (Lowe, Hogg & Hendy, 1981; Green & Lowe, 1985; 

Lowe, 1986a; see illustration in Plate 1). Various ongoing paleoenvironmental 

studies on the Waikato lakes have utilised the time stratigraphic framework 

provided by the tephras, and include Green (1979), Boubee (ms), Green et al 
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shows locations of other series and the main tephra-producing volcanoes 

(hatched) active in the late Quaternary period. TVZ = Taupo Volcanic 

Zone (after Cole & Nairn, 1975). Note: Mt Egmont is also known as Mt 

Taranaki. 
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(1984), McGlone, Nelson & Todd (1984), Lowe (1985, 1986b), McCabe (ms), 

Kellett (ms), and Green & Lowe (1985). 

6 

The dates in Section 1 were determined on lake sediment (dy or gyttja) 
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and peat from cores obtained with a modified Livingstone piston corer (Rowley 

& Dahl, 1956; Green, 1979) and with a modified D-section Russian/Jowsey peat 

corer (Jowsey, 1966), except where noted. The samples are grouped into series 

named after the lake or peat bog cored (Fig 1), and arranged stratigraphically 

with samples closest to the surface listed first. Most samples came from five 

lakes, and stratigraphic columns showing the sampling positions with respect 

to the tephras identified in cores from these lakes are given in Fig 2. The 

majority of samples consist of slices of sediment (usually 1-2cm thick in the 

lake cores, 2-5cm or occasionally thicker in the peats) from above or below a 

tephra layer. Such slices of sediment, deliberately kept as thin as possible, 

represent an accumulation time and hence may reduce date accuracy (with 

respect to the age of deposition of the tephras). This possible reduction in 

accuracy is offset, however, by the tight stratigraphic control that the 

continuous cores provide, and by the availability of dates on many of the 

tephras in other environments (see below), thus acting as independent monitors 

of error (cf Mathewes & Westgate, 1980). To provide sufficient material for 

dating, slices of lake sediment from two or more suitable cores (taken within 

the same lake) were commonly combined into a composite sample (Green & Lowe, 

1985). In some samples with very low carbon contents, the slices from above 

and below the tephra have been combined as a "straddle" sample, providing an 

average age for the tephra. Where tephras are closely spaced in the cores, the 

entire layer of sediment between two adjacent tephras (ie "bridging" the 

tephras) was occasionally sampled. The date thus obtained applies equally to 

f e minimum for the other (eg see both tephras, giving a maximum age or on, 

Lowe, 1986a). 
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Except for Lakes Purimu and Maungarataiti (Wk-426, Wk-842), none of the 
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h the "hard water Calcareous rocks in their catchments, ence lakes sampled have 

t • Europe Scandinavia, 
11 1 encountered in such environmen s 1n , effect frequent y 

North America, and elsewhere (eg Ogden, 1967; Olsson, 1979; Ma thewes & 

Westgate, 1980; Turner et al, 1983), does not arise. 

Most of the tephras have been correlated with named eruptives elsewhere 

using diagnostic mineralogic and chemical criteria, together with 

stratigraphic and age relationships (Lowe~~• 1980; Green & Lowe, 1985; 

Lowe & Hogg, 1986; Lowe, 1986a, c, and work in progress). Although most of the 

rhyolitic tephras (from Taupo, Okataina, and Mayor Island sources; Fig 1) have 

been dated previously (Healy, 1964; Vucetich & Pullar, 1964, 1969, 1973; 

Grant-Taylor & Rafter, 1966; Pullar & Heine, 1971; Topping & Kohn, 1973; 

McCraw, 1975; Nairn, 1980; Froggatt, 1981a, b; Hogg & McCraw, 1983), many have 

only one or two dates. The andesitic tephras (from Tongariro and Egmont 

sources; Fig 1) have a rather complex stratigraphy with relatively few 

available dates (Topping, 1973; Neall, 1972, 1979; Neall & Geddes, 1981; Neall 

& Alloway, 1986). In the lake cores, many of the tephras derived from the Mt 

Egmont volcano have not yet been positively correlated with named 

near-source eruptives, so they are informally designated as "Eg-1", "Eg-2" etc 

in the date list (see Fig 2). 

The dates listed in Section 2 have been obtained on carbonaceous material 

associated with the Hinuera Formation, an extensive low-angle fan of 

volcanogenic alluvium that was deposited in several phases in the Waikato and 

Hauraki basins before and during the last stadial (isotope stage 2) of the 

last glaciation (Fig 3; Schofield, 1965·, Hume, S·herwood & Nelson, 1975; 

McGlone, Nelson & Hume, 1978; Cuthbertson, ms; Selby, 1982; Green & Lowe, 

1985). The aggradation of the Hinuera Formation resulted in the formation of 

most of the lakes noted above (Mccraw, 1967; Lowe & Green, 1987 ). Some of 

the dates obtained on material from the lower parts of cores from these lakes 

therefore provide information on the age of Hi'nuera 
Formation sedimentation. 
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These dates could thus be grouped in Section 2, but have been retained in 

Section 1 because of their stratigraphic relationship to the overlying dates 

associated with the tephras. 

In Section 3, the samples comprise materials associated with peat bog 

2 53 

growth or local sedimentation that post-dates the deposition of the Hinuera 

Formation ie <ca 15,000 BP. Samples in both Sections 2 and 3 are grouped into 

series according to geographic location, and, where appropriate, arranged 

stratigraphically with uppermost samples shown first. 

Map location grid references refer to the national 1000m grid of the New 

Zealand 1:50,000 topographic map series, NZMS 260 (1st edition). 

1. Dates associated with the deposition of airfall tephras in lakes and peat 

bogs 

Lake Maratoto series 

Samples of organic lake sediment (humic copropel, dy-gyttja) coll by 

piston corer from Lake Maratoto, 10km S of Hamilton, 37°53 1 s, 175°18'E 

(S15/130663). Coll and subm by DJ Lowe and JD Green, School of Sci, Univ of 

Waikato. Coll in 4 sampling sets in 1979 (Mo/A), 1980 (Mo/C), 1981 (Mo/D), and 

1982 (Mo/E). 

Wk-215. Mo/A5 

1730 ± 60 

Est o13c = -28%. 

Comment: diluted, 82% sam l (DJL) Pe. : provides max age of Taupe Pumice Fm 

(Taupe Lapilli Member). 

Wk-214. Mo/A4 

Comment (DJL): provides max age of Tuhua Tephra Fm. 

6210 ± 70 

13 
cS C = -28.4%. 
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Wk-525. Ho/El 

5800 ± 70 

o13C = -28 .8Z. 

9 

Comment (DJL): sample bridges two tephra layers; provides max age of 

Tuhua Tephra Fm and min age of Mamaku Ash Fm. Date obtained is younger than 

expected for eruption of Mamaku Ash. This may be due to overthick sample 

(given a very slow sedimentation rate) or possibly to sample contamination in 

core. 

Wk-227. Mo/C12 

6830 ± 90 

13 o C = -27.0%. 

Comment: dilute_d, 577. sample. (DJL): provides min age of Mamaku Ash Fm. 

Wk-524. Mo/E2 

7920 ± 80 

o13c = -29.8%. 

Comment (DJL): provides max age of Mamaku Ash Fm. Date may overestimate 

eruption age. See comment for Wk-228. 

Wk-228. Mo/Cll 

8170 ± 90 

o13C = -29. 7%. 

Comment: diluted, 72% sample. (DJL): provides max age of Mamaku Ash Fm. 

Date h 1000 Yr too old, with regard to eruption of Mamaku considered per aps ca 

Ash, as mineralogical evidence shows sample contaminated by underlying Rotoma 

Ash Fm (Green & Lowe, 1985). 
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Wk-229. Mo/C14 

7650 ± 160 

o13c = -JO.OZ. 

255 

10 

Comment: diluted, 347. sample. (DJL): provides min age of Opepe Tephra Fm. 

Date younger than expected for eruption of Opepe Tephra (by ca 1000 to 1500 

yr?), possibly due to compression of sediment in core between Mamaku and Opepe 

tephras. 

Wk-523. Mo/E3 

8350 ± 100 

o13c = -Jo.1z. 

Comment: diluted, 727. sample. (DJL): provides min age of Rotoma Ash Fm. 

Date obtained differs from previous ones on eruption of this tephra, ca 7000 to 

7300 BP (Pullar & Heine, 1971; Pullar, Birrell & Heine, 1973), but is closer 

to date of (NZ1945) 8860 ± 120 BP given by Nairn (1980). Dates 8000 to 9000 BP 

considered more reliable, but specific eruption age remains uncertain. 

Wk-522. Mo/E4 

8370 ± 90 

o13c = -31. 3%. 

Comment: diluted, 787. sample. (DJL): provides max age of Rotoma Ash Fm. 

See comment for Wk-523. 

Wk-521. Mo/ES 

8670 ± 110 

13 
cS C = -31.2%. 

Comment: diluted, 627. sample. (DJL): provides min age of Opepe Tephra Fm. 
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Wk-230. Mo/C13 

9370 ± 210 

o13c = -31. 6%. 
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11 

Comment: diluted, 33% sample. (DJL): provides max age of Opepe Tephra Fm. 

Wk-520. Mo/E6 

8930 ± 100 

o13c = -31. lZ. 

Comment: diluted, 72% sample. (DJL): provides max age of Opepe Tephra Fm. 

Wk-231. Mo/ClO 

9700 ± 140 

13 o C = -30.9%. 

Comment: diluted, 52% sample. (DJL): provides min age of Mangamate Tephra 

Fm (?Te Rato Lapilli Member). 

Wk-213. Mo/A3 

10,120 ± 100 

Est o13c = -27%. 

Comment: diluted, 82% sample. (DJL): provides max age of Mangamate Tephra 

Fm (?Te Rato Lapilli Member). 

Wk-232. Mo/C9 

10,000 ± 120 

13 o C = -31.9%. 

Comment: diluted, 76% sample. (DJL): provides max age for Mangamate 

Tephra Fm (?Te Rato Lapilli Member). 
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Wk-519. Mo/E7 

10,100 ± 100 

o13c = -31. 9%. 

Comment: diluted, 86% sample. (DJL): sample straddles tephra layer; 

provides average age for uncorrelated tephra from Egmont, Eg-11. 

Wk-518. Mo/EB 

11,050 ± 130 

o13c = -32.lZ. 

12 

Comment: diluted, 68% sample. (DJL): sample straddles two? intermixed 

andesitic tephras visible as a single "speckled" layer; provides average age 

for tephras tentatively identified as unnamed member of Okupata Tephra Fm 

(from Tongariro) and uncorrelated tephra from Egmont, Eg-12. Volcanoes 

apparently erupted approx contemporaneously. 

Wk-517. Mo/E9 

11,700 ± 180 

o13c = -34.6%. 

Comment: diluted, 47% sample. (DJL): sample straddles tephra layer; 

provides average age for unnamed Member of ?Okupata Tephra Fm. 

Wk-233. Mo/CB 

12,200 ± 230 

o13c = -35 .OZ. 

Comment: diluted, 42% sample. (DJL): provides min age of Waiohau Ash Fm. 

Date is older than previous dates obtained on charcoal from this tephra of 

between ca 11,100 to 11,800 BP (generally accepted age is ca 11,300 BP, Pullar 

& Heine, 1971; Pullar & Birreil, 1973). Sample conceivably contaminated by 

redeposited older organic material (eg see Olsson & Florin, 1980; Bjorck & 

HAkansson, 1982), but Green & Lowe (1985) and Lowe & Hogg (1986) suggest 

instead that the charcoal dates may underestimate the real age of the Waiohau 

eruption by several hundred yr at 
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least, ie Waiohau Ash age bbl - pro a Y closer to ca 12,000 BP than 11,000 BP. See 

dates in other ser below. 

'Wk-516. Mo/ElO 

12,300 ± 190 

o13c = -31.6%. 

Comment: diluted, 477. sample. (DJL): provides min age of Waiohau Ash Fm. 

See comment for Wk-233. 

'Wk-234. Mo/C7 

12,500 ± 190 

o13c = -35.6%. 

Comment: diluted, 477. sample. (DJL): provides max age of Waiohau Ash Fm. 

See comment for Wk-233. 

'Wk-515. Mo/Ell 

12,450 ± 200 

o13c = -32.4%. 

Comment: diluted, 447. sample. (DJL): provides max age of Waiohau Ash Fm. 

See comment for Wk-233. 

'Wk-514. Mo/E12 

12,700 ± 200 

o13c = -33.4%. 

Comment: diluted, 467. sample. (DJL): sample straddles tephra layer; 

provides average age of "basal lapilli" bed? of Okupata Tephra Fm (as denoted 

by Topping, 1973). 

'Wk-512. Mo/E14 

12,800 ± 150 

o13C = -33.2%. 

Comment: diluted, 68i sample. (DJL): provides min age of Rotorua Ash Fm. 

Thick sample slice may reduce date reliability. See comment for Wk-511. 
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Wk-235. Mo/C6 

12,900 ± 310 

o13c = -32.sz. 

14 

Comment: diluted, 26% sample. (DJL): provides min age of Rotorua Ash Fm. 

Wk-236. Mo/C5 

12,600 ± 230 

o13c = -35. 6%. 

Comment: diluted, 33% sample. (DJL): provides max age of Rotorua Ash Fm. 

Date is younger than expected. See comment for Wk-511. 

Wk-511. Mo/E15 

13,450 ± 120 

o13c = -31.9%. 

Comment (DJL): provides max age of Rotorua Ash Fm. Agrees closely with 

near-source date on this tephra of (NZ1615) 13,450 ± 250 BP (Nairn, 1980). 

Taking other dates on Rotorua Ash, and those on adjacent tephras (Waiohau, 

Rerewhakaaitu) into account, age of eruption thought to be near ca 13,300 BP. 

Wk-237. Mo/C4 

14,700 ± 220 

o13c = -31. 6%. 

Comment: diluted, 55% sample. (DJL): provides min age of Rerewhakaaitu 

Ash Fm. 

Wk-238. Mo/C3 

14,700 ± 180 

o13C = -30.5%. 

Comment: diluted, 78% sample. (DJL): provides max age of Rerewhakaaitu 

Ash Fm. 
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Wk-510. Mo/E16 

15,850 ± 130 

o13c = -28.5L 

15 

Comment (DJL): provides age of fm of present-day Lake Maratoto and dates 

cessation of final episode of deposition of Hinuera Fm at this locality. 

'Wk-239. Mo/C2 

16,300 ± 250 

o13c = -29.7L 

Comment: diluted, 52k sample. (DJL): dates fm of present-day Lake 

Maratoto and cessation of final episode Hinuera Fm deposition at this 

locality. 

'Wk-240. Mo/Cl 

16,900 ± 470 

13 
Est 6 C = -30L 

Comment: diluted, 28~ sample. (DJL): dates beginning of final episode of 

Hinuera Fm deposition at this locality, which resulted in the fm of 

present-day Lake Maratoto. Sample is of gyttja deposited in relatively 

shortlived "proto-Lake Maratoto" formed by penultimate episode of Hinuera Fm 

sedimentation. This gyttja contains an indistinct band of greyish sandy mud 

with pumice lapilli that is most likely reworked volcanogenic alluvium. 

However, lapilli might represent an uncorrelated airfall tephra. If so, its 

stratigraphic position below Rerewhakaaitu Ash suggests ?Okareka Ash Fm (Fig 

2; Vucetich & Pullar, 1969); hence date obtained (also Wk.-509, Wk-358) would 

provide min age on it. Elsewhere, Okareka Ash is undated but thought to be ca 

17,000 BP (Nairn, ms). 
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Wk-509. Mo/E17 

+360 

16,200 

-340 

013c = -25.9%. 

261 

16 

Comment: diluted, 357. sam·ple. (DJL): dates beginning of final episode of 

Hinuera Fm deposition at this locality that resulted in the fm of present-day 

Lake Maratoto. Sample is of gyttja deposited in relatively shortlived 

"proto-Lake Maratoto" formed by penultimate episode of Hinuera Fm 

sedimentation. See comment for Wk-240. 

Wk-358. Mo/D1 

17,050 ± 200 

cS 13c = -29.9%. 

Comment: diluted, 787. sample. (DJL): dates fm of "pro to-Lake Maratoto" by 

penultimate episode of deposition of Hinuera Fm alluvium in this area. See 

comment for Wk-240. 

General Comment (DJL): Wk-213, Wk-214, Wk-215 are first dates to be obtained 

on airfall tephras in the Hamilton Basin. Ages generally accord with 

stratigraphy (increase down core), and the dates on tephras closely match 

those on same tephras elsewhere, except as noted (Lowe~~, 1980; Hogg & 

McCraw, 1983; Green & Lowe, 1985). Dates on Okupata Tephra and uncorrelated 

Egmont tephras (Wk-517, Wk-518, Wk-519) are consistent with sparse dates on 

related e~uptive sequences nearer source (Topping, 1973; Neall & Alloway, 

1986). Deposition of Hinuera Fm at Lake Maratoto around 16,000 to 17,000 BP 

agrees with ages in McGlone, Nelson, & Hume (1978) and McGlone, Nelson, & Todd 

(1984). Dates also give rates o~ sedimentation during lake's developmental 

history (average ca 0.1 to 0.2mm/yr, Green & Lowe, 1985) - similar average 

rates are evident for most other Hinuera-dammed lakes (see below). 
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Lake Rotomanuka series 

Samples of organic lake sediment (dy, gyttja or dy-gyttja) coll by piston 

corer (see Plate 1) from Lake Rotomanuka, 15km S of Hamilton, 37°55'S, 

175°19'E (S15/136615). Coll (1983) by DJ Lowe, JD Green and CH Hendy and 

subm by DJ Lowe and JD Green. 

Wk-535. Rot/D-1 

2560 ± 80 

o13c = -29.9L 

Comment: diluted, 57% sample. (DJL): provides min age of uncorrelated 

tephra from Egmont, Eg-1. 

Wk-536. Rot/D-2 

2350 ± 80 

o13c = -29.5L 

Comment: diluted, 58% sample. (DJL): provides max age of uncorrelated 

tephra from Egmont, Eg-1. 

Wk-537. Rot/D-3 

2560 ± 60 

o13c = -29.5L 

Comment: diluted, 77% sample. (DJL): provides min age of Whakaipo Tephra 

Fm. Date (and Wk-538) supports identification of this tephra as Whakaipo 

(based upon chem analysis of glass, Lowe, 1986a) rather than the older 

Waimihia Fm as reported by Lowe~~ (1980). 

Wk-538. Rot/D-4 

2860 ± 60 

o13c = -29.9L 

Comment: diluted, 88% sample. (DJL): provides max age of Whakaipo Tephra 

Fm. Date agrees closely with near source dates on this tephra (Vucetich & 

Pullar, 1973). 
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Wk-539. Rot/D-5 

3610 ± 60 

13 o C = -28.BL 

18 

Comment (DJL): provides min age of uncorrelated tephra from Egmont, Eg-2. 

Wk-540. Rot/D-6 

3750 ± 70 

13 
Esto C = -29.9L 

Comment (DJL): provides max age of uncorrelated tephra from Egmont, Eg-2. 

Also provides upper age limit for indistinct tephra, Eg-4, which sporadically 

occurs below Eg-2 in some cores from lake. 

Wk-541. Rot/D-7 

4490 ± 70 

13 
o C = -29.4L 

Comment (DJL): sample overlies layer of two? apparently admixed tephras; 

provides min age for Hinemaiaia Tephra (definition of Froggatt, 1981a; Lowe, 

1986a), and for uncorrelated tephra from Egmont, Eg-5. Date also gives lower 

age limit to overlying Eg-4 tephra. Supports dates on Hinemaiaia Tephra 

reviewed in Lowe (1986a). 

Wk-542. Rot/D-8 

4470 ± 70 

o13c = -29.6L 

Comment (DJL): sample underlies layer of two? apparently admixed tephras; 

provides max age for Hinemaiaia Tephra (definition of Froggatt, 1981a; Lowe, 

1986a), and for uncorrelated tephra from Egmont, Eg-5. Supports dates on 

Hinemaiaia Tephra reviewed in Lowe (1986a). 
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Wk-543. Rot/D-9 
5280 ± 80 

13 o C = -30.2L 

Comment: diluted, 777. sample. (DJL): provides min age of uncorrelated 

tephra from Egmont, Eg-6. 

Wk-544. Rot/D-10 
5210 ± 90 

o13c = -29.9L 

Comment: diluted, 727. sample. (DJL): provides max age of uncorrelated 

tephra from Egmont, Eg-6. 

Wk-545. Rot/D-11 

5850 ± 80 

o13c = -30.JL 

Comment: diluted, 847. sample. (DJL): provides min age of uncorrelated 

tephra from Egmont, Eg-7. 

Wk-546. Rot/D-12 

5850 ± 80 

o13c = -29.5L 

Comment: diluted, 757. sample. (DJL): sample bridges two tephra layers; 

provides max age of uncorrelated tephra from Egmont, Eg-7 (overlies sample) 

and min age for uncorrelated Egmont tephra, Eg-8 (underlies sample). 

Wk-547. Rot/D-13 

7980 ± 150 

o13c = -31.lL 

19 

Comment: diluted, 367. sample. (DJL): sample occurs about midway between 

Mamaku Ash and Rotoma Ash and overlies (-5:.!. Wk-548 which underlies) an 

indistinct, discontinuous layer of tephric material. The indistinct layer was 

originally thought to represent a separate eruptive event but is now 

considered likely to be m~terial reworked from adjacent Mamaku and/or Rotoma 
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tephras (either naturally or in coring procedure). Date gives approx age 

limits for Mamaku Ash Fm (max) and Rotoma Ash Fm (min) - cf ',,/k-llB. 

Wk-548. Rot/D-14 

8030 ± 200 

13 o C = -30.8L 

20 

Comment: diluted, 29% sample. (DJL): date gives approx age limits for 

Mamaku Ash Fm (max) and Rotoma Ash Fm (min). See comment for Yk-547. 

Yk-549. Rot/D-15 

14,750 ± 130 

o13c a -22.7L 

Comment (DJL): sample straddles tephra layer; provides average age of 
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uncorrelated Egmont tephra, Eg-14, occurring 7cm below Rerewhakaaitu Ash Fm in 

core. 

Wk-550. Rot/D-16 

14,650 ± 240 

o13c = -24.7L 

Comment: diluted, 47% sample. (DJL): provides max age of uncorrelated 

Egmont tephra, Eg-15, that occurs ca 30cm below Rerewhakaaitu Ash in core. 

Date younger than expected, being similar to reliable dates on Rerewhakaaitu 

Ash (14,700 BP, see Lake Maratoto ser); possibly due to contamination of 

sample by younger carbon in coring procedure or to relatively fast 

sedimentation rate in lake in this early post-glacial period (.5:.!_ Green & Lowe, 

1985). 

General Comment (DJL): dates on distal Egmont-derived tephras in this ser 

contribute greatly to relatively few dates available nearer source, and may 

help to establish distribution patterns and correlations of eruptives from 

Egmont volcano. 
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Lake Kainui series 

Samples of organic lake sediment coll by piston corer from Lake Kainui 

(also known as Lake D), 15km NW of Hamilton, 37°41 1 s, 175°14'E (S14/072892). 

Coll (1982) by DJ Lowe, JD Green, and CH Hendy and subm by DJ Lowe, Earth 

Sci, Univ of Waikato. 

Wk-507. Lake D-12 

2010 ± 80 

Est o13c = -28%. 

Comment: diluted, 49% sample. (DJL): provides min age of Whakaipo Tephra 

Fm. Date younger than expected. See comment for Wk-538. 

Fm. 

Wk-506. Lake D-11 

3030 ± 70 

13 o C = -28.0%. 

Comment: diluted, 53% sample. (DJL): provides max age of Whakaipo Tephra 

Wk-505. Lake D-10 

5800 ± 90 

13 o C = -28.8%. 

Comment: diluted, 56% sample. (DJL): provides min age of Tuhua Tephra Fm. 

Wk-571. Lake D-5 

7140 ± 110 

13 o C = -29.2%. 

Comment: diluted, 47% sample. (DJL): provides min age of Mamaku Ash Fm. 

Wk-570. Lake D-4 

7200 ± 120 

13 o C = -29.1%. 

1 (DJL)· provides max age of Mamaku Ash Fm. 
Comment: diluted, 40% samp e. • 
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Wk-575. Lake D-9 

11,800 ± 230 

o13c = -31. 6%. 

22 

Comment: diluted, 33% sample. (DJL): provides min age of Waiohau Ash Fm. 

See comment for Wk-233. 

Wk-574. Lake D-8 

11,700 ± 270 

o13c = -32.3%. 

Comment: diluted, 29% sample. (DJL): provides max age of Waiohau Ash Fm. 

See comment for Wk-233. 

Wk-573. Lake D-7 

12,350 ± 210 

o13c = -32.1z. 

Comment: diluted, 42% sample. (DJL): provides min age of Rotorua Ash Fm. 

Date is younger than expected (by ca 1000 yr?); may be due to disturbed top 

and base of tephra (has in situ gas pockets, tephra-infilled cracks in 

gyttja). See comment for Wk-511. 

Wk-572. Lake D-6 

12,650 ± 230 

o13c = -31. 1z. 

Comment: diluted, 37% sample. (DJL): provides max age of Rotorua Ash Fm. 

Date is younger than expected. See comment for Wk-573. 

Wk-504. Lake D-1 

+680 

15,150 

-630 

o13c = -26.3%. 

Comment: diluted, 15% sample. (DJL): provides age of fm of Lake Kainui 

and dates cessation of deposition of Hinuera Fm sediments at this locality. 
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Age consi stent with previous determinations elsewhere (McGlone, Nelson & Hume, 

1973; Green & Lowe, 1985). 

General Comment (DJL): ages generally accord well with previous determinations 

except those noted as younger than expected. 

Lake Okoroire series 

Samples of organic lake sediment coll by piston corer from Lake 

Okoroire, 5km N of Tirau, 37°55 1 S, 175°48'E (T15/555611). Coll (1984) by DJ 

Lowe, CH Hendy and M Ouellet and subm by DJ Lowe. Note: minimal sample 

material was available for this ser. Each of samples Wk-661 to Wk-664 bridges 

two closely spaced tephras, thus applying equally to both tephras (see Fig 2). 

Wk-661. Ok-6 

3950 ± 90 

o13c = -30.6%. 

Comment: diluted, 427. sample. (DJL): provides max age of uncorrelated 

tephra from Egmont, Eg-4; and min age for uncorrelated tephra of uncertain 

source. 

Wk-664. Ok-5 

3810 ± 140 

o13c = -30.6%. 

Comment: diluted, 207. sample. (DJL): provides max age of uncorrelated 

tephra of uncertain source and min age for uncorrelated tephra from Egmont, 

Eg-5. 

\.lk-663. Ok-4 

3510 ± 150 

o13c = -30.2%. 

( ) id age of uncorrelated Comment: diluted, 217. sample. DJL: prov es max 

Eg -S, a~d min age of Hinemaiaia Tephra Fm (definition of tephra from Egmont, , .. 
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1986a). Date younger than expected as discords with 
Froggatt, 1981a; Lowe, 

Overlying and underlying sediments (Wk-660, Wk-661, 
succession of dates on 

Wk-664) and hence may be unreliable (contaminated by younger carbon?). 

Wk-662. Ok-3 

4260 ± 140 

13 
cS C = -31. 7%. 

Comment: diluted, 23% sample. (DJL): provides max age of Hinemaiaia 

Tephra Fm (definition of Froggatt, 1981a; Lowe, 1986a) and min age of 

Whakatane Ash Fm. 

Wk-660. Ok-2 

4850 ± 80 

13 
cS C = -3 2. 1%. 
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Comment: diluted, 55% sample. (DJL): provides max age of Whakatane Ash Fm 

(Lowe, 1986a). 

Wk-705. Ok-7 

7520 ± 130 

o13c = -31. sz. 

Comment: diluted, 44% sample. (DJL): provides min age of Rotoma Ash Fm. 

Gives max limit to age of Mamaku Ash Fm as sample within a few cm of base of 

Mamaku Ash Fm (Fig 2). Date younger than expected for Rotoma Ash (probably 

aged ca 8000 to 9000 BP), but as expected for Mamaku Ash range (see comment 

for Wk-523). Appear to have very slow sedimentation rate in lake at this time 

so sample slice, although only 2cm thick, may span ca 1000 yr. 

Wk-706. Ok-8 

7920 ± 130 

o13c = -31.5%. 

Comment: diluted, 44% sample. (DJL): provides max age of Rotoma Ash Fm. 

Gives min limit to age of Opepe Tephra Fm as sample within a few cm of top of 

Opepe Tephra Fm (Fig 2). See comment for Wk-705. 
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Wk-707. Ok-9 

8700 ± 130 

13 o C = -32.4L 

25 

Comment: diluted 497. l ( ) ' • samp e. DJL: provides max age of Opepe Tephra Fm. 

Wk-708. Ok-10 

10,220 ± 160 

o13c = -27.0L 

Comment: diluted, 47% sample. (DJL): provides min age of Waiohau Ash Fm. 

Age younger than expected for this tephra, dated between ca 11,000 BP to 

12,500 BP elsewhere. See comment for Wk-233. 

Wk-709. Ok-11 

11,570 ± 130 

o13c = -27.3L 

Comment: diluted, 68% sample. (DJL): provides max age of Waiohau Ash Fm. 

See comment for Wk-233. 

Wk-659. Ok-1 

15,850 ± 320 

o13c = -20.0L 

Comment: diluted, 32% sample. (DJL): provides min age for fm of Lake 

Okoroire (base of lake sediments not seen) and upper limit to deposition of 

Hinuera Fm sediments in this area (see comment for Waihou ser). Sparse white 

pumice grains at base of sample may represent an uncorrelated tephra layer. If 

so, may be ?Okareka Ash Fm, based solely upon stratigraphic position relative 

to Rerewhakaaitu Ash Fm in core (Fig 2; Vucetich & Pullar, 1969), and thus 

could give upper age limit for this possible tephr~. See comment for Wk-240. 

General Comment (DJL): dates excepting Wk-663 accord with stratigraphy. With 

regard to dating tephra-producing eruptions, it is evident that the degree of 

resolution that can be achieved through dating the associated lake sediment is 
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limited when sample material is restricted and sedimentation rates are slow 

(~ ca O.lmm/yr or less). 

Lake Rotongata series 

Samples of organic lake sediment coll by piston corer from Lake 

Rotongata, Arapuni District, 38°08'S, 175°36'E (T16/380376). Coll (1985) by D 

J Lowe, CH Hendy and M Ouellet and subm by DJ Lowe. 

Wk-711. Rn-1/2 

8000 ± 170 

o13c = -32.5%. 

Comment: diluted, 347. sample. (DJL): sample straddles tephra layer; 

provides average age of Rotoma Ash Fm. See comment for Wk-523. 

Wk-713. Rn-3/4 

8990 ± 220 

o13c = -33.0Z. 

Comment: diluted, 287. sample. (DJL): sample straddles tephra layer; 

provides average age of Opepe Tephra Fm. 

Wk-714. Rn-5 

11,840 ± 340 

13 o C = -24.1%. 

Comment: diluted, 227. sample. (DJL): provides min age of Waiohau Ash Fm. 

See comment for Wk-233. 

11,990 ± 230 

Wk- 715. Rn-6 o l3 C = - 2 5 . 8%. 

Comment: diluted, 357. sample. (DJL): provides max age of Waiohau Ash Fm. 
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Lake Omapere series 

Samples of organic lake sediment or wood fragments coll by piston corer 

from five sites in Lake Omapere, near Kaikohe, N • orth Auckland, 35°21 S, 

173°47'E, as part of joint New Zealand - Japan project in paleolimnology 

organised by S Horie, chairman of Special Working Group of Societas 

272 

Internationalis Limnologiae (Lowe, 1984). Coll (1984) by DJ Lowe, JD Green, s Bergin, 

J AT Boubee and S Horie and subm by DJ Lowe and JD Green. 

Wk-625. Om-4 

1190 ± 90 

o13c = -27.4L 

Lake sediment at loc P5/827494. Comment: diluted, 33% sample. (DJL): 

dates soft brown gyttja overlying greenish grey clay layer ca 20cm below 

surface of sediments in Lake Omapere. Grey clay seems to represent increased 

erosion in catchment, possibly forming the present-day lake by blockage of 

drainage (Lowe & Green, 1987 ). Such erosion is likely to reflect 

deforestation, either by natural causes or possibly in response to Polynesian 

activities (cf McGlone, 1983) as date obtained is around time of earliest 

known settlement of Polynesians in New Zealand (Davidson, 1981). See also 

general comment for Lake Hakanoa ser below. 

Wk-604. Om/El-30B 

5410 ± 150 

Est o13c = -25L 

Lake sediment at loc P5/827494. Comment: diluted, 24% sample. (DJL): 

sample overlies diffuse tephra layer (lab no.7) tentatively identified as 

Mamaku Ash Fm; date provides min age. If tephra is Mamaku, age is younger than 

expected (see Wk-227) but could easily be explained by an excessively thick 

sample slice (5cm). See Wk-626. 
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Wk-626. Om/El-40 

8030 ± 330 

13 6 C = -25.4L 
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Lake sediment at loc P5/827494. Comment: diluted, 14% sample. (DJL): 

sample underlies diffuse tephra layer (lab no.7) tentatively identified as 

Mamaku Ash Fm; date provides max age. Date obtained is consistent with range 

for this tephra in Waikato lakes (see ser above), and supports identification 

as Mamaku Ash. 

Wk-590. Om-2 

>35,000 

o13c = -25.5L 

Lake sediment at loc P5/827494. Comment: diluted, 15% sample. (DJL): 

sample underlies lOcm-thick airfall tephra (lab nos.1, 2) provisionally 

identified as Rotoehu Ash (member of Rotoiti Breccia Fm, Nairn, 1972). Date 

obtained agrees with previous dates of ca 42,000 BP (Pullar & Heine, 1971) and 

est age of ca 50,000 BP (McGlone, Howorth & Pullar, 1984). 

Wk-589. Om-3 

>35,000 

Est o13c = -25L 

Lake sediment at approx loc P5/821505. Comment: diluted, 26% sample. 

(DJL): sample at calm depth in core. Dates thin, slightly gritty layer within 

greyish, muddy gyttja. 

Wk-588. Om/D1-225 

>35,000 

o13c = -28.6L 

Lake sediment at loc PS/821505. Comment: diluted, 25% sample. (DJL): 

sample straddles thin, intermi~tently-occurring ?tephra layer (lab no.6) at ca 

2.2m depth that marks change in sediments from greyish mud (above) to brownish 

gyttja (below). 
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Wk-587. Om/C2-247 

>30,000 

c13c = -24.5%. 
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Lake sediment at loc P5/827494. Comment: diluted, 24% sample. (DJL): 

sample straddles uncorrelated white rhyolitic ash layer (lab no.3) at ca 2.5m 

depth in core; gives average age for tephra. 

Wk-586. Om-1 

>35,000 

o13c = -24.3%. 

Lake sediment at lac PS/821505. Comment: diluted, 46% sample. (DJL): 

sample straddles uncorrelated white rhyolitic ash layer (lab no.4) at ca 4m 

depth in core; gives average age for tephra. 

Wk-585. Om/C2-400 

>35,000 

c13c = -21. 7%. 

Basal lake sediment at lac PS/827494. Comment: diluted, 44% sample. 

(DJL): gives age of fm of initial "proto-Lake Omapere". As initial lake basin 

thought to be formed by lava flow blocking drainage (Bell & Clarke, 1909; 

Cotton, 1958), sanple should date eruption of lava (from Te 

Ahuahu, Maungakawakawa or other volcano). 

Wk-584. Om/C2-417 

>30,000 

c13c = -22.sz. 

Small fragments of conifer wood (either Podocarpus totara / hallii or 

Dacrydium cupressinum or Libocedrus; R Patel, pers commun, 1984) and 

associated carbonaceous material in paleosol-like muds underlying basal lake 

sediments at loc PS/827494~ Comment: diluted, 53% sample. (DJL): gives max age 

for inundation of pre-lake surface by proto-Lake Omapere at this site. 
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Wk-581. Om/El-470 

30 

>35,000 

• d l • basal lake sediments at loc PS/821501. Wood fragments in peat un er ying 

Comment (DJL): gives max age for inundation by proto-Lake Omapere at th is 

site, and age of sub-lake peat bog. 

Wk-583. Om/A2-160 

>35,000 

13 6 C = -26.2~ 

Wood (Agathis australis?) underlying basal lake sediments at loc 

PS/840502. Comment (DJL): gives max age for inundation of pre-lake surface by 

proto-Lake Omapere at this site. 
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General Comment (DJL): changes in nature of lake sediment, the range of ages 

obtained, and the sparse tephras preserved, suggest that the lake has existed 

only intermittently in Omapere basin with hiatuses in the depositional record. 

Modern lake was possibly formed only ca 1000 BP. Dates on ?Mamaku Ash, Rotoehu 

Ash, and the older tephras (probably all derived from Taupo Volcanic Zone) are 

the first to be obtained on rhyolitic tephras in Northland other than the late 

Holocene Kaharoa Ash and Taupo Pumice deposits (Pullar, Kohn & Cox, 1977; 

Stewart, Neall & Syers, 1984). 

Kaipo Lagoon series 

Samples of peat, containing abundant coarse roots, coll from two sites at 

the outlet of the Kaipo Stream, draining the Kaipo Lagoon, Urewera National 

Park, 38°41'S, 177°11'E (WlB/740720). The Kaipo Lagoon is a 73ha ombrogenous 

shrub bog at 1100m altitude and surrounded by mature silver beech (Nothofagus 

menziesii) and red beech (N. fusca) (Lowe & Hogg, 1986). Coll and subm (1982) 

by NB Rogers, DJ Lowe and AG Uogg, School of Sci, Univ of Waikato. Samples 
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are from site 1 unless noted. Some samples were split into coarse 

(handpicked roots) and fine (fine peat residual after root extraction) 

fractions,each being dated separately. 

Wk-499. K-Il 

2910 ± 60 

o13c = -25.7%. 

Coarse root fraction of K-I (for residual fine peat fraction, see 

Wk-500). Comment: diluted, 91% sample. (DJL): provides min age of Waimihia 

Lapilli Member of Waimihia Fm. 

Wk-500. K-12 

3040 ± 50 

13 o C = -26.4%. 

Residual fine peat fraction of K-I (for coarse root fraction, see 

Wk-499). Comment (DJL): provides min age of Waimihia Lapilli Member of 

Waimihia Fm. Similarity of date to Wk-499 indicates that material probably 

autochthonous. 

Wk-498. K-H 

3250 ± 70 

o13c = -26.4%. 

Bulk peat. Comment: diluted, 71% sample. (DJL): provides max age of 

Waimihia Lapilli Member of Waimihia Fm. 

Wk-496. K-G 

4490 ± 60 

13 o C = -26.9%. 
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Bulk peat. Comment (DJL): sample bridges two tephras; provides max age of 

Hinemaiaia Tephra Fm (definition of Froggatt, 1981a; Lowe,1986a) and min age 

of Whakatane Ash Fm. 
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Wk-497. K-Gg 

4530 ± 60 

13 6 C = -26.4%. 

32 

Bulk peat from site 2, !Om S of site 1. Comment (DJL): provides max age 

of Hinemaiaia Tephra Fm (definition of Froggatt, 1981a; Lowe, 1986a) and min 

age of Whakatane Ash Fm. 

Wk-501. K-J 

4860 ± 70 

13 6 C = -26.4%. 

Bulk peat from site 2, 10m S of site 1. Comment: diluted, 73% sample. 

(DJL): provides max age of Whakatane Ash Fm. 

Wk-493. K-F1 

5440 ± 170 

13 6 C = -25.8%. 

Coarse root fraction of K-F (for residual fine peat fraction, see 

Wk-494). Comment: diluted, 23% sample. (DJL): provides min age of Rotoma Ash 

Fm. Date obtained is significantly younger than Wk-494, suggesting natural 

contamination of peat overlying tephra. Date thus unreliable for eruption of 

Rotoma Ash. 

Wk-494. K-F2 

7380 ± 80 

o13c = -26.8%. 
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Residual fine peat fraction of K-F (for coarse root fraction, see 

Wk-493). Comment (DJL): provides min age of Rotoma Ash Fm. Date obtained is 

nearer previous dates on this tephra but still appears anomalously young. See 

comment for Wk-523. 
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Wk-495. K-Ff 

7560 ± 100 

13 o C = -26.2%. 

Bulk peat from site 2, 10m S of site 1. Comment: diluted, 577. sample. 

(DJL): provides min age of Rt Ah F 0 oma s m. Date obtained may be anomalously 

young for eruption of this tephra. See comment for Wk-523. 

Wk-492. K-E 

8710 ± 80 

o13c = -26.7%. 

Bulk peat. Comment (DJL): provides min age of 0pepe Tephra Fm. 

Wk-491. K-C 

9560 ± 80 

o13c = -21.oz. 
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Bulk peat. Comment (DJL): provides min age of Poronui Tephra Fm. First 

date to be obtained for this tephra (with Wk-351, Wk-352). 

Wk-351. K-Bl 

10,160 ± 130 

o13c = -29.4%. 

Coarse root fraction of K-B (for residual fine peat fraction, see 

Wk-352). Comment: diluted, 617. sample. (DJL): provides max age of Poronui 
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Tephra Fm (see comment for Wk-491). Also gives close estimate of min age of 

Karapiti Tephra Fm (ca 10,100 BP), which is only few cm below sample (see Figs 

2 and 4). Date agrees with Wk-352 hence likely to be reliable. 

Wk-352. K-B2 

9960 ± 90 

o13c = -28.5%. 

Residual fine peat fr.action of K-B (for coarse root fraction, see 

Wk-351). Comment (DJL): provides max age of Poronui Tephra Fm (see comment for 
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d 1 i K iti Tephra Fm (see comment for 
Wk-491) and est of min age of un er Y ng arap 

Wk-351). 

Wk-263. K-A 

10,600 ± 90 

o13c = -29.6%. 
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Bulk peat. Comment (DJL): provides max age of lowermost tephra, probably 

a member of the Okupata Tephra Fm, at 2.3m depth in section. 

Wk-264. K-K 

11,500 ± 80 

o13c = -29.1%. 

Bulk peat. Comment (DJL): sample at 2.7m depth in section; provides max 

age of inception of peat growth in Kaipo Lagoon. 

General Comment (DJL): apart from the three dates associated with the 

deposition of Rotoma Ash (Wk-493, Wk-494, Wk-495), which are considered to be 

anomalously young, the dates on the other tephras generally accord with 

previous determinations (see Lowe & Hogg, 1986). The difference between Wk-493 

(coarse root fraction) and Wk-494 (residual fine peat) suggests that where 

contamination is suspected in bogs, fine peat fractions may produce more 

reliable dates than roots or bulk samples. A plot of the peat accumulation 

rates (Fig 4) for Kaipo Lagoon bog shows slow rates overall (average 

0.19mm/yr). However, the average rate between ca 11,500 BP and ca 8700 BP was 

0.37mm/yr but from ca 8700 BP to the bog's surface (aged ca 700 BP) was a much 

slower 0.13mm/yr. Lowe & Hogg (1986) suggest that this pattern may relate to climatic 

change, but that 

important influences. 

variations in local conditions could also have been 



Ka 

E 
~ 

ro 
Q) 

a. 

0 
.c 
a. 1.0 Q) 

-0 

Q) 
Q) 
~ 

7 
ro 
~ 

.c 
a. 
Q) 

f-

I 
2.0 - ~-~-...,__--:~---''--~----l--~-j_--.J_-..L_ ...... 

12 10 8 6 4 2 0 
Radiocarbon age (x 1000 yr BP) 

Fig 4. Peat accumulation rate curve for the Kaipo Lagoon Bog based on dates in 

the Kaipo Lagoon series (closed circles). Tephra abbreviations are 

given in Fig 2. The dates on Rotoma Ash (Rm) are considered anomalously 

young, hence the preferred sedimentation rate curve (solid line) is 

drawn through the dates obtained on this tephra in the Lake Maratoto 

series (open circle, Wk-522, Wk-523). After Lowe & Hogg (1986). 
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Moanatuatua Bog series 

Samples of peat and wood fragments coll by Russian/Jowsey peat sampler 

from the Moanatuatua Peat Bog at Muir Rd near Ohaupo in the Hamilton Basin, 

37°57'S, 175°22'E (SlS/180581). Coll (1982) by DJ Lowe, RS P Lane, and AG 

Hogg and subm by DJ Lowe and AG Hogg. The Moanatuatua Bog is an 
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oligotrophic, high moor, restiad bog with mesotrophic margins, is up to ca 12m 

2 in thickness, and covers ca 85km (Davoren, 1978). 

Wk-562. Muir-137 & 139 

5850 ± 70 

o13c = -27.7%. 

Comment (DJL): sample between two tephra layers; provides min age of 

uncorrelated tephra (?Mamaku Ash Fm) at ca 6.2m depth and approx max age for 

uncorrelated tephra at ca 6.0m depth. 

Wk-561. Muir-150 & 151 

10,650 ± 140 

o13c = -2a.0%. 

Comment (DJL): sample bridges two tephra layers; provides max age of 

uncorrelated tephra at ca 9.3m depth, min age of uncorrelated tephra at ca 

9.4m depth. Base of bog at ca 10.8m. 

Wk-531. Muir-168 & 170 

12,800 ± 110 

c13c = -27.4%. 

Comment (DJL): sample straddles tephra layer tentatively identified as 

Waiohau Ash Fm at ca 10.7m depth; provides average age (see comment for 

Wk-233). Base of bog at ca 10.9m. 
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Wk-530. Muir-48 

12,950 ± 110 

o13c = -28.0L 

Comment (DJL): sample overlies tephra, probably Rotorua Ash Fm, at ca 

10.9m depth; date obtained provides min age. Base of bog at ca 11.0m. 

Wk-529. Huir-50 

13,300 ± 110 

o13c = -28.6L 
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Comment (DJL): sample comprises muddy peat and underlies tephra, probably 

Rotorua Ash Fm, at ca 10.9m; date obtained provides max age. Also dates 

initiation of peat growth at this site (base of bog at ca 11.0m). See also 

Wk-116 (Waikato Swamp ser). 

General Comment (DJL): dates first to be obtained on tephras in bogs in 

Hamilton Basin. Dates also indicate that average rate of peat growth of 

Moanatuatua bog at this site has been ca lmm/yr (growth rate may not have been 

uniform, however). 

Hauraki Plains series 

Peat cored from the Kopuatai Peat Dome of the Hauraki Plains Swamp, 

Hauraki Plains, 37°25 1 s, 175°34'E (at three sites). Coll (1977 to 1980) by AG 

Hogg, DJ Lowe and L Gaylor and subm by AG Hogg, Radiocarbon Lab, Univ of 

Waikato. The Kopuatai Dome is the largest raised (domed) bog in natural 

condition left in New Zealand (Irving, Skinner, & Thompson, 1984). Hauraki 

2 
Plains Swamp is an oligotrophic, high moor restiad bog covering ca 240km and 

is up to ca 12m in thickness (Davoren, 1978). 



University of Waikato Radiocarbon Dates 1 

Wk-106. HP2 

6280 ± 70 

c13c = -27.6%. 
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Coll (1977) from 6.0 to 6.3m below surface of bog at T13/377162. Comment: 

diluted, 847. sample. (AGH): provides max age of Tuhua Tephra Fm. 

Wk-241. HP3 

6070 ± 80 

c13c = -28.0Z. 

Coll (1980) from 5.9m below surface of bog at T13/373190. Comment: 

diluted, 797. sample. (AGH): provides min age of Tuhua Tephra Fm. 

Wk-242. HP4 

6440 ± 80 

c13c = -28.2%. 

Coll (1980) from 6.0m below surface of bog at T13/373190. Comment: 

diluted, 877. sample. (AGH): provides max age of Tuhua Tephra Fm. 

Wk-244. HP5 

6060 ± 80 

c13c = -27.3%. 

Coll (1980) from 5.9m below surface of bog at T13/366188. Comment (AGH): 

provides min age of Tuhua Tephra Fm. 

Wk-243. HP6 

6710 ± 80 

c13c = -27.9%. 

Coll (1980) from 6.0m below surface of bog at T13/366188. Comment (AGH): 

provides max age of Tuhua Tephra Fm. Date obtained bbl pro a y overestimates age 

of eruption because of excessive sample size. 
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Wk.-102. HPl 

9360 ± 100 

o13c = -27.6L 

38 

Coll (1977) from base of Hauraki bog (9.7 to 10.0m depth) at T13/377162. 

Comment (AGH): marks the initial formation of the bog at this site. 

General Comment (DJL): dates obtained agree with that on Tuhua Tephra at Lake 

Maratoto (Lowe~~, 1980; Hogg & Mccraw, 1983). Dates indicate average 

growth rate for bog has been ca lmm/yr. 

Te Rangaakapua series 

Peat coll from a pit dug into a sub-alpine bog containing tephra beds at 

Te Rangaakapua, Urewera National Park, 38°31'S, 177°12'E (W17/765894). Coll 

(1984) by W B Shaw and subm by W B Shaw and DJ Lowe, School of Sci, Univ of 

Waikato. Each sample ca 4cm thick and separated from overlying and underlying 

tephra layers by ca 2 to 3cm of peat ie not immediately adjacent to either 

tephra. 

Wk.-610. TRl 

3660 ± 70 

o13c = -25.4L 
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Comment: diluted, 72% sample. (DJL): provides max age limit for overlying 

Waimihia Lapilli Member of Waimihia Fm, and min age limit for underlying 

Whakatane Ash Fm. 

Wk.-611. TR2 

5510 ± 70 

o13c = -26.0L 

Comment: diluted, 80% sample. (DJL): provides max age limit of overlying 

Whakatane Ash Fm and min age of underlying Rotoma Ash Fm. 
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are broadly consistent with previous 
General Comment (DJL): dates obtained 

& Hogg, 1986; Lowe, 1986a), given obtained ages for these tephras (Lowe 

position of samples with respect to tephras. 

Yk-612. Mata-2/132-138 

8560 ± 80 

13 6 C = -25.SL 
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Peat cored with motorised Giddings auger from a shallow peat bog at end 

of Pohlen Rd, Matamata, 37°47'S, 175°47'E (T14/562762). Coll (1984) by DJ 

Lowe and M McLeod, and subm by DJ Lowe. Comment (DJL): provides min age of 

?Mamaku Ash Fm (possibly reworked) and dates inception of peat growth at this 

site. 

Yk-425. Rotokare-1 

1920 ± 110 

13 6 C = -31.6L 

Greyish lake sediment cored from Lake Rotokare, near Eltham, Taranaki, 

39°27'S, 174°24'E (V17/219904). Coll (1980) by CH Hendy and subm by DJ Lowe 

and CH Hendy, School of Sci, Univ of Waikato. Comment: diluted, 26~ sample. 

(DJL): provides min age for andesitic tephra at ca 1.3m depth (tentatively 

correlated with ?Mangatawai Tephra of Topping, 1973 or ?Kaupokonui tephra of 

Neall & Geddes, 1981); gives est of rate of sedimentation in lake (ca 

1.5mm/yr), and min age of fm of lake (base of lake sediments not seen). 

2. Dates Associated with Deposition of the Hinuera Formation Alluvium 

Motumaoho series 
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Logs and peat from exposure on Hamilton to Morrinsville Rd (SH 26), 100m 

S of junction with Harbottle Rd, 37°42'S, 175°29'E. Coll (1975) and subm by H 

S Gibbs, Earth Sci Dept, Univ of Waikato. Samples occur either within the 

Hinuera Fm or overlying Hinuera Fm sediments at three sites (A,C,F). Peat 1 
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layer, 300 to 330cm below surface of terrain; peat 2 layer, 50cm below peat 1 

layer(~ 380cm below terrain surface). See also Harbottle Rd ser. 

Wk-65. A/2 

16,630 ± 670 

13 Esto C = -25%. 

Peat in Hinuera sediments (upper 8cm of peat 1 layer) at site A, 

S14/276860. Comment: diluted, 69% sample. 

Wk-66. A/3 

16,600 ± 750 

13 Est o C = -25%. 

Peat in Hinuera sediments (8 to 15cm of peat 1 layer) at site A, 

S14/276860. Comment: diluted, 72% sample. 

Wk-67. A/4 

15,400 ± 1200 

Est o13c = -25%. 

Peat in Hinuera sediments (20 to 30cm of peat 1 layer) at site A, 

S14/276860. Comment: diluted, 39% sample. 

Wk-70. C/2 

16,710 ± 480 

13 
Esto C = -25%. 
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Peat in Hinuera sediments (peat 1 layer) at site C, S14/275860 (50m W of 

site A). 

Wk-74. Site F/1 

17,050 ± 540 

Est o13C = -25%. 

2 t ite F Sl4/276861 (70m NNW of site A). 
Log in peat layer a s , 
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in broad agreement with one another and give 
General Comment (HSG): dates are 

of Hinuera-2 sediments by ancestral 
approx date for last period of deposition 

Waikato R in Morrinsville Gap. 

Te Rapa series 
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Peat samples from Eastern Sanitary Interceptor, Te Rapa, Hamilton, 

37044•s, 175o15'E (S14/O81826). Coll (1975) by CS Nelson and D Cope and subm 

by CS Nelson, Earth Sci Dept, Univ of Waikato. 

\lk-37. CSN-1 

Bore 2. (3Om below Waikato R level on W bank). 

\lk-38. CSN-2 

+3300 

39,900 

-2400 

13 Esto C = -25L 

>40,000 

13 Esto C = -25L 

Bore 6. (3Om below Waikato R level on W bank, 1Om from bore 2). 

General Comment (CSN): the first dates obtained for the Hinuera-1 alluvial 

deposits of the Hinuera Fm in the Hamilton Basin. \lk-37 also yielded a 

preliminary uranium-thorium age of <65,000 BP (CH Hendy in McGlone, Nelson & 

Hume, 1978). 

Riverlea series 

Carbonaceous mud and sand with occasional poorly preserved woody 

fragments from three carbonaceous strata within fluvial pumiceous silts, sands 

and gravelly sands of the Hinuera Fm at a site opposite Riverlea Wreckers near 
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Hamilton on the Hamilt c · on to ambridge hwy, 37°49 1 S, 175°20'E (S14/162744). 

Coll (1981) and subm by CS Nelson. 

Wk-393. W3 

18,250 ± 180 

13 
Est 6 C = -25L 

Carbonaceous mud 0.25m thick occurring 3.5 to 3.75m below Hinuera 

surface. Comment (CSN): dates the closing period of active aggradation of 

Hinuera sedimentation in Hamilton Basin. 

Wk-392. W2 

20,200 ± 210 

13 
Est 6 C = -25L 

Carbonaceous pumice sands 0.5m thick occurring 10.75 to 11.25m below 

Hinuera surface. Comment (CSN): dates active aggradation phase of Hinuera 

sedimentation in Hamilton Basin. 

Wk-391. Wl 

21,300 ± 240 

13 
Est 6 C = -25L 
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Woody, carbonaceous sands ca 0.7m thick occurring ca 14.5 to 15m below 

Hinuera surface. Comment (CSN): dates active aggradation phase of Hinuera 

sediments in Hamilton Basin. 
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General Comment (DJL): dates accord with stratigraphy and generally agree with 

previous determinations on Hinuera-2 sedimentation in Hamilton Basin (McGlone, 

Nelson & Hume, 1978). 

Waihou series 

Peat occurring as lenses within pumiceous silts, sands and gravels of the 

Hinuera Fm, exposed either within rd cuttings and quarries or obtained from 
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f i near Matamata in the Waihou R valley. Coll 
drill cores. Sampled at ours tes 

(1979) by AS Cuthbertson and subm by CS Nelson. 

Wk-216. C3 

19,400 ± 200 

o13c = -28.2L 

Peat ca 2.5m below ground surface from quarry near Matamata on Matamata 

to Tauranga hwy, 37°49'S, 175°45'E (T14/572716). Comment (ASC): provides the 

upper age of Hinuera sedimentation in the Central Southern Hauraki Lowlands. 

Wk-217. C2 

18,400 ± 200 

o13c = -26.BL 

Peat within layer 6.2 to 7.0m below ground surface from rd cutting near 

the Omahine Stream Bridge on Matamata to Tauranga hwy, 37°51'S, 175'52'E 

(TlS/628677). Comment (ASC): provides the upper age of Hinuera sedimentation 

in the Central Southern Hauraki Lowlands. 

Wk-218. Bore 37 

23,900 ± 400 

o13c = -25.9L 

Peat lens 0.8m thick occurring 28.lm below land surface, obtained from 

drill core in centre of Matamata Township, 37°48'S, 175°46'E (T14/542732). 

Comment (ASC): provides the lower age of Hinuera sedimentation in the Central 

Southern Hauraki Lowlands. 

Wk-274. S36 

>40,000 

o13c = -27.6L 

Peat lens 2m thick occurring ca 20m below land surface, from a section 

exposed along the Waiomou Stream on the Matamata to Tauranga hwy, 37°51'S, 

175°53'E (TlS/621680). Comment (ASC): date may represent the boundary between 

the Hinuera-1 and Hinuera-2 depositional periods. 

289 
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General Comment (DJL): dates indicate period when ancestral Waikato R 

debouched into Hauraki (Matamata) basin (Cuthbertson, ms). 

Lake Rotokaraka series 

290 
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Samples of lake sediment overlying or within sandy muds to muddy sands of 

Hinuera Fm obtained with piston corer from Lake Rotokaraka, Whitikahu, 

Hamilton Basin, 37°37'S, 175°20'E (S14/166965). Coll (1983) by DJ Lowe, CH 

Hendy and L J Gaylor and subm by DJ Lowe. 

Wk-567. A/4-2.2 

13,800 ± 370 

o13c = -26.6L 

Comment: diluted, 24% sample. (DJL): sample 20cm thick at base of lake 

sediment. Dates age of fm of modern Lake Rotokaraka, and provides age for the 

last depositional event of the Hinuera Fm at this site. Also provides est age 

for uncorrelated tephra ca 15cm above base of lake sediment column. Date 

obtained younger than expected as Rerewhakaaitu Ash (ca 14,700 BP) occurs in 

lake sediment 1.5m above sample. 

Wk-568. A/4-2.8 

15,900 ± 630 

o13c = -25.5L 

Comment: diluted, 18% sample. (DJL): gives age of proto-Lake Rotokaraka 

that existed between last and 2nd to last depositional episodes of Hinuera Fm 

deposition at this site. 
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Wk-569. A/4-3.7 

16,600 ± 260 

013c = -25.7L 
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Comment: diluted, 52% sample. (DJL): gives age of proto-Lake Rotokaraka 

that existed between 2nd to last and 3rd to last depositional episodes of 

Hinuera Fm at this site. 

General Comment (DJL): dates provide chronology for succession of Hinuera-2 

depositional episodes at this locality (see Lake Maratoto ser and Green & 

Lowe, 1985). 

Wk-59. 

17,500 ± 540 

Est o13c = -25L 

Sample is from peat layer 3 to 10cm thick, 5m below the top of the 

Hinuera Fm at the Hamilton Refuse site, Rototuna, Hamilton, 37°44 1 S, 175°16'E 

(S14/102830). Coll (1974) by TM Hume and CS Nelson and subm by CS Nelson. 

Comment (CSN): date places a near upper age on the Hinuera Fm alluvial 

deposits (Hinuera-2) within the Hamilton Basin at this locality. 

Wk-169. 

17,790 ± 290 

o13c = -31.2L 

Peat in layer occurring approx in the middle of Hinuera Fm silts and 
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sands (total thickness varying from 7.3 to 11.5m), forming the highest of 

series of degradational terraces, at a site 3km SE of Karapiro Hall, Karapiro, 

37°56 1 S, 175°35'E (TlS/370593). Coll (1978) and subm by HS Gibbs. Comment 

(HSG): establishes the date the ancestral Waikato R broke through the Karapiro 

Gorge. 
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Wk-566. LA/1-2.6 

15,700 ± 200 

13 o C = -23.9%. 
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Lake sediment, ca 5.5 to 5.7m below sediment surface, cored from Leeson's 

Pond, Tauhei to Motumaoho Rd, Hamilton Basin, 37°39'S, 175°28'E (S14/287929). 

Coll (1983) by DJ Lowe and L Gaylor and subm by DJ Lowe. Comment: diluted, 

61% sample. (DJL): base of lake sediment not seen. Date provides min age of fm 

of Leeson's Pond and est of age of last depositon of Hinuera Fm sediments in 

this part of the Hamilton Basin. Sedimentation rate for period between Wk-566 

and Rerewhakaaitu Ash (ca 14,700 BP) at 4.5m depth is relatively fast, 

0.7mm/yr, compared with later rates (see General Comment for Lake Maratoto 

ser). 

Wk-614. Rototuna-1 

17,600 ± 190 

o13c = -26.5%. 

Peat with twigs underlying lake sediment ca 6.6 to 6.8m below sediment 

surface, cored in drained "Rototuna lake" (Lake Tunawhakapeka) with motorised 

Giddings auger near Rototuna, Hamilton, 37°43'S, 175°17'E (S14/116853). Coll 

(1984) by DJ Lowe and L Gaylor and subm by DJ Lowe. Comment: diluted, 887. 

sample. (DJL): sample overlies gritty mud (Hinuera Fm). Dates age of fm of 

Lake Tunawhakapeka and min age for deposition of Hinuera Fm at this locality. 

Waikare series 

Carbonaceous mud and sand from drill cores at two sites (nos. 5, 13) in 

Lake "aikare, 37°30 1 s, 175°12'E. Coll (1979 to 80) by A Ohinewai peatland near w 

J Todd and subm by CS Nelson. 



University of Waikato Radiocarbon Dates 1 

Wk.-280. P43 

17,800 ± 200 

o13c = -28.Jt 

Sample from 10.9m depth at site 13 (S13/035109) in lacustrine mud. 
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Comments (AJT): dates late Pleistocene mud underlying modern surface peats and 

unconformably overlying Pleistocene fluvial gravelly sands. (DJL): mud unit 

found in proto-Lake Waikare formed by deposition of Hinuera Fm sediments 

(McGlone, Nelson & Todd, 1984). 

Wk.-226. P42 

>40,000 

13 
6 C = -29.Bt 

Sample from 25.7m depth at site 5 (S13/039097) in coarse volcaniclastic 

sands (alluvium) in either Karapiro or Puketoka Fm that predate Hinuera Fm 

sediments. Comments (AJT): dates Quaternary fluvial sequence in the Lower 

Waikato Basin. (DJL): gives max age for Hinuera Fm deposition at this site 

(McGlone, Nelson & Todd, 1984). See also Ohinewai Peatlands ser. 

Pukerimu series 

Peat and peaty mud samples in section through terrace at ca 40m asl, ca 

* 10m above Waikato R, off Cambridge to Ohaupo Rd, Pukerimu district, 37°54•s, 

175°26'E (S15/241642). Higher terrace, at ca 60m asl, forms main Hinuera 

Surface. Coll (1985) by DJ Lowe and M Lowe and subm by DJ Lowe. 

Wk-726. Pukerimu-4 

22,900 ± 350 

o13c = -zs.7t 

Carbonaceous mud (gyttja-like) at top of ca 0.6m thick layer ca 2.2m 

below terrace surface. Layer underlies gravelly sand (Hinuera Fm) and overlies 

sticky blue clay (7overbank flood deposit, Hinuera Fm). Comment: diluted, 82~ 

* Pukerimu Lane 
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sample. (DJL): gives max age for latest episode of Hinuera-2 sedimentation 

(overlying deposits) in Hamilton Basin. 

Wk-725. Pukerimu-3 

Carbonaceous mud (gyttja-like) at base 

22,700 ± 290 

o13c = -27.0L 

of ca 0.6m thick layer ca 2.8m 

below terrace surface (see •n·-726). Comment ( ) w~ DJL: date supports Wk-726. 

Wk-724. Pukerimu-2 

>40,000 

Est o13c = -25L 
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Peaty pumiceous mud layer ca 0.2m thick at ca 3.8m depth below terrace 

surface. Overlain by sticky blue clay, underlain by cross-bedded pumiceous 

sands and gravelly muds (Hinuera Fm). Comments: diluted, 25% sample. (DJL): 

date obtained indicates that underlying sediments represent Hinuera-1 (or 

earlier) deposits through which Waikato R has reentrenched. 

Wk-723. Pukerimu-1 

>40,000 

Est o13c = -25L 
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Peat with small wood fragments at base of calm thick peat layer ca 7.5m 

below terrace surface (at rd level). Peat layer underlies sands and muds of 

Hinuera Fm and overlies bluish ignimbrite (gleyed ?Puketoka Fm). Comment 

(DJL): date obtained suggests that overlying sediments up to Wk-725, Wk-726 

represent Hinuera-1 deposits, in agreement with Wk-724. 

General Comment (DJL): dates are in agreement with stratigraphy. Wk-723 and 

Wk-724 add to two previous dates on Hinuera-1 sediments in Hamilton Basin (see 

Te Rapa ser). Wk-725 and Wk-726 indicate that overlying sediments in this 

terrace (and higher terrace at 60m asl) represent Hinuera-2 sedimentation 

(McGlone, Nelson & Hume, 1978). Thus section apparently shows contact between 

Hinuera-1 (contd. next page) 



University of Waikato Radiocarbon Dates 1 49 

and Hinuera-2 sediments, the first such subaerial exposure known in Hamilton 

Basin. 

3. Dates Associated with Peat Bog Growth or Local Sedimentation that 

Post-Dates Deposition of the Hinuera Formation ie <ca 15,000 BP 

Lake Hakanoa series 

Samples of wood or organic lake sediment coll by piston corer from Lake 

Hakanoa, Huntly, 37°33 1 S, 175°10'E (S13/018033). Coll (1982) (Hak-1) and 1984 

(HK 1-3) and subm by B McCabe, DJ Lowe and CH Hendy, School of Sci, Univ of 

Waikato. Hk 1-3 samples (coll BMcC) date a silt band within the organic 

sediment column and Hak-1 (coll DJL, BMcC, CHH) is derived from the base of 

the column. 

750 ± 50 

Yk-608. HK-3 o13c = -29.0Z. 

Lake sediment sample overlies silt layer. Comment: diluted, 75~ sample. 

Yk-607. HK-2 

1020 ± 50 

o13c = -31.oz. 

Lake sediment sample obtained from within silt layer. Comment: diluted, 

827. sample. 

Yk-606. HK-1 

1240 ± 60 

13 
6 C = -32.3%. 

Lake sediment sample underlies silt layer Comment• dil t d 55 • ____ • u e , t sample. 

General Comments (BMcC): dates the deposition of a silt 
band that accompanied 

deforestation in the catchment su di 
rroun ng Lake Hakanoa and a change in the 

295 
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-"13c of h l u t e ake sediment. (DJL): postulated deforestation may relate to 

natural events or to Polynesian influence(~ McGlone, 1983). Polynesians 

inhabited many sites adjacent to such lakes in the Waikato district in last 
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millenium (Pick, 1968; Shawcross, 1968; Bellwood, 1978; Lowe~~, 1984). 

Wk-424. Hak-1 

2040 ± 50 

13 o C = -26.9%. 

Wood (?kauri) within gritty muds overlain by calm of Taupo Pumice 

Alluvium and ca 0.9m of lake sediments. Comment (DJL): provides approx age for 

deposition of Taupo Pumice Alluvium, and age of fm of Lake Hakanoa (Lowe & 

Green, 1987 ). Average sedimentation rate in lake, ca 2mm/yr, is approx 10 

times faster than average rate in Hinuera-dammed lakes (see general comment 

for Lake Maratoto ser). 

Pukekapia series 

Peat from drained swamp E of Pukekapia Rd near Lake Rotongaro, Huntly 

District, 37°30 1 s, 175°8'E (S13/982089). Coll (1974) and subm by HS Gibbs. 

Peat ca 2.4m thick and overlies a silty base. 

Wk-61. S4 

Sample from 2.07 to 2.17m below peat surface. 

Wk-60. S2 

Sample from 2.27 to 2.34m below peat surface. 

3760 ± 110 

Est o13c = -25%. 

4040 ± 120 

Est o13c = -25%. 
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General Comment (HSG): ages provide approx date of commencement of peat fm at 

this location (see also 0hinewai Peatlands ser and HcGlone, Nelson & Todd, 

1984). 

Ohinewai Peatlands series 

Peat from drill cores at two sites (nos. 5, 9) in Ohinewai peatland, near 

Ohinewai, 37°30'S, 175°12'E. Coll (1981) by A J Todd and subm by CS Nelson. 

2 
The Ohinewai Featlands occur near Lake Waikare, cover 15km , and are 

mesotrophic with some oligotrophic characteristics (Davoren, 1978). The peat 

has an average thickness of 6 to 9m (max 11.5m) and overlies lacustrine mud 

deposited in a proto-Lake Waikare (HcGlone, Nelson & Todd, 1984). 

Wk-356. P87 

2310 ± 60 

o13c = -29.3L 

Sample from 0.4m depth at site 9 (S13/044100). Comment (AJT): provides 

min age for surface peat fm in the Lower Waikato Basin. 

Wk-359. P88 

3290 ± 60 

o13c = -27.9L 

Sample from 3.4m depth at site 9 (S13/044100). Comment (AJT): improves 

age definition of surface peat in the Lower Waikato Basin. 

Wk-281. P86 

5820 ± 60 

13 o C = -27.7L 

Sample from 6.5m depth at site 9 (S13/044100) B 
• ase of peat at 6.9m. 

Comment (AJT): dates base of surface peat of th L 
e ower Waikato Basin. 
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Wk-224. P40 

4950 ± 70 

c?3c = -28.3%. 
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Sample from 1.2m depth at site 5 (S13/039097). Comment (AJT): provides 

peat accumulation rate in the Ohinewai bog, Lower Waikato Basin. 

Wk-225. P41 

7100 ± 80 

o13c = -29.1%. 

Sample from 4.lm depth at site 5 (S13/039097). Comment (AJT): provides 

peat accumulation rate in the Ohinewai bog, Lower Waikato Basin. 

General Comment (DJL): dates provide chronology for palynological study by 

McGlone, Nelson, & Todd (1984). See also Waikare ser. 

Harbottle Rd series 
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Tree stumps in silty sands overlying peat layers on Hinuera Fm sediments 

in exposure on Hamilton to Morrinsville Rd (SH 26) at two sites (B, F), 

37°42'S, 175°27'E (see also Motumaoho ser for additional stratigraphic details). 

Coll 1975 and subm by HS Gibbs. 

Wk-68. B/1 

6410 ± 290 

Est o13c = -25%. 

T · s1.'lty sand 170cm below terrain surface and 130cm above peat ree stump 1.n 

layer 1, at site B (S14/276860), Sm W of site A. Comment: diluted, 49% sample. 

Wk-73. E/1 

7000 ± 170 

Est o13C = -25%. 

Sand at 300cm depth and lying above peat layer 1, at 
Tree stump in silty 

site E ($14/276861), 70m N of site A. 



29 9 

University of Waikato Radiocarbon Dates 1 53 

General Comment (HSG): dates obtained are much younger than dates on 

underlying peat and wood associated with Hinuera Fm sediments (see Motumaoho 

ser); this suggests that the silty sands are locally reworked deposits rather 

than from the ancestral Waikato R. 

Waikato Swamps series 

Basal peat or wood cored with Hiller corer from the Rukuhia and 

Moanatuatua Peat Swamps, near Hamilton (Fig 1). Wk-114, Wk-115, Wk-116 coll 

(1977) by AT Wilson and K Thompson and subm by AT Wilson, Chemistry Dept, 

Univ of Waikato; other samples coll (1982 to 1983) as noted. The Rukuhia bog, 

like Moanatuatua ( see Moanatuatua ser) is an ombrogenous oligotrophic high 

moor bog with mesotrophic fringes, is up to 12m thick, and covers ca 64km2 

(Davoren, 1978). 

Wk-114. 

10,250 ± 90 

Est o13c = -25%. 

Peat from base of Rukuhia bog (8.3m depth), 37°54'S, 175°18'E 

(S15/076694). 

Wk-115. 

10,750 ± 90 

13 o C = -28.4%. 

Peat from base of Rukuhia bog (9m depth), 37°54 1 s, 175°18'E (SlS/ll9691 ). 

Wk-116. Moana #1 

Peat from base of 

(S15/187608). See also 

Moanatuatua bog (10m depth), 37°57•5, 

Wk-529 (Moanatuatua bog ser). 

11,800 ± 120 

13 
6 C = -28.6%. 

175°22'E 

General Comment (ATW): dates provide max age f 
0 peat fm at these sites. 
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Wk-553. GCl-l(RJ) 

10,600 ± 90 

o13c = -28.5L 

54 

Basal peat cored by Russi /J f an owsey corer rom 7.5m below surface of the 

Rukuhia peat bog 400m W of Lake Maratoto, near Hamilton, 37°54'S, 175°18'E 

(S15/123660). Coll (1983) by DJ Lowe and L Gaylor and subm by DJ Lowe. 

Comment (DJL): dates initiation of peat growth at this locality. 

Wk-508. GC3-2 

12,550 ± 110 

o13c = -25.9L 

Rimu root wood (Dacrydium cupressinum, L Donaldson, pers commun, 1983) 

300 

embedded in upper part of late Pleistocene colluvium underlying peat in arm of 

Rukuhia bog at N end of Lake Maratoto, near Hamilton, 37°54 1 S, 175°19'E 

(S15/663130). Wood at ca 6m below peat surface, ca 0.8m below base of peat 

(5.2m depth), and sampled with motorised Giddings auger. Coll (1983) by DJ 

Lowe, JD Green and L Gaylor and subm by DJ Lowe. Comment (DJL): gives approx 

age when growth of Rukuhia peat overwhelmed rimu tree (m situ?) at this site 

(Lowe, 1985). 

Wk-534. RJl-4 

15,200 ± 130 

o13c = -27.7L 

Basal woody peat (overlying Hinuera Fm sediments) cored by Russian/Jowsey 

corer from 7.2m below surface of the Rukuhia peat bog on the SW shoreline of 

·1 37°54 1 s, 175°19'E (S15/126657). Coll (1983) by D Lake Maratoto, near Ham1 ton, 

J Lowe, JD Green, MA Chapman and T G Northcote and subm by DJ Lowe. Comment 

(DJL): dates initial development of marginal peat around Lake Maratoto 

shoreline soon after fm of lake basin by deposition of Hinuera Fm (see Lake 

Maratoto ser). Such growth may indicate that effective rainfall increased at 

this time (Green & Lowe, 1985). 
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General Comment (DJL): most of dates indicate that major parts of Rukuhia and 

Moanatuatua bogs developed after ca 10,000 to 12,000 BP, possibly in response 

to climatic change with marked increase in net precipitation. Somewhat earlier 

date of ca 15,000 BP (Wk-534) is interpreted as initial localised peat growth 

near Lake Maratoto that later spread outwards and contributed to development 

of main body of Rukuhia bog (Green & Lowe, 1985; see also McGlone, Nelson, & 

Hume, 1978). Dates indicate that main body of Rukuhia bog has had average 

growth rate ca 1.2 to 1.4mm/yr. 

Wk-426. Purimu-2/1 14 
D C = -13.7 ± 13.1L 

(98.6 ± 1.3)7. modern 

o13c = -28.OL 

Peaty lake sediment O.9m below lake sediment surface cored from Lake 

Purimu, near Waipukurau, Hawkes Bay, 4O°O8 1 S, 176°29'E (Q14/464718). Coll 

(1980) by CH Hendy and subm by DJ Lowe and CH Hendy. Comment: diluted, 197. 

sample. (DJL): catchment contains calcareous rocks hence "hard water effect" 

may apply. Gives est rates of sedimentation in Lake Purimu and a min age of 

lake fm (base of lake sediments not seen). 

Wk-842. Maungarataiti-1 

2620 ± 90 

o13c = -27.6?. 

Woody lake sediment ca 2.9m below lake sediment surface cored from Lake 

Maungarataiti, near Hunterville, ca 50km E of Wauganui, 39°54•s, 175031'E 

(S15/282431). Coll (1986) by CH Hendy and subm by DJ Lowe and CH Hendy. 

Comment: diluted, 477. sample. (DJL): region contains calcareous sediments 

hence "hard water effect" may apply. Gives est rates of sedimentation in Lake 

Maungarataiti and a min age of lake fm (base of 1 k di 
a e se ments not seen but 

presence of wood suggests that might be close) (Lowe & Green, 
1987 ) . 
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Stratigraphy and development of c. 17 000 year old 
Lake Maratoto, North Island, New Zealand, with some 
inferences about postglacial climatic change 

J. D. GREEN 
D. J. LOWE 
School of Science 
Universitv of Waikato 
Private B;g 
Hamilton. New Zealand 

Abstract The stratigraphy and geomorphology 
of Lake Maratoto and its surrounds were investi­
gated as part of a programme of paleolimnological 
studies based on sediment cores from lakes in 
northern North Island. Changes in the lake and 
catchment were inferred from variations in sedi­
ment character, the correlation and timing being 
determined from distinctive tephra layers in the 
sediments and by radiocarbon dating. Nineteen new 
C-14 dates, on gyttja or peat, are reported (old T 1/z, 
years B.P.): 11 on tephras (Mamaku Ash 6830 ± 
90, Wk227; Rotoma Ash 8370 + 90, Wk522; 8350 
± 100. Wk523; Opepe Tephra 9370 ± 210, Wk230; 
Mangamate Tephra 9700 ± 140, Wk231; 10 000 
± 120, Wk232; Waiohau Ash 12 200 ± 230, 
Wk233; 12 500 ± 190, Wk234; 12 450 ± 200, 
Wk515; 12 300 + 190, Wk516; Rotorua Ash 13 450 
± 120, Wk511); 5 on the deposition of Hinuera 
Formation alluvium (16 300 ± 250, Wk239; 16 900 
± 4 70, Wk240; 17 050 ± 200, Wk358; I 6 200 
+ 360 - 340, Wk509; 15 850 ± 130, Wk510); and 
3 on basal peat of the Rukuhia bog (10 250 ± 90, 
Wkl 14; 15 200 ± 130, Wk534; 10 600 ± 90, 
Wk553). 

Lake Maratoto originated c. 17 000 years ago 
when a small valley was dammed by volcanogenic 
alluvium (Hinuera Formation). From c. 17 000 to 
c. 14 000 years ago the lake was about 2 m deep 
with clear water. Marginal peat first developed at 
c. 15 000 years ago. reducing the area of the lake 
by about one-half by c. 13 000 years ago. Lake area 
then expanded, possibly because of marginal 
erosion and/or oxidation of the peat, to its maxi­
mum size at the present day. The adjacent Ruku­
hia peat bog grew rapidly from c. 11 000 years ago 
and is now 8 m thick immediately to the west of 
the lake. As a result of this growth, the lake became 
dystrophic and deepened (3.5 m at c. 7000 years 
ago, 6.4 m at c. 2000 years ago, and 7.1 m today). 

Receired 25 June /984. accepted 22 July 1985 

The developmental history suggests that net pre­
cipitation increased at c. 15 000 years ago, increased 
further at c. 11 000 years ago, remaining high to c. 
7000 years ago at least, but with a decline at or 
before c. 2000 years ago. There may have been a 
distinctly wetter or windier period from c. IO 000 
to 9000 years ago. 

This interpretation is consistent with other 
reconstructions of postglacial climate in the South­
ern Hemisphere. 

Keywords paleolimnology; lake sediments; 
drainage basins; peat; pyroclastics; tephrostratig­
raphy; tephrochronology; C-14; absolute age; fer­
romagnesian mineralogy; glass chemistry; late 
Quaternary; Holocene; climate; lake-level fluctua­
tions; Hamilton Basin; Hinuera Formation; Lake 
Maratoto; Rukuhia; bogs 

INTRODUCTION 

Paleolimnology is a useful discipline for the 
investigation of Quaternary paleoecology and 
paleoclimate (e.g., Frey 1969; Birks & Birks 1980; 
Pennington 1981; Binford et al. I 983; Brugam 
1984). Few such studies, none comprehensive, have 
been done in New Zealand (e.g., Deevey 1955; 
Kennedy et al. 1978; Boubee 1983; McGione 1983), 
and hence we have begun a programme of paleo­
limnological studies based on sediment cores from 
lakes in the northern North Island. 

One of the most promising areas for these stud­
ies is the Hamilton Basin (Fig. !). Its major geo­
morphological features were developed in the late 
Quaternary, mainly by aggradation of the ancestral 
Waikato River (McCraw 1967; Hume et al. I 975), 
when a number of peat bogs and small lakes were 
formed. Exploratory corings of sediments on some 
of the lakes in 1979 verified that they are ideal sites 
for paleolimnological studies. The lakes are shal­
low with soft sediments and very low sediment­
ation rates. Particularly notable is a series of 
laterally continuous, thin, distinct volcanic ash lay­
ers. The stratigraphic sequence, thickness, lithol­
ogy, and bedding characteristics of these layers is 
practically identical in all of the lakes examined, 
hence they are regarded as primary tephras (Lowe 
et al. 1980) and of great value as time-stratigraphic 
markers. Lake Maratoto, located about IO km south 
of Hamilton City (Fig. I), was chosen as the site 
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Fig. 2 The present-day Lake Maratoto area. The bathymetry is from Irwin (I 982). The drainage ditches are modem 
the lake having no outlet in pre-European times. ' 

for initial paleolimnological studies. The purpose 
of this paper is to establish the age, origin, and 
developmental history of the lake basin. 

Previous accounts of the origins of the lakes in 
the Hamilton Basin have been based on observa­
tions of lakes situated away from peat bogs (e.g., 
Lakes Rotokauri, Mangakaware, and Ngaroto; Fig. 
1). Such lakes were formed when small valleys in 
low hills were blocked with alluvium (Hinuera For­
mation) deposited by the Waikato River at about 
the close of the last glaciation (McCraw 1967). Lakes 
on the margins of peat bogs, such as Lake Maratoto 
(and Lakes Cameron, Mangahia, Rotomanuka, and 
D; Fig. !), are all situated within or near embay­
ments in the hills, suggesting that they also lie in 
dammed valleys. However, this cannot be con­
firmed by observation of the local geomorphology 
as much of the older landscape in their vicinity is 
hidden by the blanket of younger peat. It is con-

ceivable that some of these lakes may have been 
formed by encroaching peat alone, backing up water 
draining from a valley (Grange et al. 1939). If the 
lakes did originate as valleys dammed by alluvium, 
it seems likely that later peat accumulation would 
have contributed to the form and depth of the pres­
ent lake basins. 

The age of the lakes is unknown, but they could 
have been formed at any time since the onset of 
deposition of the Hinuera Formation, which 
occurred in two phases: Hinuera-1 sedimentation 
(between c. 65 000 and 20 000 years ago) and Hin­
uera-2 sedimentation (between c. 20 000 and 12 000 
years ago) (Schofield I 965; Hume et al. 1975; 
McGlone et al. 1978). 

We have clarified the mode of origin of Lake 
Maratoto (and, by implication, other peat lakes in 
the area) by determining the topography, compo­
sition, and age of the surface lying below the lake 
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v Peat probe 
• Complete lake sediment core 
o Incomplete lake sediment core 
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*Russian/ Jowsey core IR J l 
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Fig. 3 Locations of transects and probin_g and_ ~orii:ig sites. Lake sediment cores were labelled according to the 
transect they were on (a number) and their pos1t1on m the lake (a letter) as follows: western cores (5W; 6W; 7W), 
eastern cores (5E; 6E; 7E), north cores (IN) and central cores (all on transect 1-1 ') ( 4, I; 5, I; 6, I; 7, I). The first core 
taken at each location was designated a (e.g., 5Wa), the second b (5Wb), and so on (see also Fig. 8). 

sediments and surrounding peat. To find the age 
of the lake we have radiocarbon-dated the base of 
the lake sediments, and have estimated rates of 
sedimentation in the lake using the dated tephras 
in the sediments (Lowe et al. 1980). Utilising this 
tephrochronology, we also determined variations 
in the lake's area and depth, and the influence of 
peat development, from changes in the character 
of the lake sediment. The results have enabled us 
to make inferences about some aspects of postgla­
cial climatic change. 

Lake Maratoto and its surroundings 
Lake Maratoto (37°53'S l 75°!8'E) lies on the east­
ern border of the domed ombrogenous Rukuhia 

peat bog (23 000 ha) (Fig. I). The lake. at an ele­
vation of 52 m a.s.l., occupies an embayment in 
low hills that rise to 76 m a.s. I. immediately to the 
east of the lake with lower elevations to the north 
and south (Fig. 2). Such low hills in the Hamilton 
region consist of weathered Pleistocene tephras. 
ignimbrites, and volcaniclastic sediments that pre­
date deposition of the volcanogenic Hinuera For­
mation (Kear & Schofield 1978). The lake is 
surrounded by peat, but to the west and northwest 
(Fig. 2) the tops of Pleistocene hills emerge above 
the peat. showing that the surface below is of var­
ied relief. Some of this subpeat surface consists of 
Hinuera Formation sands and gravels since farm 
well-drilling showed "sand" 7-10 m below the 
present peat surface c. 400 m to the west of the 
lake (B. Davies pers. comm.). 
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The lake's bathymetry is shown in Fig. 2; its sur­
face area is 16 ha, maximum depth 7.1 m, and 
volume 535 100 m3. 

METHODS 

Depths of peat and lake sediment were determined 
at regular distances along a series of transects (Fig. 
3)*. 

Surface contours of the peat along these transects 
were determined by standard levelling techniques 
with the lake surface (52 m a.s.l) as the datum. Peat 
depths were measured, usually at 30 m intervals 
along the transects, with a peat probe fitted with 
an auger for obtaining a bottom sample. An indi­
cation of the type of substrate below the peat was 
obtained by (I) examining the sample in the auger 
screw, which sampled clays and muds, and (2) 
listening to sound transmitted up the probe-grav­
els and sands were readily identified in this way. 

Lake sediment was sampled along the transects 
(Fig. 3) with a modified Livingstone piston corer. 
The coring tube was 4 m of 50 mm internal 
diameter PVC pipe. The lake sediment was 
described and classified from its colour, consist­
ence, texture, and organic content. 

*Some of these transects have also been profiled using 
subsurface interface radar in a separate study by Lowe 
(I 985. this issue). evaluating the effectiveness of the radar 
method for this sort of work. 

Table 1 Dominant ferromagne-
sian mineral abundances* in 
Mamaku Ash. Rotoma Ash, and 
Waiohau Ash at Lake Maratoto. 

Tephra Samplet 

Mamaku Ash I 
2 

Rotoma Ash 3 
4 

Waiohau Ash 5 
6 
7 

To positively identify substrate types noted 
during peat probing, seven cores were taken through 
the peat and into the underlying sediments (Fig. 3). 
Six of the cores (GCI-GC6) were taken with a Gid­
dings motorised hydraulic drilling rig, and one (RJ I) 
with a modified Russian/Jowsey D-section manual 
corer. The particle-size distribution of substrate 
samples from these cores was analysed by sieve and 
pipette (Folk 1968), and sand-fraction (2-4<j>) com­
positions were determined by standard methods 
(see Table 3). Alluvial and colluvial muds and sands 
beneath the lake sediments were also sampled and 
particle-size distributions and sand-fraction com­
positions were similarly determined. Ashy hori­
zons found in the peat column, and in the lake 
sediment cores below Rerewhakaaitu tephra (i.e., 
additional to the tephras described by Lowe et al. 
1980), were correlated with known tephras mainly 
from their ferromagnesian mineralogy; the identi­
fication of one tephra (Waiohau Ash) was con­
firmed by electron microprobe analysis of its glass 
shards (see Table 2). 

Sixteen samples of the lake sediment were col­
lected to date the major tephra layers and other 
significant horizons in the core (e.g., the base of the 
lake sediment). These samples were composites of 
several I cm thick slices of sediment taken above 
and below the tephras in suitable cores from 
throughout the lake. The tephras, identified by 
Lowe et al. ( 1980), were correlated from core to 
core by their distinctive colour, thickness, lithol­
ogy, and stratigraphic position. (Several of the 
tephra identifications of Lowe et al. (1980) were 

Ferromagnesian silicate minerals 
(summed to 100%) 

Opaques 
Hyp Aug Hbe Cgt Bio (vol%)t 

75 8 17 tr 0 19 
56 10 34 0 0 32 

57 29 4 10 tr 25 
49 27 II 13 0 8 

73 2 24 0 I 34 
52 18 27 tr 3 27 
58 7 31 0 4 42 

*Determined by point-count of the 2-4qi (250-63 µm) size fraction of the heavy 
mineral assemblage (;,. 2.95 g/cm3). Between 200 and 500 grains were counted. 

t I = peat core RJ 1-2: 2 = Lake Maratoto core 4, I b; 3 = Lake Maratoto core 
4.1 b; 4 = Lake Maratoto core 4.1 f: 5 = peat core RJ 1-3; 6 = Lake Maratoto 
core 4, I b: 7 = Lake Maratoto core 4.1 d. . . . 

tProportion of opaque minerals (mainly titanomagneute) m 2-4q> heavy mmeral 
fraction. . 

Hyp = hypersth_ene; Aug.= augite: Hbe = calc1c hornblende; Cgt = cum-
mingtonite: 810 = b1ot1te: tr = trace ( < I%). 
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Table 2 Electron microprobe analyses* of glass from Mamaku Ash. Rotoma Ash. Waiohau Ash. and Rotorua Ash 
in peat and lake sediment _cores from Lake Maratoto or Lake Rotomanuka. The analyses are presented on a nor­
malised 100% loss free basts. 

I 2 3 4 5 

SiO, 78.87 (0.50) 78.63 (0.16) 78.32 (0.33) 78.61 (0.30) 77.57 (0.58) 
Al,O, I 2.05 (0.17) I 2.33 (0.10) 12.38 (0. I 3) 12.35 (0.13) 12.68 (0.32) 
TiO, 0.12 (0.02) 0.10 (0.05) 0.11 (0.05) 0.13 (0.03) 0.21 (0.05) 
FeOt 0.87 (0.07) 0.87 (0.07) 0.87 (0.07) 0.92 (0.08) 1.26 (0.09) 
MgO 0.10 (0.02) 0.12 (0.02) 0.10 (0.03) 0.14 (0.01) 0.20 (0.08) 
CaO 0.69 (0.10) 0. 71 (0.07) 0.82 (0.05) 0.89 (0.04) 1.20 (0.33) 
Na,O 3.80 (0.20) 3. 76 (0.06) 3.55 (0. I 6) 3.60 (0.28) 3.55 (0.29) 
K,O 3.38 (0.43) 3.37 (0.09) 3.73 (0.41) 3.26 (0.10) 3.19 (0.44) 
Cl 0.12 (0.02) 0.11 (0.05) 0.12(0.01) 0.10 (0.03) 0.14 (0.03) 
Water:j: I.I 3 (1.40) 0.70 (0.43) 3.05 (1.58) 4. 99 (3.00) 7.07 (1.71) 
n 14 IO 11 10 10 

I = Mamaku Ash (Lake Rotomanuka, core A): 2 = Rotoma Ash (Lake Rotomanuka, core C): 3 = Waiohau Ash 
(peat core RJI-3, Lake Maratoto); 4 = Waiohau Ash (Lake Rotomanuka. core A): 5 = Rotorua Ash (Lake Roto­
manuka, core A). 

n = number of analyses in mean (each analysis was done on a different shard); numbers in parentheses are I standard 
deviation. The location of Lake Rotomanuka is shown in Fig. I; cores A & C were taken from near grid ref. 
(NZMS 260) SI 5/ 136615. 

*Glass shards in the 2-4q> size fractions were separated and purified using heavy liquids and Frantz electromagnetic 
methods, embedded in epoxy resin, polished, carbon coated, and analysed with a JEOL JXA-733 SUPERPROBE 
at the Analytical Facility, Victoria University of Wellington (Froggatt & Gosson 1982). All samples were analysed 
using an 8.0 nA beam current with either a IO µm or 20 µm beam diameter, and peak counts of 3 x 10 s (meaned). 
Repeated analysis of glass standards (KN-18 comendite glass; VG-99 basaltic glass; VG-568 rhyolite glass) gave 
a check on probe calibration and operation. There was probably some loss of Na and water by volatilisation (see 
also Froggatt I 983). Concentrations are given in oxide weight percent except Cl which is in atomic weight percent. 
Data are from D. J. Lowe (in prep.): "Stratigraphy, chronology, and correlation of late Quaternary rhyolitic and 
andesitic tephras interbedded with organic lake deposits in the Waikato region, North Island. New Zealand". 

tAII Fe calculated as FeO. 
:j:Difference between analytical total and I 00. 

provisional, and modifications based on new 
mineralogical and glass chemistry data (Table 1 and 
2) are noted below.) Slices of peat 5 cm in thickness 
from the bottoms of cores RJ 1 and GC 1 were also 
collected. The samples were submitted for C-14 
dating at the University of Waikato Radiocarbon 
Dating Laboratory (symbol Wk). All the dates pre­
sented and discussed in this paper are conventional 
and are based on the old (Libby) half-life of 5568 
years (Hogg 1982). 

STRATIGRAPHY 

Peat and prepeat deposits 

To the north and northwest of the lake (transects 
1-1 ', 3-3', 4-4'; Fig. 4), peat depths are relatively 
shallow (1-4 m) and the subpeat deposits consist 
of greenish-blue to greyish-brown, sometimes gritty, 
muds. Further to the west and southwest, the peat 
deepens to 7-8 m and the subpeat materials are 
sands and gravels with a relatively flat surface 
(transects 5-5', 6-6', 7-7', I 0-10', 11-11 '; Fig. 4). 

Between the lake and the hills to the east and south 
of the lake, the peat is less than 4 m thick. It shal­
lows towards the hills and is underlain by muds 
similar to those beneath the peat to the north and 
west of the lake (transects 1-1 ', 2-2 ·, 3-3', 4-4', 
5-5', 6-6', 9-9'; Fig. 4). 

Core GCI (Fig. 5) shows that the subpeat 
materials to the west of the lake consist of at least 
5.5 m of Hinuera Formation and are overlain by 
8 m of fibrous peat. The base of the peat in GCI 
has been dated (Wk553) at 10 600 + 90 years B.P. 
(see Fig. 9). -

In core RJl, at the southwestern lake edge, the 
subpeat sediments consist of a thin (IO cm) layer 
of greenish-grey mud passing down to sand of the 
Hinuera Formation (Fig. 5). There is more vertical 
variation in the texture of the peat in RJ I than in 
GCl, but fine lake sediment is not present. Basal 
peat in RJ I has been dated (Wk534) at 15 200 ± 
130 years B.P._Three diffuse ashy horizons, of about 
I 0-20 mm thickness, were found in the RJ I core. 
The top one (RJl-1; Fig. 5) is identified as Taupo 
Pumice from its field character (vesicular, fine 
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Fig. 4 Transect profiles (vertical 
exaggeration X20) produced by 
combining the levelled lake sedi­
me~t and peat probe depths. Lake 
sediment thickness was taken to 
be the thickness of sediment plus 
tephra laye_rs between the top of 
the consohdated lake sediment 
above the Taupo tephra and the 
Junction between the muds below 
the Rerewhakaaitu tephra (names 
and stratigraphy of the tephras are 
given in Fig. 8). Because of its 
sloppy nature, some of the sedi-

1 Sl 

M 

1' Lake level 
datum 

• ment _above the Taupo tephra was 
occas1onally not sampled or was 
lost during coring, and sometimes 
the bottom alluvial mud layer was 
not quite reached. In these cases 
total sediment thickness wa~ 
obtained by adding estimated 
sediment thicknesses above the 
Taupo tephra and below the 
Rerewhakaaitu tephra. These 
estimates were calculated from 
sedimentation rates in the sedi­
ment immediately above and 
below these tephras respectively, 
provided the core included all the 
tephras between and including the 
Taupo and Rerewhakaaitu. The 
estimates were corroborated from 
sediment thicknesses in more 
complete nearby cores. 

10~10' 

~ SM SM 

• Sample points 
s-Sand 
t1-Mud 
SL-Soil (inorganic l 

pumice lapilli) and persistent occurrence within a 
metre of the bog's surface. The middle (RJl-2) and 
lowest (RJ 1-3) ashy horizons both have a ferrom­
agnesian mineralogy consistent with a source from 
the Okataina Volcanic Centre (Table l; Lowe et al. 
1980), and are probably Mamaku Ash and Waio­
hau Ash, respectively. The identification of the 
lowest tephra as Waiohau Ash was supported by 
the major element chemistry of its glass (Table 2). 
The only viable alternative, Rotorua Ash (c. 13 400 
years), has distinctly more TiO2, FeO, MgO, and 
CaO than Waiohau Ash (Fig. 6) and hence is a less­
likely correlative. 

Sl 7' 

100m 

Smr 

Cores GC2-5 to the north and northwest of the 
lake all showed similar features (Fig. 5). The peat 
column consists entirely of fibrous, sometimes 
woody, peat, occasionally with two diffuse ash lay­
ers. In GC2 these are identified as the Taupo (top) 
and the Mamaku tephras; in GC3 they are prob­
ably the Mamaku and Waiohau tephras. The sub­
peat materials consist of about 1 m of moderately 
weathered gritty mud (upper unit) unconformably 
overlying at least 3 m of stongly weathered clay 
(lower unit) (Fig. 5). Upper unit samples (U-1 to 
U-4) are texturally similar (sandy mud or sandy 
silt; Fig. 7 A). Their grading curves (Fig. 7B) closely 
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Fig. S Diagram showing the stratigraphy of the peat cores and correlation of the subpeat and subgyttja deposits, and the positions from which samples 
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in Fig. 9. 
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Fig. 6 Chemical composition of glass in peat core sam­
ple RJ 1-3 compared with that in samples ofWaiohau Ash 
and Rotorua Ash (data from columns 3, 4, and 5 in Table 
2, respectively). The histograms are plots of ratios of ele­
ment concentrations in the samples to concentrations of 
the same elements in Yellowstone Rhyolite Glass stand­
ard VG-568 (the method of plotting ratios is after Sama­
Wojcicki et al. I 984). RJ 1-3 is better matched to Waio­
hau Ash, its probable correlative, than to Rotorua Ash. 

match those oflate Pleistocene tephras that mantle 
the Pleistocene hills in the area. The sand miner­
alogical analyses (Table 3) confirm that the upper 
unit consists of late Pleistocene tephras. The top 
part (U-3) is probably largely derived from (?)Hau­
paru tephra; the middle to bottom parts (U-4, U-_ 
1, and U-2) are mainly derived from (?)Tahu~a 
tephra mixed with Rotoehu tephra (Table 3; Fig. 
7D). The lower unit consists of strongly weathered 
materials deposited considerably before Rotoehu 
tephra, hence is not considered further. 

Lake sediment and prelake-sediment deposits 
The stratigraphy, lithology, and chronology of the 
cores are given in Fig. 8. Complete cores pene­
trated to sublake-sediment muds and sands; other 

cores were incomplete but could be matched with 
the rest using the tephras as stratigraphic markers. 

Complete cores all have an upper part consisting 
of 2-3 m of lake sediment (mainly dy-gyttja and 
gyttja, or peat in shallow-water cores) containing a 
series of thin ( 1-40 mm) tephra layers, and a lower 
part of either about l m of olive to greenish-grey 
fine mud (in middle and northern cores) or up to 
about 50 cm or less of alternating greyish-white mud 
and unweathered pumiceous sand layers (in cores 
from the southwest of the lake). The junction 
between the gyttja and the underlying muds and 
sands is taken as marking the origin of the present­
day lake. 

Particle-size analysis (Fig. 7 A, C) of three sam­
ples (S-1 to S-3) of these subgyttja materials (sand, 
mud, and clay, respectively) show a fining trend 
eastward and northward in the lake basin (evi­
denced also in Fig. 8). There is thus a gradation in 
the subpeat and subgyttja deposits from coarse 
gravelly sands west of the lake at GCl, through 
sands at the base of RJ 1 and the lake cores from 
the western side of the lake (cores 7W, 6W), to muds 
fining to clays in the eastern and northern parts of 
the lake. We interpret these muds and clays as a 
fine lithofacies of the Hinuera Formation deposited 
from suspension. This view is supported by the 
grading curves plotted in Fig. 7C that show that S-
1 is similar to Hinuera lithofacies C2 (of Hume et 
al. 1975), while S-2 and S-3 apparently represent a 
finer variant of their lithofacies D. The C-14 dates 
straddling the Hinuera muds and clays (Wk239, 
51 O; Wk240, 509; Fig. 9) show that these were 
deposited relatively rapidly between c. 16 000 and 
c. 1 7 000 years ago. This time is around that of the 
last stages of vigorous Hinuera-2 deposition in the 
Hamilton Basin (McGlone et al. 1978). 

The l O cores that penetrated beneath the Hin­
uera muds or sands have a thin layer (5-15 cm) of 
olive gyttja overlying up to 80 cm of gritty mud, 
usually with a dark 20 cm thick paleosol-like top 
containing two or three diffuse grey ashy layers (Fig. 
8). We interpret the thin gyttja layer as having been 
deposited in a relatively shortlived proto-Lake 
Maratoto (see "Developmental history"). 

The composition of the gritty muds (samples 
U-5 to U-8; Fig. 5) below the proto-Lake Maratoto 
gyttja matches that of the subpeat upper unit 
materials (Fig. 7 A, B, D; Table 3). Hence they are 
also Pleistocene hill materials and are contiguous 
with the subpeat materials. 

All these Pleistocene hill material samples (U-1 
to U-8) thus appear to consist chiefly of Hauparu, 
Tahuna, and Rotoehu tephras, which are aged 
between c. 37 000 and c. 40 000-50 000 years (Fig. 
7D, 8). Neither Okareka Ash, aged between c. 
17 000 and c. 20 000 years (Vucetich & Pullar 1969; 
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Fig. 7 Compositional analyses of the subpeat and sub­
lake materials. 
A Triangular textural plot for samples S-1 to S-3 (Hi1_1-
uera Formation) and U-1 to U-6 (subpeat and subgyttJa 
Pleistocene hill materials). Textural classes (from Folk 
1968) are: S, sand; s, sandy; Z, silt; z, silty; M, mud; m, 
muddy; C, clay; c, clayey. Sample S-1 is a slightly gravelly 
sand. 

Pullar et al. 1973), nor Kawakawa Tephra, aged c. 
20 000 years (Vucetich & Howorth 1976a), are 
recognised (Table 3; Fig. 7D), although both are 
known to have been deposited in the region (Pullar 
& Birrell 1973; Lowe 1981). So it seems that there 
is a disconformity, possibly of up to about 20 000 
years duration, between the proto-Lake Maratoto 
gyttja and the Pleistocene paleosurface, a sugges­
tion supported by the moderately weathered and 
paleosol-like character of the paleosurface. 

Lowe et al. ( 1980) identified the series of tephra 
layers above the Hinuera mud in core 4, I b. The 
tephras that were provisionally identified as 
?Rotoma Ash and Unnamed ash by Lowe et al. (p. 
483) are reidentified here as Mamaku Ash_ and 
Rotoma Ash, respectively. Mamaku Ash, dated at 
(Wk227) 6830 ± 90 years B.P. (Fig. 9), is charac­
terised by its Okataina-derived ferromagnesian 
mineralogy (Table l) and glass chemistry (Table 2; 
cf. analyses in Cole & Nairn 1975 and Kohn 1979). 
Rotoma Ash, with dates of (Wk522) 8370 ± 90 
years B.P. and (Wk523) 8350 ± 100 years B.P. (Fig. 
9), contains the diagnostic amphibole, cumming­
tonite (Table l; Hogg & McCraw 1983). Its glass 
chemistry is listed in Table 2. 

The Taupo, Tuhua, Mamaku, Opepe, Manga­
mate, Waiohau, Rotorua, and Rerewhakaaitu 
tephras were readily discernible in cores from 
throughout the lake (Fig. 8) and were used to cal­
culate sedimentation rates during the lake's his-
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B Comparison of the particle-size distributions of upper 
unit materials (U-1, U-3 to U-8) with those of late Pleis­
tocene tephras from the Waikato region (stippled band). 
The latter Waikato samples (30) comprise tephras aged 
from c. 17 000 to c. 40 000-50 000 years (see Table 3; 
data from Lowe 1981). 

tory. Dates on gyttja associated with all these 
tephras, including 11 dates not published in Lowe 
et al. (1980), are given in Fig. 9. Dates on the gyttja 
above and below the Hinuera muds, and on the 
proto-Lake Maratoto gyttja, are given also. 

The C-14 dates obtained on the tephras used as 
markers, apart from those for the Waiohau Ash, 
closely match dates on the same tephras elsewhere 
(Topping 1973; Pullar et al. 1973; Nairn 1980; Hogg 
& McCraw 1983)*. This agreement indicates that 
the chronology for the lake's developmental his­
tory may be regarded in large part as reliable, as 
the independently dated tephras provide a check 
on the accuracy of the radiocarbon dates (an 
important consideration for projected paleoecol­
ogical and paleolimnological studies; Mathewes & 
Westgate 1980). The Waiohau Ash has been pre­
viously dated at (NZ568) 11 250 ± 200 years B.P., 
(NZ878) 11 100 ± 210 years B.P., and (NZ! 135) 
11 800 ± 150 years B.P. (Pullar & Heine 1971) and 
has a generally accepted age of c. 11 300 years (Pu!-

*The dates obtained on Rotoma Ash (which was not used 
as a str~tigraphic marker) differ markedly from previous 
age estimates of c. 7000-7300 years by Pullar & Heine 
(1_971) and Pullar et al. (1973), but are better matched 
with t~e date of(NZ1945) 8860 ± 120 years B.P. given 
by Nairn ( I 980). This latter date is significantly older 
than our dates, however, hence the specific age of the 
Rotoma Ash eruption is uncertain. 
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Fig. 7 (continued). C 
C Particle-size distribution of 
subgyttJa alluvial samples S-1 to 
S-3. Grading curves of various 
hthofac1es of Hinuera Formation 
sediments are shown for compar­
ison (mainly after Hume et al. 
197 5: the majority of the unla­
belled curves represent lithofacies 
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D "!'ernary diagrams comparing 
relauve abundances of ferrom­
agnesian minerals (summed to 
l0~%, see _also Table 3) of upper 
unit _tephnc materials (U-1 to U-
8) with those of some late Pleis­
!Ocene tephras that are their poss­
ible correlatives. On this basis, the 
bulk of the upper unit is probably 
derived from Hauparu Tephra, 
aged c. 37 000 years; Tahuna 
Tephra, aged c. 38 000 years; and 
Rotoehu Ash, aged c. 40 000-
50 000 years (McGlone et al. 
198~b; see C-14 dates in Fig. 8). 
In diagram 1, amphibole consists 
of calcic hornblende plus cum­
mingtonite. Rotoehu Ash is char­
acterised by a high cummingtonite 
content (diagram ii-Lowe 1981; 
Hogg & McCraw 1983). Data 
sources for the mineralogies of the 
\ate Pleistocene tephras are given 
m note (d) of Table 3. 
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Jar & Birrell 1973). The average age of 12 400 years 
we obtained for Waiohau Ash in Lake Maratoto is 
significantly older than this. This difference in age 
may result from an "error" in the Lake Maratoto 
dates due to contamination by redeposited organic 
material (cf. Bjl:>rck & Hakansson 1982). Alterna­
tively, the previous ages on the Waiohau Ash, all 
determined on charcoal which is very susceptible 
to contamination (Hogg 1982), may be underesti­
mates. We prefer the older age (12 400 years), but 
the age discrepancy nevertheless signifies that the 
chronology in this zone of the cores is less certain 
than in the others. 

Sig 8 
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Calcic Hornblende 

LAKE SEDIMENT CHARACTERISTICS 
AND SEDIMENTATION RA TES 

The characteristics of the four types of lake sedi­
ment described are summarised in Table 4. Since 
the bulk of the sediment probably originates in the 
catchment, as in other small lakes (e.g., Mackereth 
1966), we have made broad inferences about con­
ditions in the catchment using this classification. 
In addition, we use sedimentation rates to indicate 
rates of erosion in the catchment. 

Sediment type 1 (T 1 ), largely inorganic, suggests 
that catchment soils had a low organic content with 



323 

686 
New Zealand Journal of Geology and Geophysics, 1985, Vol. 28 

. • · · fi • f ub eat and subgyttja samples at Lake Maratoto•. Com-
Table 3 Mmeralog1cal compositwn ~f the sand ~actut\0 J below) and Hinuera Formation sediments are included 
positions of some _widespread late Plei stocUen8e) tepd r~s. no e (S-I) samples respectively. Some of the ferromagnes1an 
for companson with upper ur:11t (U-1 to - an muera , 
mineralogical data is plotted m Fig. 7D. 

Heavy minerals• 

Accessory 
minerals 
(as% of 

Ferromagnesian silicate minerals heavy 
(summed to 100%) minerals) Light minerals• 

(relative 

Samples Hyp Aug Hbe Cgt Bio Zir Mag abundances) 

Hinuera•· 
17 0 I tr 12 g ~ f> q S-1 65 17 

Hinuera Formation' 75 8 14 0 3 0 38 g;. f;oq~ I 

Upper unit (cm)t 
45 30 20 5 0 2 5 g ~ f;, q U-5 (5-12) 

U-3 (10-15) 60 15 21 2 2 I 18 g ~ f;, q 

U-7:j: (30-33) 59 25 16 0 0 2 6 g ~ f> q 
U-8:j: (40-42) 31 3 65 I 0 3 17 g~ f> q 
U-6 (45-50) 51 22 18 9 0 2 9 g ~ f;, q 
U-4 (50-55) 31 20 33 16 0 2 7 g ~ f;o q 
U-1 (60-65) 40 4 34 22 0 I 18 g ~ f;o q 
U-2 (100-105) 24 II 30 35 0 tr 14 g ~ f;o q 

Tephra• 
Okareka Ash'· 3 16-23 1-9 20-61 0-1 19-49 5 30 g ~ f;, q 
Kawakawa Tephra3• • 41-62 2-20 23-53 0 0-2 1-2 33-38 g~ f>q 
Hauparu Tephra5• 6 38-83 15-38 0-32 0-1 0 nd nd nd 
Tahuna Tephra3• •· 7 32-60 tr-12 26-65 0-2 0-2 1-3 47-54 g ~ f;. q 
Rotoehu Ash•· '· 7 7-16 0-2 1-44 47-91 0-2 1-3 28-51 g~ f>q 
"Composite"'·• 30-39 11-21 24-29 16-31 0-2 1-2 32-67 g~ f>q 

a = S.G. > 2.9 g/cm3: Hyp = hypersthene; Aug = augite; Hbe = calcic hornblende; Cgt = cummingtonite; Bio = 
biotite; Zr = zircon; Mag = predominantly titanomagnetite. 

b = S. G. < 2.9 g/cm3: g = glass (and rare pumice); f = feldspars (mainly plagioclase); q = quartz; I = lithics. 
c = Hinuera Formation sediments are volcanogenic with diverse mineralogy. Data source: I = Hume et al. (1975). 
d = Widespread rhyolitic tephras of c. 17 000 - c. 50 000 years age range that are predicted to be the most likely 

constituents of the Upper unit. Values show the characteristic range of mineral abundances in each tephra from 
various localities in the North Island. Data sources and locations are: 2 = D. J. Lowe, unpublished data (Lake 
Rotomanuka, Fig. I); 3 = Howorth et al. (1980) (Poukawa; Gavin Road; Whangamata Road; Okataina area); 4 
= Lowe (1981) (Waikato); 5 = Hogg & McCraw ( 1983) (Coromandel); 6 = McGlone et al. ( 1984b) (Bay of 
Plenty-Gisbome); 7 = Vucetich & Howorth (1976b) (Taupo). Data in the "Accessory minerals" and "Light min­
erals" columns are derived wholly from references 2 and 4 above. 

e = "Composite" refers to a composite of pedogenically mixed late Pleistocene and Holocene tephras that occur as 
c. 50-150 cm thick cover bed deposit on the low hills in the Hamilton City-Lake Maratoto area (Lowe 1981). 

*Sands (2-4q>) were fractionated by sieve and heavy liquid separation methods and analysed by standard petrological 
microscope (point-count) and X-ray diffraction procedures. 

tDepth of sample below base of peat or paleosurface. 
:j:U-7 and U-8 occur as discrete, apparently pure tephra layers and probably represent the Hauparu Tephra and Tahuna 

Tephra, respectively (see text). 
tr = trace amount ( < 1%); nd = not determined. 
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Fig. 8 Stratigraphy, lithology, and chronology of the lake sediment cores. Coring locations are shown in Fig. 3. Tephra identifications are based on 
Lowe et al. ( I 980) and work currently in progress (see text and Tables 1-3). The majority of the tephras are derived from the Okataina and Tau po 
Volcanic Centres; others originate from Mayor Island, Tongariro, and probably Mount Egmont sources. Ages of the distinctive tephras used throughout 
the lake as time planes (right-hand column) are from Fig. 9. Sediment descriptions generally follow Folk's (1968) nomenclature. The colours are based 
on Munsell notation. 

*Ages from McGlone et al. (1984b, table I, p. 333). tAges from Pullar & Heine (1971) and McGlone et al. (1984b). 
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Fig.9 Summary of radiocarbon dates on gyttja and peat 
Waikato Radiocarbon 

Tephra Dahn Laborator No. Sam le deposits in the Lak~ Maratoto area. _ 

Wk 215 1 1730,60 17S0,60 
'All ages discussed m the text are old half-hfe dates. 

Taupe Pumice zg = gyttja; p = peat. 
*Dates published by Lowe et al. ( 1980). _ 

Tuhua Tephra Wk 214 1 6 210, 70 6'-20, 70 g tSamples of b'.1sal peat m _cores GC I and RJ I (Fig. 5) -
Wk 227 6830!90 7 050 ! 100 g stratigraphic pos1uons inferred from ages. Peat sample 

Mamaku Ash Wk! 14 (10 250 + 90 years B.P.) was collected from 
8 350,100 8600 ! 100 g the base of the Rukuhia bog at 8.3 m depth a_bout 6 

Rotoma Ash 8 370 ! 90 8 620 ! 100 g km northwest of Lake Maratoto (near gnd ref. 
S15/076694); sample Wk! 15 (10 750 ± 90 years B.P.; 

Opepe Tephra Wk 230 9370: 210 9680! 220 McGlone et al. 1978) was collected at 9 m depth about 
3 km north of Lake Mara to to (near S 15/ 119691) (A. 

Mangamate Tephra Wk 231 9700 ! 140 10 000 ! 140 g G. Hogg pers. comm. 198~)- Grid references a_re based -~tm, 10 000 ! 120 10 400 ! 120 g 
10 120 ! 100 10 440 ! 100 g on the national I 000 m gnd of the topograph1cal map 

-- Wk 5531 10 600' 90 10 950 ! 90 p series (NZMS 260). 
Wk 516 12300!190 12 700 ! 190 g 
Wk 233 12 200,230 12 600 ! 240 g 

Wa1ohau Ash Wk 234 12 500:190 12 900 ! 200 g 
Wk 515 12 450!200 12510,200 g 

Rotorua Ash Wk 511 13 450,120 13850,120 

~~m: 14 700! 220 15 200, 230 
Rerewhakaaitu Ash 14 700 ! 180 15 200 ! 190 

- - Wk 5341 15 200,130 15 650 , 140 

Wk 239 16 300 ! 250 16 800 ! 270 g 
Wk 510 15 850,130 16300 :130 g 

Hinuera Formation 
{ overbank mud 
deposits I 

1rno:m 16650:m Wk 509 
Proto- Lake Wk 240 16 900 !470 17500 , 490 
l1aratoto gyttJa Wk 358 17 050 ! 200 17620 ,210 
Paleosol _____ 
Pre- lake 

.. 
hill materials 

Table 4 General descriptions of four classes of lake sediment in Lake Maratoto. 

Munsell colour Organic Occurrence in present-day 
Type Sediment description notation (range) matter%* Lake Maratotot 

T4 Black fibrous soft peaty sediment IOYR 2/1 54.2 Around lake margins to depths of 
containing plant fragments > 2 mm Im 

T3 Black to very dark brown fine soft I0YR 2/1 42.7 Water depths > I m 
dy-gyttja. Particles < I mm I0YR 2/2 

T2 Very dark grey to very dark I0YR 3/1 18.9 Not found in surficial sediments 
greyish-brown firm fine gyttja. l0YR 3/2 
Particles < l mm 2.5Y 3/2 

Tl Olive to very dark grey, firm 5Y 3/1 9.1 Not found in surficial sediments slightly sticky fine gyttja. 5Y 3/2 
Particles < 1 mm 5Y 4/3 

*Loss on ignition determined on at least two samples of dried sediment by combusting at 55o•c for 30 min. 
tFrom Boubee (1983). 
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period (denoted by horizontal dashed lines) in both deep and shallow water cores, and the results of a I-test of the significance of their difference, are 
also given. Coring locations are shown in Fig. 3. 
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little vegetational cover. The greenish tinge of this 
sediment is due largely to secondary chlorophyll 
degradation products, possibly produced within the 
lake itself. The lack of brown staining implies that 
the lake water was clear. The browner T2, with 
higher organic content, suggests more vegetation in 
the catchment and soils with greater organic con­
tent. Marginal vegetation may have contributed also 
to its darker colour. The very dark peaty T3 con­
sists of decomposing remains of aquatic plants and 
animals, faecal pellets of aquatic animals, and fine 
plant remains from surrounding terrestrial vege­
tation (Boubee 1983), and is stained with humic 
material extractable with 10% KOH. Such sedi­
ment, often described as dy-gyttja (e.g., Hansen in 
Berg & Petersen 1956), shows dystrophic condi­
tions in the lake and considerable peat develop­
ment around it. Leafy fragments occur in T3 
sediment within and around beds of the sedge 
Eleocharis sphace/ata. T4 sediment is fibrous and 
woody and is similar to peat from the Rukuhia bog. 
It is found around the margins of the present-day 
lake (Table 4). 

Changes in sediment type and sedimentation 
rates were examined in two groups of the lake sedi­
ment cores-those taken from modern lake depths 
shallower than 4 m (shallow-water cores) and those 
taken from depths deeper than 4 m (deep-water 
cores) (Fig. 10). 

The temporal sequence is similar in most of the 
deep-water cores (Fig. 10, right panel). Sediment 
Tl occurs from c. 16 300 to 14 700 years ago, T2 
from 14 700 to c. 12 400 years ago, and T3 there­
after, except for a brief period ofT2 deposition from 

10 000 to c. 9000 years ago. No T 4 or wood was 
found in the deep-water cores, and leaf remains are 
rare. Most of the shallow-water cores (Fig. 10, left 
panel) differ from the deep-water cores in having 
a band of woody T4 from c. 13 500 to c. 12 000 
years ago, leafy T3 from c. 12 000 to 10 000 years 
ago, and a less-obvious zone of T2 from c. IO 000 
to 9000 years ago. 

For most of the lake's history ( c. 16 300-13 500 
years ago, c. 12 400-10 000 years ago, and c. 9000 
years ago to present) (Fig. 10), mean sedimentation 
rates were slow (0. 10-0.20 mm/year). For two brief 
periods, from c. 13 500 to 12 400 years ago, and 
from c. 10 000 to 9000 years ago, the sediment­
ation rate was faster (0.20-0.35 mm/year). 

There was no significant difference in sediment­
ation rate between shallow and deep water cores 
early (c. 16 300 -13 500 years ago) and late (from 
c. 9000 years ago to present) in the lake's history. 
However, from c. 13 500 to IO 000 years ago, sedi­
mentation rates in shallow water were significantly 
faster than in deep water. During this period, sedi­
ment types T4 and leafy T3 were deposited in shal­
low water. In contrast, from c. IO 000 to 9000 years 
ago, sedimentation rate was significantly faster in 
deep water, coinciding with T2 deposition. This was 
the only period of sediment focussing (i.e .. greater 
accumulation of sediment in the deepest part of a 
lake basin; Davis & Ford 1982) in the lake's history. 

In central locations (along transect 1-1 '; Fig. 3), 
betwee~ c. 16 300 and 12 400 years ago, sedi­
mentation rates declined in the south of the lake 
(locati~n 7, I) but increased in the northern ( 4, I) 
and middle (5, I) locations (Fig. I I). Thereafter, 
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Table 5 Total lake sediment thickness in central 
locallons.• 

Location 

4.1 
5.1 
6.1 
7.1 

No. of cores used 
in calculation 

4 
I 
I 
2 

Sediment 
thickness (cm) 

259 
310 
251 
201 

*Data also plotted in transect 1-1 ', Fig. 4. 

from c. 13 500 to 7000 years ago, sedimentation 
rate was consistently slowest in the south and fast­
est in the middle (narrow) area of the Jake. The 
faster sedimentation rates in location 5, I from c. 
13 500 to 7000 years ago account for the greater 
total sediment thickness there (Table 5). From c. 
7000 to 2000 years ago, sedimentation rate was 
similar in all central locations. Sedimentation rates 
were faster in the northern basin ( 4, I) from c. 2000 
years ago to the present. 

In the central locations (transect 1-1 '), sedi­
mentation rates were inversely proportional to the 
distance from the shoreline (e.g., station 7, I is I 50 
m, ~nd station 5, I is 50 m, from the shore), sug­
gesting that input oflittoral and terrestrial material 
is the major factor determining the sedimentation 
rates in Lake Maratoto. 

DEVELOPMENT AL HISTORY 

Origin of the lake basin 
Beneath the lake is a shallow, elongated, northeast­
southwest-orientated depression. This is an embay­
ment in the Pleistocene hills which is dammed to 
the southwest by Hinuera sands and gravels and 
floored by Hinuera muds and clays (Fig. 12). The 
southwest margin of the paleosurface depression, 
made up of these Hinuera sands and gravels, is 
lower lying than the low ridges and Pleistocene hills 
around its other sides. The lake is thus held at its 
present level mainly by the 8 m depth of peat over­
lying the sands and gravels to the southwest. 

The Hinuera sediments blocking the embayment 
were laid down in two main episodes (Fig. 13), the 
first of which occurred c. I 7 000 years ago forming 
a proto-Lake Maratoto in which the thin layer of 
gyttja lying beneath the Hinuera muds was depos­
ited. The proto-Lake Maratoto gyttja lies directly 
on the Pleistocene hill derived materials in the val­
ley floor with no intervening layer ofHinuera muds, 
at least in the northern part of the lake basin. This 
suggests either that there was no extensive flooding 

by _mud-laden river water, possibly because the 
maJor course of the Waikato River moved some 
distan_ce away from the mouth of the valley after 
depos1t1on of the dam materials, or that the basin 
was too shallow to hold enough water to produce 
an appreciable thickness of mud. Whichever, this 
proto-Lake Maratoto sediment was laid down in 
what may have been a swampy hollow with only 
shallow water. The duration of the proto-lake was 
between 150 and 800 years (Fig. 9). 

The second episode of Hinuera deposition that 
produ~ed the initial modern lake basin, was 'more 
e~tens1ve and rapid. There must have been a con­
siderable depth of floodwater ponded in the valley 
to act as a buffer to the river current to produce 
the sorted nature of Hinuera deposits in the 
embayment (Fig. 13). The alternating sand and mud 
layers found in the base of the cores from the 
southwest of the lake and in GCI (Fig. 5, 8) suggest 
that the ponded mud-laden water was renewed in 
a series of floods. This is consistent with what is 
inferred about Hinuera Formation deposition by 
Hume et al. (I 975) who deduced that the river 
f~rmed an extensive braided channel system with 
high flow-rates and subject to periodic flooding and 
channel movements. Hume et al. (1975) identified 
several lithofacies related to flow regimes and their 
lithofacies C2, formed by plane bed mov~ments on 
the surface of longitudinal bars at higher dis­
charges, is very similar to the gravelly sands in core 
7Wa (Fig. 7C, 8). The presence of such deposits at 
this site sho~s that, at least during periods of high 
flow, the mam channel system of the river flowed 
near th~ mouth of the valley. The river may have 
flowed m a north-south direction broadly along the 
course shown in Fig. 1 from the site of the present­
day Hamilton Airport, past the lake, and then west 
into the Waipa River near Te Rare. Lakes Cam­
eron, Ruatuna, Ngaroto, and Mangakaware, which 
lie adjacent to this paleochannel, are thus likely to 
have been formed at the same time, and in the 
same way, as Lake Maratoto. 

Development of the lake basin and catchment 
Initially, the lake was probably no larger than it is 
today because fine gyttja does not occur in the RJ I 
core at the southwestern edge of the lake nor in 
GC3 only IO m from the northern lake shore. At 
c. 16 300 years ago, the shoreline probably lay 
between the 7 and 8 m paleobasin contours (Fig. 
12). The RJ 1 core site lies on the 7 m contour and 
was clearly either above water or close enough to 
the shoreline for wave action to remove any gyttja 
to deeper water. The 8 m contour, however, seems 
to have been under water from the start of the lake's 
development, and cores from sites SW, 6W, and 
7W, that are on or close to this contour line, have 
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Fig. 12 Subsurface materials and topography of the Lake Maratoto area, derived from the transect profiles in Fig. 
4. The O m contour is the lake-surface datum (52 m altitude). The map shows the northeast-southwest-orientated 
depression in which the modem lake (heavy line) lies. A separate, narrow, east-west-orientated paleovalley occurs 
to the north of Lake Maratoto. See also Fig. 13. 

a considerable thickness of gyttja between the Hin­
uera overbank muds and the Rerewhakaaitu tephra. 
The lake would thus have been about 2 m deep in 
its early stages. 

The subsequent development of the lake has been 
largely governed by the massive growth of peat 
around its margins and in the adjacent Rukuhia 
bog, as well as by the accumulation of gyttja. Peat 
growth has modified the basin configuration (area 
and depth) and water chemistry. 

There was little or no peat development during 
the first 1000 years or so of the lake's history. The 
type of sediment deposited shows that lake water 
was clear and that, in the catchment, soils were low 

in organic matter, with probably little vegetational 
cover. From pollen analyses of peat lenses, 
McGlone et al. (1978) and McG!one et al. (1984a) 
concluded that there was sparse vegetation in the 
Hamilton region at this time. 

Peat began to accumulate around the lake about 
15 000 years ago, as shown by the date (Wk534) of 
15 200 ± 130 years ago at the base of RJ I. The 
appearance of darker coloured T2 in the lake may 
have resulted from such peat development although 
?ther factors, such as increasing vegetational cover 
m the catchment, may have been important. Else­
where in the central North Island, 14 700 years B.P. 
marke~ the beginning of major podocarp forest 
expansion (e.g., McGlone & Topping 1977; Flem-
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Fig. 13 Schematic cross sections summarising the stratigraphic units and their relationship to one another in the 
Lake Maratoto area, showing especially the differences between the northern and southern parts of the lake basin. 
There is a time gap of a few hundred years between the Hinuera depositional episodes shown in B-B' but note that 
both occurred within the Hinuera-2 sedimentation phase of McGione et al. (1978). ' 

ing 1979) and an increase in rates of soil formation 
(e.g., Vucetich & Pullar 1969; Birrell & Pullar 1973). 
This early peat development must have been fairly 
localised because the change to T3, marking the 
onset of dystrophy, did not occur until c. 12 400 
years ago, and peat did not appear at the GCI site, 
only 400 m from the lake, until (Wk553) IO 600 ± 
90 years ago. Thus it seems peat first developed 
near the lake and then spread outwards. 

Dates from peat at the base of the main body of 
the Rukuhia bog (IO 750 ± 90 years B.P. (Wk! I 5) 

McGlone et al. I 978; IO 250 ± 90 years B.P. 
(Wk! 14) unpublished) (Fig. 9) are similar to that 
for GCI, showing that most bog development 
occurred after c. 11 000 years ago. Peat bogs began 
developing at other sites in the Waikato region (e.g., 
Hauraki and Moanatuatua bogs-Schofield 1965; 
McGlone et al. 1978; Hogg & McCraw 1983) and 
elsewhere in the North Island (McGione & Top­
ping 1977; Lowe & Hogg in press) at about this 
time also, which suggests that climatic change 
resulting in an increase in net precipitation, and 
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Present day The lake basin is formed in the surrounding peat, 
perched above and divorced from the initial lake basin in the 
valley floor. Area and depth of lake at maximum. Other lakes 
similar to present-day Lake Maratoto, and thus possibly of a 
similar ontogenetic stage, include Cameron, Pataka, Posa, and 
D. 

JO 000 years ago to present Rukuhia peat bog expands, most 
rapidly after c. 7000 years ago. Water deepens as rate of peat 
growth is much greater than gyttja sedimentation rate in the 
lake. Water depth perhaps 3.5 m at 7000 years ago, 6.5 m at 
2000 years ago. Lake area gradually expands but is never larger 
than at present. Lake dystrophic. A sequence of modem lakes 
possibly illustrating the development in the first part of this 
period is Lakes Mangahia, Rotoroa, Ruatuna, and Serpentine. 

14 000 to JO 000 years ago Marginal peat and swamp vegeta­
tion encroaches into lake and reduces its surface area by half at 
c. 13 000 years ago. From 13 000 to IO 000 years ago, lake area 
expands again and water deepens. Main body of Rukuhia bog 
begins growth at c. 11 000 years ago, and the peat growing west­
ward (arrow) from the lake contributes to this development. Dark 
brown-black gyttja of high organic content because of peat growth 
and extensive catchment vegetation. Lake becomes dystrophic. 
Water 2.5 m deep at 10 600 years ago. Modem analogues include 
Lakes Rotomanuka, Rotokauri, Mangakaware, and Ngaroto. 

/6 300 to 14 000 years ago Initial lake development. Gyttja 
olive-grey, low in organic matter. Gyttja darkens later in the 
period because of development of marginal peat (at 15 200 years 
ago) and possibly catchment vegetation. Water clear, still c. ~ 
m deep. Modern analogues arc Lakes Waahi and Hakanoa. 

°' '° ""' 

z 
0 
~ 
N 
0 
~ 
j;;i" 
::, 
0. 
..... 
0 
C 
3 
~ 
0 -, 
C) 
0 
0 
0 

O<l 
'< 
~ 
::, 
0. 

C) 
0 
0 
'O 
::r 
'< 
"' i=i' 
.!" -'° 00 

~ 

< 
~ 
N 
00 

w 
w -



s r-
a 

..,_ 
Water table 

~~s -
~ Pleistocene □· Hinuera gravels §=====~ Hinuera muds lllllllll!!llll Peat D G ttja I '¼. I Swamp. 
~ hill material • • and sands - - - and clays lll!l!ili§ Y vegetation 

/6 300 years ago Second phase of Hinuera deposition in the 
area. Coarse sediment deposited in valley mouth, fining to muds 
and clays at the end of the valley. Lake Maratoto forms, c. 2 m 
deep, with its shoreline approximating the 7 m contour in Fig. 
12. Lake water clear. No peat, and sparse vegetation in catchment. 
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area. Proto-Lake Maratoto forms by damming of the valley by 
alluvium. Basin swampy or with only very shallow water. 

Before c. 17 000 years ago Valley in Pleistocene hills draining 
to the southwest and west. Clear area represents land below c. 
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Fig. 14 (above and facing page) Summary of the developmental history of Lake Maratoto (bold outline). Cross sections have a vertical exaggeration 
of X25. Possible modern analogues (see Fig. I) of the major development stages are given also. 
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not local-changes in drainage patterns, initiated the 
development of the bog. 

The dystrophic conditions induced in the lake by 
the development of the Rukuhia bog have contin­
ued to the present, except for the brief period of 
T2 deposition from c. 10 000 to 9000 years ago. 
This was probably a time of increased input of 
material derived from erosion of surrounding soils 
because T2 has a higher inorganic content than T3. 
Possible explanations include sustained high rain­
fall, or disruption of catchment vegetation by events 
such as fire, drought, or increased storminess. Sedi­
ment focussing also occurred during this period, 
with greater transport of littoral material to the 
centre of the lake by (presumably) increased wave 
erosion at the shoreline. Such focussing is consist­
ent with wetter or windier weather at this time. 

The vertical distance between the bases of cores 
RJl and GCl is 1.1 m and their respective ages 
are 15 200 and IO 600 years, so 1.1 m of peat accu­
mulated in this time interval (4600 years), a net 
peat accumulation rate of 0.03 cm/year. This peat 
growth would not have greatly affected the lake 
depth because in this period about 65 cm of lake 
sediment was deposited. The net change of lake 
depth was thus 45 cm and the rate of increase in 
water depth was 0.01 cm/year. The lake would thus 
have been about 2.5 m deep at 10 600 years ago. 
The main body of the Rukuhia bog developed after 
c. 10 600 years ago, and with a much greater net 
peat accumulation rate (e.g., at GCl, 8 m of peat 
has accumulated since then, giving a net peat accu­
mulation rate of 0.08 cm/year, treble the rate 
between 15 200 and 10 600 years ago). Similar rates 
of 0.10, 0.06, and 0.08 cm/year (average 0.08 
cm/year) were estimated from peat depths between 
Mamaku tephra and Taupo tephra in cores RJl, 
GC2, and GC3, respectively (Fig. 5). 

This rapid peat growth around Lake Maratoto 
resulted in rapid deepening of the water. From 
10 600 years ago to the present, the rate of peat 
growth was much greater than the rate of accu­
mulation oflake sediment, and lake depth increased 
by 4.6 m, a change of 0.04 cm/year, four times the 
rate before 10 600 years ago. Assuming that the 
positions of the Mamaku and Tau po tephras in the 
peat cores mark the approximate level of the lake 
surface when they were deposited, and that the peat 
has not been compressed, we estimate that lake 
depth was 3.5 m c. 7000 years ago and 6.4 m c. 
1800 years ago. Thus, between 10 600 and 7000 
years ago, the rate of change of lake water depth 
was 0.03 cm/year; between 7000 and 1800 years 
ago, 0.06 cm/year; and from 1800 years ago to the 
present, 0.04 cm/year. Thus, lake depth has 
incr~ased markedly in the last 11 000 years, but 
particularly since 7000 years ago. 

Variations in the spatial pattern of the deposi­
tion of lake sediment have resulted in minor mod­
ifications to the bathymctry. Early in the lake's 
history, lake depth gradually increased from north 
to south, but because sedimentation rates were 
fastest in the region of core location 5. I (because 
of nearness to the shoreline). there is now a shal­
lower zone in the narrow waist of the lake (Fig. 2). 

Although the area of the lake in its early stages 
was probably similar to that of today. the band of 
woody T4 sediment in the shallow-water cores 
between c. 13 500 and 12 400 years ago (Fig. I 0) 
shows that during this period the lake margin 
moved inward to lie near the position of these cor­
ing sites, between the 3 m and 4 m water depth 
contours. The change to leafy T3 sediment between 
c. 12 400 to 10 000 years ago at these sites shows 
that the shoreline moved outward again, but was 
still close to the 3 m and 4 m depth contours. The 
faster rates of sedimentation in shallow-water cores 
from 13 500 to IO 000 years ago reflect this prox­
imity of the shoreline to the coring sites and also 
suggest little movement of littoral material into 
deeper water. The disappearance of leafy T3 sedi­
ment from the shallow-water cores after about 
10 000 years ago shows that lake area continued to 
expand. The shoreline reached the present 1.5 m 
water depth contour at about 7000 years ago, as 
shown by the abrupt transition from T4 to T3 sedi­
ment at this time in core 1 Na (Fig. I 0). Thereafter, 
expansion continued to the present day. This 
shoreline expansion in the last IO 000 years 
occurred together with the increase in water depth. 

Throughout its history, the lake has never been 
larger than it is now, while at its minimum at c. 
13 000 years ago, the area of open water was only 
about one-half that of today (7.6 ha using the 3.5 
m depth contour). 

Most lakes occupying basins in which peat 
development is occurring are gradually reduced in 
area and depth by centripetal peat growth that 
eventually de~elops into zones of "quaking bog", 
m~de of floatmg mats of encroaching peat vege­
tation and often supporting large trees (Moss 1980). 
The final result of this process is extinction of the 
lak~. 1:'he complete process from lake origin to 
extmct1on can take l_ess than about 12 000 years in 
the Northern Hemisphere (e.g., Pigott & Pigott 
19~3; Walker 1970). The only lake we know of 
which has _a similar developmental history to Lake 
Maratoto 1_s Myrtle Lake, in the Agassiz peatland 
ar~a_ of Mmnesota (Heinselman 1970). This lake 
ongmated as an embayment blocked by alluvium 
c. l_O O~O ye_ars ago and, like Lake Maratoto, has 
mam!amed its area and increased its depth despite 
massive peat growth in the catchment during the 
laSt 3000-5000 years. Heinselman ( 1970) suggested 
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t~at because of Myrtle Lake's location adjacent to 
higher areas of mineral soil. it would have contin­
ually received minerotrophic water that has 
enhanced microbial breakdown of the encroaching 
peat. This explanation may apply to Lake Mara­
toto as well because there is onlv a narrow zone of 
peat between the lake water a~d the Pleistocene 
hills to the east (Fig. 2, 4). Also. these hills rise 
considerably above the lake's surface which would 
encourage greater flow rates of minerogenic ground 
and surface water into the lake during heavy 
rainfall. 

Other mechanisms may also be involved in the 
expansion of Lake Maratoto's area. Wells & Boyce 
(1953) and Frey (1954) suggested that erosion of 
peat margins by wave action may have been a factor 
in the development of the Carolina Bays (North 
Carolina). This almost certainly occurs in Lake 
Maratoto. In the present-day lake, a vertical 50 cm 
high bank is maintained around the lake margins, 
particularly at the north and south ends, by wave 
action produced by the prevailing southwest and 
northerly winds. Wind-induced currents stir and 
aerate the lake waters for most of the year. The 
lake develops thermal stratification and deoxygen­
ated bottom waters for only a few months in the 
summer (Boubee I 983), hence the lake waters are 
usually saturated or supersaturated with oxygen 
which will enhance organic breakdown. 

Our interpretation of the development of the lake 
basin in summarised in Fig. 14, along with possible 
modem analogues of the major developmental 
stages. 

CLIMATIC INFERENCES 

Between c. I 7 000 and 15 000 years ago, there 
seemed to be no peat development near the lake. 
The first appearance of peat at c. 15 000 years ago 
may indicate that effective rainfall increased at this 
time. Subsequently, net peat accumulation rate, 
regional water tables, and lake level rose contin­
ually until c. 2000 years ago. The major part of the 
Rukuhia peat bog developed after c. 11 000 years 
ago, but the fastest growth rates, and thus highe~t 
net precipitation rates, were apparently no~ unt~l 
after c. 7000 years ago. Regional postglac1al cli­
matic warming, reaching a maximum at c. 9000 
years ago (Hendy & Wilson 1968), may also have 
contributed to the peat growth. 

In summary, there was a sudden increase in net 
precipitation at c. 15 000 years ago follow~d ~Y fur­
ther increases at c. 11 000 years ago contmumg to 
c. 7000 years ago at least, but with a decline at or 
before c. 2000 vears ago. The period from c. IO 000-
9000 years ag~ may have been distinctly wet!er or 
windier, or both. These inferences are consistent 
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Fig. 15 Inferred changes in climate in the Lake Mara­
toto area compared with interpretations from some other 
North Island sites. References are: I, Harris (1963); 2, 
McGlone & Topping (1977); 3, McGlone & Topping 
(1983); 4, Stewart & Neall (1984). 

with late-glacial and postglacial climatic interpre­
tations from other studies in the North Island of 
New Zealand (Fig. 15) (McGlone 1983; McG!one 
et al. 1984a) and elsewhere in the Southern Hemi­
sphere (e.g., Burrows 1979; Street & Grove 1979; 
Heusser & Streeter 1980; Colhoun et al. 1982). 
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This paper summarises the occurrence and distribution of late Quaternary 

tephras in the Hamilton (Middle Waikato) Basin and outlines a model to 

explain the pattern of soils formed from them. The collaborative work 
currently in progress on paleoecological aspects of the late Otiran­

Aranuian history of the area is also reported. 

BACKGROUND AND PREVIOUS WORK IN THE WAIKATO REGION 

Isopach maps showing the distribution of late Quaternary tephras in New 

Zealand have been largely determined from field studies which are restricted 

to sites where the tephras are more than several centimetres thick: 

Pullar (1967), Vucetich & Pullar (1969), Pullar & Birrell (1973~), and 

Pullar et al. (1977). Tephra deposits in the Waikato generally thin north­

westward away from the main source area in central North Island, well to 

the southeast (Fig. 1), and are difficult to differentiate in the field 

because of regional variations in original depositfon, erosion, and mixing 

and weathering in the soil forming environment. Detailed examinations at 

reference sites (e.g., N.Z. Soil Bureau 1968~; Vucetich 1968; Pullar & 

Birrell 1973b; Jessen 1977; Hodder & Wilson 1976; Hodder 1978) have re­

emphasised the composite rhyolitic and andesitic nature of these thin 

tephras and the soils formed from them. However, they have not been suc­

cessful in identifying all of the constituent tephras. Only a few late 

Quaternary tephras have been mapped either close to, or to the northwest of 

Hamilton City (Fig. l; see also Table 1). 

In the Hamilton Basin, the late Quaternary cover bed deposits which overlie 

Hamilton Ash have been ascribed a loessic origin by Mccraw (1967, 1975), 

vucetich (1968), and Cowie & Milne (1973). Other workers have alternatively 

proposed that the deposits consist either of differently weathered forms of 

Hamilton Ash (Ward 1967), or of unnamed ash younger than Hamilton Ash (N.Z. 

Soil Bureau 1968~: 

(Lowe 1981). 

90). A combination of tephra and loess is also possible 

OCCURRENCE AND DISTRIBUTION OF TEPHRAS 

The recent identification of numerous (>12) unweathered and unmixed thin, 

discrete airfall tephras in piston cores from shallow (<Sm) peaty lakes near 
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FIG. 1 - Simplified geological map of the Hamilton Basin (after Hume et al., 1975: 
424), with distal-most tephra isopachs (cm) superimposed (from Pullar & 

Birrell, 1973a). Re= Rotoehu Ash; Mn= Mangaone Lapilli; Ok= Okareka 
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Ash; Ou= Oruanui Ash; Rr = Rotorua Ash. Dashed line indicates isopach 
uncertain. Inset shows Hamilton Basin in relation to volcanic centres which 
were the most important sources of tephras, and Taupo Volcanic Zone (TVZ) 
(after Mccraw, 1975; Mayor Island centre after Hogg, 1979). Note: "L.Quat." 
= Late Quaternary. 
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FIG. 2 - Correlation line apportioning- relative thickness of late o,iaterna.ry dep::,sits (soils) to prop::,rtionate 
thicknesses of Holocene ard late Pleistocene t.ephras - illustrated at Te AwaITU.1t1...-ohaup::, fran Lake 
Maratoto =re Inset A. In this transect, fran south to rx:lrth through Hamilton City, the changes 
in thickness of the late Quaternary dcp::,sits relate directly t:D the thinning- of OJnstituent tephras 
with ircreasing distance fran source(s), and t:D erosion. Virtually all of the Ii 42,000 years B.P. 
tei:tiras have been raroved fran the Rotowaro site, but late Quaternary tephras are present further 
rx:lrth near Aocklarrl City. Site locations are irrlicated in Fig. 1. 

INSET A 'Ihin airfall tephras preserved in organic lake sedirrents in Lake Marat:Dt:D, a peaty lake about 8km 
south of Hamilton City. Rere'whakaaitu Ash at the base of the =re has been radiocarbon dated at 
14,700 years B.P. (La,,,,e et al., 1980). The inset irrlicates p::,tential OJntributions of specific 
tephras as pn::bable parent materials in the soil profile. 

t kyr = 1,000 years B.P. 

* Grid reference based on national thousard-yard grid of the 1:63360 topographical map series 
(NZMS 1). 
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TABLE 1 Names, sources, approximate ages and thicknesses of known 
distal late Quaternary airfall tephras which have been 
deposited in the Hamilton City area. Unnamed tephras in 
addition to those listed also occur. 

Tephra Fonnation 
or member 

Ngauruhoe Tephra 

Taupo Pumice 

Whal<aipo Tephra 

Tuhud Tephra 

Hamaku Ash 

Rotoma Ash 

Opepe Tephra 

Andesitic Ash 

HangdJllate Tephra 

Waiohau A.sh 

Okupata Tephra 

Rotorua Ash 

Rotoaira Lapilli 

Rerewhakaaitu Ash 

OkarekJ Ash 

Kawakawa Teph:r• 

Tahun,:, Tephra 

Rotoehu Ash 

Hamil ton Ash 

Source 
(volcanic centre) 

Tongariro 

Taupo 

Taupo 

Mayor Island 

Okataina 

Okataina 

Taupo 

Tongariro or 
Eqmont 

Tongariro 

Okataina 

Tongariro 

Okataina 

Tongariro 

Okataina 

Okataina 

Taupo 

Okataina 

Unknown 

Old (Libby) halt-life basia 

Age 
(years B.P.) 1 

Historical 

1800 

2700 

6300 

c.7000-8000 

c.7000-9000 

8800 

9000 

10000 

11300 

12500 

13500 

13800 

14700 

c.19000 

c.20000 

c.30100 

c.42000 

>42000 

Approximate thickness 
(cm) (this study) 

<l 

1-2 

2-3 

2-3 

2 

1-2 

3-4 

2-3 

l 

2 
[<c.20) 2 

<l 

2-3 

75 
[<c.20] 2 

710-15 
[c.10) 2 

710-15 
[c.20) 2 

?20-30 
[c.J0-40) 2 

Values accor~inq to previously published isopach thickness 

Reported as Oruanui Ash 

Reported as (undifferentiated) /o4angaoni l.apilli 

20-25 

45-60 

Previous reference• which report 
or predict the occurrence of the 
named tephra (7 indicate• 
uncertaint ) 

Nelson 1975; Nairn 1976 

Pullar 1967; Tonkin 1967; 
Pullar 4nd Birrell 1973a; 
Pullar et al. 1977; Lowe et al. 
1980 

Lowe et al. 1980; Hogg and 
HcCraw 1983 

Lowe et ul. 1980 

Lowe et al. 1980 

Lowe et rzl. 1980 

Lowe et al. 1980 

Lowe et al. 19AO 

Lowe et al. 1980 

Pullar and Birrell l973a(?l; 
Howorth in HcGlone et al. 1978; 
Lowe et al. 1980 

Lowe et ,1l. 1980 

Pullar 4nd Birrell l973a{7); 
Pullar et al. 1973 (?); 

Lowe 1901 (?) 

1Vucotich 1960 (7) 1 11.Vucetic:h and 
Pullar 1969; 1 I'ull~r An~ Birrell 
197Ja; 1I'ain 1975; 1 Lo,,,o l9Rl 

"vuc-..tict, Nld Pullar 1969; "pullar 
and Birrell l973a1 Lowe 1981 

Vucetich and Pullar 1969; Pullar 
and Birrell 1973a1 Pullar et al. 
1973; Lowe 1976. 

Ward 1967; N.Z. Soil Bureau 1954, 
1968b; Pain 1975; Lowe 1981 



Hamilton City has confirmed the presence and provided 

record of late Pleistocene (post-Kawakawa Tephra) and 
a stratigraphic 

Holocene tephras in 
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the Waikato (Lowe et al. 1980). Field studies, plus detailed mineralogical, 
textural, a nd chemical analyses of samples from representative sections in 

the Waikato have added complementary stratigraphic and pedological data 

from which the occurrence a:,d general distribution of late Quaternary 

tephras has been determined (Lowe 1981). (~42,000 years B.P.) 

Eruptive sources within Okata1.·na ·.,. v 1 • a.11c1 • aupo o canic Centres provided the 

bulk of the tephras, with much smaller c0ntributions from Tongariro, 

Mount Egmont and Mayor Island sources. The source, age and approximate 

thickness of each named tephra identified near Hamilton is summarised in 

Table 1. 

Late Quaternary deposits in this area are thus established as a composite 

of airfall tephras aged ~42,000 years B.P., and are clearly not loess 

derived from Hinuera Formation alluvial deposits (Fig. 1). 

Fig. 2 summarises the distribution of tephras in the Hamilton Basin, and 

the parent materials of the composite soils formed from them. 

TEPHRA-SOIL PATTERN 

Soil formation from the tephra deposits is a function of relative proportion 

of each tephra within the sol um, and the soil climatic regime (Lowe 1979). 

With increasing distance from the tephra source areas, the age span of 

tephras in the solum increases (Fig. 2}. The pattern of soils in the 

Waikato can be explained by a model of intermittent accumulation, with 

subsequent or concomitant mixing, of thinly bedded primary airfall late 

Quaternary tephras (Lowe & Gibbs 1981). North of Hamilton City, the thin 

increments of distal tephras have been more or less continuously modified 

by pedogenic mixing and weathering processes, producing silt-rich, compact 

and weakly structured deposits with characteristics commonly associated 

with loess. 

COLLABORATIVE WORK 

The tephrostratigraphy and radiocarbon dates determined from the lake 

cores also provide a geochronological framework for paleoclimatic, paleo­

ecological and sedimentological investigations in the Waikato Basin. Paleo­

li~ological studies (Green 1979) and palynological studies (McGlone et al. 

1978) are currently in progress. 
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DISCUSSION 

1. Can you explain the so-called 0 loess balls 0 which occur in th<" firmer 

post-Kawakawa material? R. Parfitt. 

The so-called "loess balls" found in post-Kawakawa Tephra deposits also 

" h 11 11 ) 1· n the paleosol on Tahuna Tephra and Rotoehu occur (often as eggs e s 
Ash which underlies Kawakawa Tephra in the eastern Waikato. 

Kennedy (1980) suggests that the "balls" originate as an accretion of fine 

ash which accumulates in a snowball fashion while rolling along the ground. 

An alternative explanation is that the "balls" are accretionary lapilli, 

sometimes described as chalazoidites or volcanic "hailstones" (Vucetich & 

Pullar 1969), and essentially of primary origin. Self & Sparks (1978, 1979) 

outline two common circumstances for their formation: 

(a) the explosive interaction of magma and water; 

(b) the flushing out of fine ash from eruption clouds by rain, or by forma­

tion of clumps of ash by flocculation in a steam-rich eruption column 

(as was reported for the recent Mount St. Helens' eruptions). 

In the Hamilton Basin, small (l-2cm) "birds eyes" are occasionally present 

in the late Quaternary cover bed deposits - these may be weathered accre­

tionary lapilli or merely discontinuous fine-grained clasts remnant from 

the original tephra mantle. 

2. In the slide of the core of the various tephras, could the "alluvium" 

at the base of the core be tephric loess that has fallen in the water? 

- N. Kennedy. 

The S0cm-thick greenish-grey mud at the base of the Lake Maratoto core is 

thought to be an overbank flood deposit related to Hinuera-2 sedimentation 

(as described in Hurne et al. 1975). The deposit contains ~63% clay (<4 µm) 

and ~36% silt (4-63 µm). Unpublished 14c dates recently obtained from above 

and below the deposit are virtually identical, both being near 15,800 years 

B.P. This indicates a rapid depositional event, which argues against a 

relatively slow loess accumulation. Further, the dates place the deposit 

almost into the post-glacial period which is characteristicically devoid of 
loess (post c. 15,000 years: Kennedy 1980). 

3. Do you recognise much in the way of tephric loess - Post-Kawakawa in 

the Hamilton area? 

The late Quaternary cover bed deposits in the Hamilton area are considered 

to be predominantly primary airfall distal tephras (see Lowe 1981 ) . The 

loess-like appearance of the composite deposit is explained by a model of 

incremental accumulation of fine-grained tephras with subsequent or con­

comitant pedogenic (biological) mixing. The deposits are currently 
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weathering in a wetting 

by the inclusion of the 

(see also Lowe 1980). 

and drying environment. Weathering is intensified 

buried clay-rich Hamilton Ash beds in the solum 

REFERENCES 

344 

COWIE, J.D. & MILNE, J.D.G. 1973: Maps and sections showing the distribution 

and stratigraphy of North Island loess and associated cover deposits, 

New Zealand. N.Z. Soil Survey Report 6. 

GREEN, J.D. 1979: Palaeolimnological studies on Lake Maratoto, North Island, 

New Zealand. In: Horie, S. (Ed.) Paleolimnology of Lake Biwa and the 

Japanese Pleistocene 7: 416-438. 

HODDER, A.P.W., 1978: Refractive index and hydration of rhyolitic glass from 

Holocene tephras, North Island, New Zealand. N.Z. Journal of Geology 

and Geophysics 21: 155-66. 

HODDER, A.P.W. & WILSON, A.T., 1976: Identification and correlation of thinly 

bedded tephra: The Tirau and Mairoa Ashes. N.Z. Journal of Geology and 

Geophysics 19: 663-82. 

HOGG, A.G. 1979: Identification and correlation of thinly bedded late 

Quaternary tephras of Coromandel Peninsula, New Zealand. (Unpublished 

D.Phil. Thesis lodged in the Library, University of Waikato, Hamilton, 

New Zealand). 

HOGG, A.G. & McCRAW, J.D. 1983: Late Quaternary tephras of Coromandel 

Peninsula, North Island, New Zealand: a mixed peralkaline and calcakaline 

tephra sequence. N.Z. Journal of Geology and Geophysics 26: 163-187. 

HUME, T.M., SHERWOOD, A.M. & NELSON, C.S. 1975: Alluvial sedimentology of the 

Upper Pleistocene Hinuera Formation, Hamilton Basin, New Zealand. 

Journal of the Royal Society of N.Z. 5: 421-462. 

JESSEN, M.R. 1977: Horotiu and Waihou silt loams as indicators of prehistory. 

N.Z. Soil News 25: 176. 

KENNEDY, N.M. 1980: Field recognition of tephric loess (c. 42,000 yrs B.P. 

- c. 15,000 yrs B.P.) in the Central North Island. N.Z. Soils News 28: 

55-58. 

LOWE, D.J. 1976: origin of late Quaternary cover beds, Hamilton Basin. 

Geological society of N.Z. Inc., Hamilton. Conference Abstract. 

University of Waikato. 



345 

Aspects of genesis and classification of volcanic-ash soils LOWE, D.J. 1979: 

in the Hamilton Basin. N.Z. Soil News 27: 171-3. 

LOWE, D.J. 1980: Tephric loess. N.Z. Soil News 28: 217-220. 

DJ 1981 Ori.gin and composite nature of late Quaternary air-fall LOWE, . . : 

deposits, Hamilton Basin, New Zealand. (Unpublished M.Sc. Thesis 

lodged in the Library, University of Waikato, Hamilton, New Zealand). 

LOWE, D.J. & GIBBS, H.S. 1981: Soil formation from distal late Quaternary 

tephra deposits in the Waikato region, North Island, New Zealand. 

Abstracts, ISSS "Soils with Variable Charge" Conference, Palmerston North, 

New Zealand: 126-127. 

LOWE, D.J., HOGG, A.G., GREEN, J.D. & BOUBEE, J.A.T. 1980: Stratigraphy and 

chronology of late Quaternary tephras in Lake Maratoto, Hamilton, 

New Zealand. N.Z. Journal of Geology and Geophysics 23: 481-485. 

McCRAW, J.D. 1967: The surface features and soil pattern of the Hamilton 

Basin. Earth Science Journal: 59-74. 

McCRAW, J.D. 1975: Quaternary airfall deposits of New Zealand. In: Suggate, 

R.P. & Cresswell, M.M. (Eds.). Quaternary Studies. Royal Society of 

N.Z. Bulletin 13: 35-44. 

McGLONE, M.S., NELSON, C.S. & HUME, T.M. 1978: Palynology, age and environ­

mental significance of some peat beds in the Upper Pleistocene Hinuera 

Formation, South Auckland, New Zealand. Journal of the Royal Societ~ 

of N.Z. 8: 385-93. 

NAIRN, I.A. 1976: Ngauruhoe - observed activity. In: Volcano and Geothermal 

Observations 1975. N.Z. Volcanological Record No. 5. 

Survey, DSIR: 43-5. 

N.Z. Geological 

NELSON, C.S. 1975: Ngauruhoe ash fall in the Waikato. Geological society 

of N.Z. Newsletter 39: 41-2. 

NEW ZEALAND SOIL BUREAU 1954: General survey of the soils of North Island, 

New Zealand. N.Z. Soil Bureau Bulletin 5. 

NEW ZEALAND SOIL BUREAU 1968a: Soils of New Zealand. p 3 art . N.Z. Soil 
Bureau Bulletin 26(3). 

NEW ZEALAND SOIL BUREAU 1968b: Soils of New Zealand, p t 1 ar . N.Z. Soil 
Bureau Bulletin 26(1). 



PAIN, C.F. 197 5: Some tephra deposits in the southwest Waikato area, 
346 

North Island, New Zealand. N.Z. Journal of Geology and Geophysics 18: 

541-50. 

PULLAR, W.A. 1967: Volcanic ash beds in the Waikato district. Earth Science 
Journal 1: 17-30. 

PULLAR, W.A. & BIRRELL, K.S. 1973a: Age and distribution of late Quaternary 

pyroclastic and associated cover deposits of the Rotorua and Taupo area, 

North Island, New Zealand. N.Z. Soil Survey Reports 1 and 2. 

PULLAR, W.A. & BIRRELL, K.S. 1973b: Parent materials of Tirau silt loam. 

N.Z. Journal of Geology and Geophysics 16: 677-86. 

PULLAR, W.A., BIRRELL, K.S. & HEINE, J.C. 1973: Named tephras and tephra 

formations occurring in the central North Island, with notes on derived 

soils and buried paleosols. N.Z. Journal of Geology and Geophysics 16: 

497-518. 

PULLAR, W.A., KOHN, B.P. & COX, J.E. 1977: Air-fall Kaharoa Ash and Taupo 

Pumice, and sea-rafted Loisels Pumice, Taupo Pumice, and Leigh Pumice in 

northern andeasternparts of the North Island, New Zealand. N.Z. Journal 

of Geology and Geophysics 20: 697-717. 

SELF, S. & SPARKS, R.S.J. 1978: Characteristics of widespread pyroclastic 

deposits formed by the interaction of silicic magma and water. Bulletin 

Vocanologique 41: 196-212. 

SELF, S. & SPARKS, R.S.J. 1979: Discussion. The oldest marine carbonate 

ooids reinterpreted as volcanic accretionary lapilli, Onverwacht Group, 

South Africa. Journal of Sedimentary Petrology 49: 661-663. 

TONKIN, P.J. 1967: Note on the occurrence of Taupo Pumice in the Hamilton 

Basin. Earth Science Journal 1: 31-2. 

VUCETICH, C.G. 1968: soil-age relationships for New Zealand based on tephro-

chronology. Transactions 9th International Congress Soil Science 

Society IV: 121-30. 

VUCETICH, C.G. & PULLAR, W.A. 1969: Stratigraphy and chronology of late 

Pleistocene volcanic ash beds in central North Island, New Zealand. 

N.Z. Journal of Geology and Geophysics 12: 784-837. 

WARD, W.T. 1967: Volcanic ash beds of the lower Waikato Basin, North 

Island, New Zealand. 

1109-35. 

N.Z. Journal of Geology and Geophysics 10: 

Cross referencing to thesis paper 

Lowe, D.J. et al. 1980 = Paper 1 



Postscript to Paper 10. 
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identifications were provisional. Modifications to the 

tephrostratigraphy arising from subsequent work have been 

incorporated in Fig. 2 and Table 1 of Paper 10 (see also Postscript 

to Paper 1). 
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I. Introduction 

Airfall tephra deposits of rhyolitic, dacitic, and andesitic composition 
form widespread, surficial deposits in many parts of the world. Conse­
quently, they are of prime importance as soil parent materials. Clay fractions 
(less than 2 µm) of these tephras consist mainly of authigenic clay minerals 
along with smaller amounts ofresidual or accessory minerals. The outstand­
ing feature of almost all tephra-derived clay fractions is the occurrence of 
short-range-order clay minerals in addition to well-ordered or crystalline 
species (Brindley, 1977). Short-range-order minerals can also occur in non­
vitric and non volcanic materials [e.g., Wada and Harward ( 1974), Young et 
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al. (1980), Farmer ( 1982), and Childs et al. (I 983)]. A key char~ct~,ristic ~f 
the short-range-order minerals is the presence of abundant "active alumi­
num in various mineralogical forms (Shoji and Ono, 1978; Wada and Gun-
jigake, 1979; Wada, 1980; Shoji and Fujiwara, 1984 ). . . 

The aim of this chapter is to demonstrate the relative importance of 
various influences on the rates of formation and transformation of clay 
minerals in tephra deposits of predominantly acid to intermediate composi­
tion. This is done in two parts. First, controls on the rates of weathering and 
the genesis of clay minerals in tephras are identified, and their degree of 
influence examined, in the review section (Section 11). Second, the findings 
of a study on tephra weathering sequences in the Waikato region, New 
Zealand, are presented and interpreted with respect to the findings of the 
review (Section III). This New Zealand case study is based on the examina­
tion of distal, interbedded rhyolitic and andesitic tephras aged < - 50,000 
years, and has been greatly facilitated by a complementary project investi­
gating the stratigraphy, composition, and pattern of distribution of the same 
tephras- but in unweathered condition-preserved in organic-rich de­
posits in adjacent lakes and peats oflate Pleistocene and Holocene age. Thus 
the study, with unequivocal tephrostratigraphic and chronologic control, 
clarifies the concept that rates of weathering and clay mineral transforma­
tions in tephra materials are strongly influenced by composition and envi­
ronmental factors, especially microenvironmental factors, rather than a 
tephra age-dependent factor. It also helps explain the occurrence and persist­
ence of various clays in tephra deposits elsewhere of widely differing ages. 

II. Controls on the Weathering of Tephra and Clay Mineral Formation 
and Transformation 

A. CONSTITUENTS OF THE CLA y FRACTION 

The most common secondary minerals in the clay fraction of tephra 
deposits are allophane and halloysite. Allophane is a series of naturallv 
occurring hydrated aluminosilicates characterized by short-range order and 
the predominance of Si-O-Al bonds (van Olphen, 1971 ). There are two 
main forms _in the series, one having an Al: Si molar ratio of - 1.0 and 
anot~er with a ratio of- 2.0. The latter form seems to predominate and has 
~een mformally termed "~roto-imogolite" allophane because of its imogo­
hte structure on the atomic scale (Parfitt and Henmi, 1980; Parfitt et al., 
1980; Th~~g et al., 1982). Both these and other forms in the series consist of 
n~nre~et1t1ve "structural un!ts" made of hollow, spherically shaped particles 
with diameters of 35 to 55 A. These forms probably have a defect gibbsitic 
Al-octahedral sheet framework (Henmi and Wada, 1976; Wada and Wada 
1977; Wada, 1979; Parfitt et al., 1980). The recognition in the last few year~ 
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of this structural series, with its Si-rich (kaolinitic) and Al-rich (gibbsitic or 
imogolitic) end members, has been of major importance in allowing new 
models of genesis to be advanced (Vucetich, 1983). 

Halloysite is a kaolinite subgroup 1 : 1 layer silicate mineral that occurs in 
hydrated ( 10 A) and dehydrated (7 A) phases (Dixon, 1977; Brown et al., 
1978). Imogolite, similar to allophane of Al: Si molar ratio - 2.0 but with a 
fine tubular structure (Cradwick et al., 1972), occurs with allophane but 
commonly in only small amounts (Wada, 1977). Subordinate amounts of 
various iron and aluminum oxides and hydroxides (mostly with short-range 
order and including gibbsite), secondary silica polymorphs of cristobalite, 
tridymite, and opaline silica (the last in various forms), humus and humus 
complexes, 14-A vermiculite, and rare kaolinite have been reported in 
tephra deposits [ e.g., Sudo and Shimada ( 1978), Wada ( 1980), and Lowe and 
Nelson, ( 1983)]. Other 2: 1 and 2: 1 : 1 layer lattice silicates and their inter­
grades may occur in substantial amounts, particularly in Japan (Sudo and 
Shimada, 1978; Wada, 1980) but also elsewhere [e.g., Pevear et al. (1982)]. 
Allophane-like constituents ( defined by method of extraction) are reported in 
the Japanese literature (Wada, 1977, 1980). Residual (primary) quartz, feld­
spar, cristobalite, and volcanic glass may occur in the clay fraction oftephras. 

Numerous studies have been made of the character, distribution, behav­
ior, and genesis of clay minerals in tephras [e.g., reviews by Mitchell et al. 
( 1964), Fieldes ( 1968), Gibbs ( 1968), Wada and Harward ( 1974), Fieldes and 
Claridge (1975), Kirkman (1975, 1978), Wada(1977, 1978, 1980), Brown et 
al. (1978), Shoji and Ono (1978), Sudo and Shimada ( 1978), Ugolini and 
Zasoski ( 1979), Parfitt et al. ( 1982a), and Lowe and Nelson ( 1983)]. From 
these studies, and also others on the weathering of volcanic rock materials 
[ e.g., Sieffermann and Millot ( 1969), Millot ( 1970), Eswaran and De Con­
inck ( 1971 ), Colman ( 1982), and Glassmann ( 1982)], weathering sequences 
that depict the formation and transformation of clay minerals in tephras can 
be grouped under one of the following controls: 

( 1) Length of time of weathering (tephra age or effective weathering 
time); 

(2) Chemical and physical composition of the tephra deposit, particu-
larly its vitric component and primary mineralogy; and 

(3) Postdepositional weathering environments. 

B. WEATHERING SEQUENCES AND FACTORS THAT INFLUENCE CLAY 

MINERAL GENESIS 

1. Effect of Length of Time of Weathering 

The length of time of weathering ofa tephra dep~sit is relate~ to (I) its age 
(time since deposition), and (2) the period over which weathenng processes 
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are able to operate effectively (e.g., time at land surface). A major problem in 
accurately evaluating the effect of the time factor is that ot~e_r fac_tors must 
remain relativelv constant ( Jenny, I 941) or else have neghg1ble mfluence. 
This requireme~t is not easy to meet since factors such as 1:1acrodimate a~d 
microclimate, vegetation, tephra thickness or depth of bunal, and the peno­
dicitv of tephra eruptions vary in both space and time. Hence, although an 
independent variable in the sense of Jenny ( 1941 ), the time function attains a 
new "time zero" status when one or more of these conditions change suffi­
ciently so that the rate of weathering and clay mineral formation and trans­
formation is significantly altered. 

a. Clay Transformation Rates and Tephra Age. With increasing age the 
amount of clay-sized material in tephras generally increases as glassy and 
other components are broken down and transformed to clay minerals. For 
example, tephras in New Zealand weathering under currently temperate 
humid conditions and less than about 3,000 yr old have< - 5% clay: tephras 
3,000 to 10,000 yr old contain 5 - 10% clay, whereas those I 0.000 to 
50,000 yr old contain 15 -30% clay; tephras older than about 50,000 yr have 
>600/oclay(Table I; Lowe and Nelson, 1983). The amounts of clay formed in 
these deposits are thus broadly correlated with tephra age. This general 
relationship applies only where the tephras are weathering under similar 
conditions, however, as the rates of clay formation (hence amounts) differ 
according to environment (Jenny, 1941) (discussed further in Section 
II, B, 3). 

A weathering sequence proposed by Fieldes (1955) for mainly rhyolitic 
tephras has been modified and widely adopted by many workers since then 
(Fieldes and Furkert, 1966; Masui and Shoji, 1969; Cortes and Franzmeier, 
1972a; Wada and Harward, 1974; Dudas and Harward 1975a· Kirkman 
I 975, 1976b, I 980a, 198 la; Fieldes and Claridge, 1975; 'Kirkm~n and Pul~ 
lar, 1978; Rankin and Churchman, 1981 ). This sequence is essentially as 
follows: 

glass and allophane . 
feldspar - (+ imogolite) - halloys1te ± minor silica 

The transition from glass to allophane in New Zealand was estimated to take 
about ~,000 yr, an? from allophane to halloysite about I 0,000 to 15,000 yr 
(Vucet1ch, I 968; Birrell and Pullar, 1973; Pullar et al., 1973; Kirkman J 975 
1976b, 1981a). Under humid temperate conditions in Japa~ th~ 
allophane- halloysite transformation o~cur~ after about 6,000 yr [Fig. I, 
Wada ( 1977) and Nagasawa ( 1978)]. With time, the halloysite crystals en­
large and become ~etter-ordered, attaining a diameter of up to I µm in 
250,000 yr or so [Kirkman (198 la), see also Wada ( J 980), p. 96]. 
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TABLE I 

RELATIO:--iSHIP BETWEEN TEPHRA AGE AND CLAY CONTENT OF SOME TEPHRAS 

FROM NEW ZEALAND 

Tephra name 
Approximate age Average percentage of clay 

(yr BP)a (<2µm) in tephra6 (n)< 

Kaharoa Ash 900 6 (I) 
Taupo Pumice 1,800 5 (7) 
Waimihia Formation 3,400 5 (2) 
Whakatane Ash 5,200 7 (4) 
Mamaku Ash 7,000 8 (8) 
Waiohau Ash 11,300 18 (3) 
Rerewhakaaitu Ash 14,700 9 (7) 
Okareka Ash and 

Te Rere Ash 19,000 15 (7) 
Kawakawa Tephra 20,000 18 (11) 
Tahuna Tephra and others 30,000 16 ( 10) 
Rotoehu Ash 42,000 25 (9) 
Hamilton Ash I 00,000-400,000 65 ( 10) 
Kauroa Ash 500.000- 1,000,000 85 (43) 

a Ages from Pullar et al. ( 1973), Gibbs ( 1980), and Pullar ( 1980). 
6 Tephras are mainly rhyolitic but contain small proportions of admixed andesitic 

material at some sites. Hamilton and Kauroa tephra sequences may contain some largely 
andesitic beds. Data after Birrell and Pullar ( 1973), Hogg ( 1974), Davoren ( 1976), Salter 
( 1979), Lowe (I 98 la), and D. J. Lowe (unpublished). 

c n = number of samples analyzed. 

-- O.S. -------

A,: Humus 

Al(Fe): Humus 

A:Humus-........__ 

------~--~ Al (Fe): Humus -

A and A < Ht--------

Im ==>-- Gb --

- Sm Hy:Sm 

- VI Hy: Vt 

Gb 

0 2 4 6 8 10 12 14 

X 1000 yr 

FIG. I. Formation and transformation of clay minerals and their organic complexes in soils 
developed from tephras in humid temperate climatic zones in Japan. Abbreviations: A, allo­
phane: A', allophane-like constituents; Al (Fe), sesquioxides; Ch, chlorite; Gb, gibbsite; Ht, 
halloysite: Im, imogolite; Sm, smectite: Hy: Sm, hydroxy interlayered smectite; O.S., opaline 
silica: Vt, vermiculite; Hy: Vt, hydroxy interlayered vermiculite. Horizontal lines represent 
approximate duration of the respective constituents. [Reproduced from "Minerals in Soil 
Environments," ( I 977, p. 620), by permission of the Soil Science Society of America and the 
author. K. Wada ( I 977).] 
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Thus. allophane and imogolite were shown to have a r~lativel~ sh?rt 
residence time due to their transformation to either halloys1te or g1bbs1te. 
depending on environmental factors [Fig. I and Wada ( 197~)]. However. 
allophane and imogolite evidently persist for long time penods ~t some 
locations, such as in the strongly weathered Hamilton Ash ~ormat10n and 
Kauroa Ash Formation in New Zealand (Ward, 1967; Tonkm, 1970; Hogg. 
I 974; Salter, I 979; Kirkman, 1980b). They coexist with authigenic halloy­
site in very young (<2,500 yr) deposits such as Taupo Pumice and Mapara 
Tephra formations in New Zealand (McIntosh, 1979), and in a 2,000-yr-old 
lahar from Mount St. Helens, Washington (Mullineaux and Crandell. 1962 ). 
This implies that tephra composition and site weathering conditions fre­
quently may have been underestimated in favor of the assumed tephra 
age-based weathering sequence. The relatively rapid rate of halloysite for­
mation (in 300 to 4,000 yr) noted for deposits in humid tropical areas [e.g., 
Hay (1960), Cortes and Franzmeier (1972b), Bleeker and Parfitt (1974). 
Parfitt ( 1975)] further supports the view that the apparent transformation of 
allophane into halloysite cannot be expressed as a simple function of time 
[Nagasawa ( 1978), p. 118]. 

The above findings do not invalidate clay mineral transformation dia­
grams such as Fig. 1 because these represent measurements of real composi­
tions at particular locations. The possibly misleading aspect of such weath­
ering sequences, however, is that the transition rates are frequently 
construed as a direct function of the tephra age scale whereas factors other 
than time or aging actually dictate the rates of transformation. 

b. Relict Transformation Rates and Effective Period of Weathering. Var­
ious studies have related the amounts and types of weathering products in 
tephra-derived paleosols to the effective period of weathering in order to 
explain the common coexistence of allophane and halloysite. Ugolini and 
Zasoski ( 1979) suggested that the occurrence of allophane and imogolite. 
together with halloysite, in a buried soil was related to its (relict) leaching 
when at the land surface. In New Zealand, Vucetich ( 1968), Birrell and 
Pullar ( 1973), and Birrell et al. ( 1977) attributed apparent changes in rates 
and products of weathering to changes in climate during the Quaternarv­
~.e., a re~id~al or "memory" effect ofpaleoclimate. Kirkman ( 1976b), w~rk­
mg on similar tephra sequences, suggested that the time between the burials 
o~ successive paleosols w~s insu!ficient to "register" the effect of changes in 
climate. Fu~her uncertainty anses due to sparse unequivocal information 
on changes m the rates and conditions of weathering after burial (Gibbs. 
1971, 1980; ~ausbach ~t al., 198~; Stevens and Vucetich, 1984 ). However. 
some of the differences m clay mmeralogy observed in modern and b • d 

h ·1 d' 1 . une tep ra so, s are 1rect y attnbutable to the supply of organic matter (Mizota, 
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1978) (see also Section II, B, 3). Hodder ( 1978) examined the hydration of 
rhyolitic glasses from buried Holocene tephras in New Zealand and demon­
strated an Arrhenian relationship between temperature history and effective 
time for weathering. He suggested that the degree of weathering of the glass 
or the formation of allophane may be related to the effective weathering time 
but is likely to be more dependent on climatic factors. 

In conclusion, it is evident that in many studies the length of time of 
weathering was viewed as the governing factor in clay mineral transforma­
tions and hence in the distribution and coexistence of allophane and halloy­
site in particular. However, other interpretations now tend to place more 
emphasis on separate genetic pathways for tephra-derived clay minerals. The 
pathways are influenced by both primary mineral composition and site 
weathering conditions, past and present [e.g., Yoshinaga et al. (1973a), Wada 
and Harward ( 197 4 ), Birrell et al. (1977), Wada (I 977, 1980), McIntosh 
( 1980a), and Parfitt et al. ( l 982a)]. Furthermore, as demonstrated below, 
short-range-order minerals such as proto-imogolite allophane and imogolite 
are not just short-lived transition products but sometimes are metastable 
reaction end points. Conversely, halloysite and gibbsite, typically regarded as 
reaction end points derived from short-range-order precursor minerals, can 
apparently form rapidly and directly by precipitation of dissolution products 
of either primary or secondary minerals, or both. 

2. Compositional Controls 

Composition-dependent weathering sequences indicate that chemical and 
structural characteristics of the parent glass, together with the proportions 
and compositions of the various other primary minerals making up the 
parent assemblage, determine in part the composition, type, and morphol­
ogy of resultant clays. Some may include mineral transformation rate fac­
tors. The actual kinetic mechanisms associated with the weathering of glass 
and similar materials are covered by White and Claassen ( 1980), White 
(1983), and Hodder (1985). 

a. Andesitic versus Rhyolitic Composition. Unweathered andesitic and 
rhyolitic tephras differ mineralogically and chemically- the less siliceous 
andesitic eruptives are typically relatively enriched in mafic minerals, con­
tain Jess glass, and may be dominated by Al- and Ca-rich plagioclase feld­
spars; in bulk chemistry they tend to have more Al, Ti, Fe, Mg, and Ca t~an 
rhyolitic eruptives [ e.g., see Ewart (1969), Cole (I 979), Inoue and Yoshida 
( 1980), Kirkman and McHardy ( 1980), and Izett ( 1981 n- A_study by Stevens 
and Vucetich (I 984) in North Island, New Zealand, md1cated that these 
chemical differences are generally maintained after weathering (weathered 
andesitic tephras having more Fe and Ti than weathered rhyolitic tephras) 
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[see also Kirkman and McHardy ( 1980)]._ Where th!s relationship h~d ap­
parently broken down, Stevens and Vucet1ch ( 1984) invoked changes 1~ the 
leaching regime or topographic effects related to rates ?f teph_ra accession. 

Andesitic glass (SiO2 : Al 2O 3 = less than 2) has an intnns1cally ~mailer 
molar Si: Al ratio and a "soft," porous structure that favors weathenng at a 
much higher rate than rhyolitic glass (SiO 2 : Al 2 O 3 = 5 or ~) [Kirk_man 
( 1981 a), p. 169], and with a marked loss of silica and mobile cat10ns ~M 1zota 
and Aomine, 1975; Neall, 1977; Kirkman and McHardy. 1980: Kirkman. 
198 la: White, I 983) (see also Table II in Section III). Kirkman and 
Mc Hardy (I 980) and Kirkman (1981 a) concluded that the structure and 
chemical composition of allophane, hence its behavior and persistence. are 
governed chiefly by these glass chemical and bonding characteristics. This 
conclusion supports an earlier study by Trichet ( 1969) that involved labora­
tory leaching of glasses of differing compositions, and a study by Hamblin 
and Greenland (1972) on basaltic tephra deposits. Tokashiki and Wada 
(l 975) found that allophane and imogolite predominated in andesitic 
tephras, which contained only sparse quartz, and layer silicates in quartz­
rich dacitic tephras from Japan. They concluded that this compositional 
effect outweighed other possible factors such as environmental conditions 
and time since deposition. An investigation by Mizota ( 1976) led to similar 
conclusions. 

Studies on the clay minerals formed in mainly andesitic tephras weathered 
under humid tropical (e.g., Papua New Guinea) or temperate (e.g .. Japan 
and New Zealand) climatic conditions found that: (I) halloysite is normal Iv 
absent or only sparsely present (Parfitt, 1975; Parfitt et al., 1982a): (2) stab!~ 
allophane and imogolite form rapidly (in 300 yr) from the weathering of 
glass or pumice, and persist for long periods (Parfitt, 1975; Kirkman, 1978. 
1980a,b, 198 la; Kirkman and McHardy, I 980; Russell et al., 1981: Violante 
and Wilson, 1983); (3) gibbsite can form rapidly, coexisting with allophane 
and imogolite in deposits as young as 3,000 yr, but is generally more com­
mon in older deposits [Fig. l, Wada and Matsubara ( 1968), Yoshinaga et al. 
(1973a), Parfitt (1975), Mizota (1976), and Wada (1977)]; and (4) gibbsite 
evidently forms through desilication ofallophane and imogolite, sometimes 
onl~ after a lo?g t!me period (100,000 yr or more) [references in (2) above]. 
but its formation 1s not dependent upon humid tropical climatic conditions 
(Wilson, 1975; Macias Vazquez, 1981; Shah Singh, 1982); its occurrence has 
al~o been associated ~pecifically with lithic fragments or feldspar in the 
pnmary tephra de~os1t (Wada and M~tsubara, 1968; Loi et al., 1982). In 
New Zealand, relatively low concentrations of gibbsite in clays derived c 

d · · h - 1rom 
a~ es1t1c tep ras, even in those t_hat are strongly weathered (Taylor. 1933: 
F1eldes ~nd Taylor, 1961; Tonkin, 1970; Yoshinaga et al., 1973b: Salter. 
1979; Kirkman, 1980a,b: Stevens and Vucetich. 1984). have been explained 
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either by unfavorable site conditions that minimize desilication [e.g., 
Schwertmann (I 979), Farmer et al. (1979), Kirkman (l 980a)], or by the 
presence of iron oxide gel inhibitors (Kirkman and McHardy, 1980). 
Clearly, for New Zealand conditions, neither Al-rich glass and Al-rich feld­
spar and mafic-rich mineralogy nor the length of weathering time has been 
sufficient to produce gibbsite in other than small amounts or localized con­
centrations. Rather, allophane predominates (Kirkman, 1980b), henc.:e envi­
ronmental controls must be more dominant than time or composition in the 
weathering process, except where an unequivocal parent material effect can 
be demonstrated. 

b. Origin of 2: 1 and 2: 1 : 1 Type Minerals. The genesis of 2: l and 
2: 1 : l type clay material in tephras is controversial (Lowe and Nelson, 
1983). A minority of workers, mainly in Japan, favor a "pedogenic" origin 
and suggest that the 2: 1 clays derive from volcanic glass in a solid-state 
reaction that is related to the mobilities of SiO2 , MgO, and K 2 O. The 2: 1 
clays may form coevally with opaline silica or quartz under conditions 
characterized by excess silica, low allophane, and low pH (Chichester et al., 
1969; Trichet, 1969; Wada and Aomine, 1973; Tokashiki and Wada, 1975; 
Hetier et al., 1977; Shoji and Saigusa, 1977; Nagasawa, 1978; Yamada et al., 
1978; Kurashima et al., 1981; Shoji et al., 1981, 1982). Shoji et al. ( 1981, p. 
344) proposed the following weathering sequence: 

________. K-enriched glass --+ illite --+ random mixed-layer 
glass "-. mineral of chloritized 

(silicic) -------. amorphous hydrous ~ quartz 2: I mineral-illite 
oxides of Al, Fe, and Si 

The preferential retention of potassium in volcanic glass has been demon­
strated bv Yamada and Shoji ( 1982). 

Other -workers favor the transformation of ferromagnesian minerals 
(principally micas, amphiboles, and pyroxenes), which are derived from 
either the primary tephra deposit [ e.g., Calhoun et al. (1972), Cortes and 
Franzmeier (1972a), Pettapiece and Pawluk ( 1972), Wada and Aomine 
( 1973), Tokashiki and Wada ( 1975), Mizota ( 1976), and Violante and Wil­
son ( 1983)] or postdepositional contamination by eolian accessions [e.g., 
Jackson et al. ( 1971 ), Mokma et al. ( 1972), Mizota ( 1982), and Mizota and 
Takahashi ( 1982)]. Evidence for the latter is based on distinctive 180: 160 
ratios of silt-sized quartz particles isolated from soils in various countries 
[e.g., Stewart et al. ( 1984)]. The ratios show that the quartz, possibly together 
with 2: J clay minerals, derives from continental dusts carried by tropo­
spheric winds. Other sources of 2: l type clays_ include "exotic" (~r hydro­
thermally altered) layer silicates incorporated mto the tephra dunng erup­
tion [e.g., Kirkman (I 976a), Dudas and Harward (1975b), Self and Sparks 
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(1978), Wada (1980), Dethier et al. (1981), and Pevear et al. (19~2)]. _and 
detrital 2: I clays in underlying materials that are subsequently mixed into 
the tephra deposit by processes such as tree fall [e.g .. Dud~s. and Harwa_rd 
(l 975b)]. Smectites may form from plagioclase under cond1t10ns of restnc-
tive drainage (Borchardt, 1977; Glassmann. 1982). . 

In New Zealand, 2: I minerals are rarely reported in "pure" volcamc ash 
deposits but they are relatively common in soils formed on loess de~ved 
from mica-bearing, quartzo-feldspathic sedimentary rocks and alluvwm 
that also contains admixed volcanic ash (Cowie and Milne, 1973; McCraw. 
1975). Thus, most New Zealand workers are suspicious of the pedogenic 
pathways explaining the 2: I clays in tephras in Japan, and prefer a "loessic 
contamination" explanation for their occurrence [ e.g., Mokma et al. ( 1972). 
Stewart et al. (I 977), Rankin and Churchman (1981 ), Russell et al. ( 1981 )]. 
Ugolini and Zasoski ( 1979) similarly reject the pedogenic model. 

c. Morphologies of Hafloysite and Parent .Mineralogies. Halloysite 
occurs in tephra-derived clays as spherical, roughly concentrically banded 
particles, or as tubes, scrolls, or curled flakes (Dixon, 1977: Kirkman, 
1981b). Platy, tabular, and disk-shaped halloysite has also been reported 
(Kirkman, 1977). Evidence suggests that these morphological forms are 
directly related to primary mineralogy. Spherical halloysite may originate 
from rhyolitic glass, tubular halloysite from feldspar (mostly in rhyolitic 
rather than andesitic tephras), and by various possible mechanisms [e.g .. 
Parham ( 1969), Eswaran and De Coninck ( 1971 ), Dixon and McKee ( 197 4 ), 
Nagasawa and Miyazaki (1976), Kirkman (1977, 1981 b), Sudo and Yotsu­
moto (1977), Violante and Violante (1977), Wada et al. (I 977), Kirkman 
and Pullar ( 1978), Kohyama et al. ( 1978), Tazaki ( 1979), Rankin and 
Churchman (1981 )]. Wada (1980) suggests that because the greatest 
amounts of allophane and imogolite coexist with the smallest particles of 
halloysite, the halloysite may be a recrystallization product ofresilication of 
the allophane and imogolite. 

It is concluded that the primary composition of parent tephra materials 
plays an important role, at least initially and in some cases persistentlv in the 
types and com~osi~ion of materi~ls and clays produced by weathering. In 
g~neral, halloysite i~ large!y associated with rhyolitic tephras, crystallizing 
directly from the dissolution products of feldspar or glass, and without a 
transi~ional allophane phase. Busenberg ( 1978) reports from dissolution 
expenments on f~ldspars t~at a "microcrystalline gibbsite" phase apparently 
pre~edes the. rap~d format10_n of ~alloysite. Allophane (Al: Si = 2: 0), imo­
gohte, and gibbsite predominate m andesitic tephras and are able t .-

"dl d • fi o 1orm rapi y an to persist or !ong ~eriods. Some 2: 1 and 2: 1 : 1 type minerals 
may form because of specific pnmary mineralogies. However, to explain the 
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prese_n~e or absence of these various clay minerals at many sites, special 
cond1t1ons, special pedogenic pathways, and length of time have each been 
invoked. Apparently, the influence of environmental conditions does not 
just complement that of composition-it is ultimately of perhaps para­
mount importance in clay mineral genesis. 

3. Environmental Controls 

Environmental factors that affect the site weathering conditions include 
temperature, rainfall, degree of leaching, drainage, tephra thickness and 
depth of burial, and vegetation and other organic cycle factors. The chief 
effect of these factors, together with the composition of the inorganic phase, 
is in governing the proportions and availabilities of the main chemical con­
stituents, SiO 2 and Al 2O 3 , in the tephra sequence [e.g., Aomine and Wada 
(1962), Jackson (1968), Kanno et al. (1968), Pedro et al. (1969), Millot 
( 1970), Aomine and Mizota ( 1973), Rodrique et al. ( 1973), Yoshinaga et al. 
(l 973a), Wada and Harward (1974), and Wada(l 977, 1980)). Generally, the 
environmental factors, some of which are interdependent, control the site 
conditions, which in turn favor either resilication or desilication and control 
the opportunity for coprecipitation of Al and Si gels. Some factors are re­
gional or macroenvironmental (e.g., rainfall and temperature in a district), 
whereas others are local or microenvironmental (e.g., drainage conditions or 
the pH of percolating water at one site) (Hay, 1959; Eswaran and De Con­
inck, 1971; Glassmann, 1982). It is often difficult to determine which of 
these macro- or microfactors is more important [e.g., Stevens and Vucetich 
( 1984)]. Consequently, it is not surprising that a tephra weathering sequence 
of universal application has been difficult to identify, especially since the 
rates and types of transformations in adjacent tephra sequences or within 
one sequence may differ markedly. 

a. Temperature Effect. It is well known that higher temperatures pro­
mote higher rates of reaction in various geochemical systems [e.g., Curtis 
( 1977)). Climosequence studies have shown that an increase in the degree of 
weathering of tephras (e.g., an increase in clay content) is related to an 
increase in mean temperature (Calhoun et al., 1972; Cortes and Franzmeier, 
l 972b: Birrell et al., 1977; Lulli and Bidini, 1980). However, variations in 
rainfall, vegetation, depth of overburden, and tephra distribution usually 
coincide with the temperature variations. In New Guinea, Ruxton ( 1968) 
demonstrated that the rate of weathering of dacitic glass was limited by 
rainfall and ground water control (i.e., leaching potential), not temperature 
[see Hutton ( I 974), Hodder (I 978)). In comp~rison, a lower rate ofw~ather­
ing of andesitic glass from tephras in Taranak1, New Zealand, was attnbuted 
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to differences in drainage, composition, and rates of tephra accretion and 
lahar deposition, rather than to differences in temperature (Neall. 1977). 

On an experimental thermodynamic basis, Farmer et al. (_I ?79) sho:ved 
that temperature as well as silica concentration affects the stability of_vanous 
equilibria of silica and alumina, and that while imo_golite. _halloys1te. and 
gibbsite can coexist over a range of temperatures. 1mogohte tends to be 
metastable relative to either halloysite or gibbsite in the long term. Above 
25 °c, imogolite and proto-imogolite become more stable relative to hall~y­
site over a wide range of silica concentrations. Thus. although halloys1te 
formation (stability) is theoretically favored by lower temperatures. an over­
riding requirement in its formation is a sufficient concentration of silica 
(>-20 µg/cm 3) in solution (Farmer et al., 1979, Parfitt et al., 1983). In the 
North Island of New Zealand, present soil temperatures over a depth range 
of l m rarely exceed 20 ° C and normally average 10 to 15 ° C for a calendar 
year (Cowie, 1978; Wilson, 1980). Ambient temperatures during late Pleis­
tocene glacial stages in the central North Island were about 4 to 6°C lower 
than present (Hendy and Wilson, 1968; Fleming, 1979). However, condi­
tions were drier or more drought-prone (McGlone and Topping, 1977: 
McGlone et al., 1978), hence rates of leaching of silica were probably re­
duced. Because this temperature drop coincides with reduced rainfall and 
leaching regimes, the possible contributory role of paleotemperature in clay 
mineral formation and transformation cannot be evaluated with certainty 
[see also Morrison ( 1978), Singer ( 1980), Retallack, ( 1981 ), and Ross et al. 
( 1983)]. 

b. Rainfall and Leaching Effects. Rainfall may be regarded as a reliable 
indicatorofleaching (Jenny, 1941), although this relationship is not alwavs 
valid (e.g., where drainage in restricted). A relationship between rainf~ll 
distribution and degree of leaching, and the occurrence of various mineral 
types in tephras, was noted in New Zealand by Taylor ( 1933). Later, Fieldes 
( 1966) correlated the occurrence of allophane with a high, seasonallv well­
distributed rainfall. He proposed that halloysite formed by the "crystalliza­
tion" ?f random aluminosilicate "gels" (allophane) through Si-O-Al 
cross-lmkage and seasonal dehydration over time. This hypothesis is in 
hi?dsight largely misleading as it is now known that allophane and related 
mmerals h~ve sh~rt-range order and that halloysite may crystallize directly 
from the _d1ssolu_t1on products of primary minerals. However. rainfall and 
the leachm~ regime _n~rmally play a _d_ominant role in the weathering of 
tephra and m detern:immg the compos1tion and stability of the clay product. 

All~phane. (Al: S1 = 2: 0), allophane-like constituents, imogolite. and 
proto-1mogohte allophane generally occur where rainfall (and us JI 1 h · d d. • ua v eac -
mg, epen mg on dramage conditions) is moderate to high: all~phane 
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(Al: Si= 1.0). halloysite (especially the 7-A phase), and possibly silica pre­
cipitates tend to occur where rainfall is low (Ruxton, 1968; Nagasawa, 1969; 
Wada and Harward, 1974; Nagasawa and Miyazaki, 1976; Neall, 1977; Lulli 
and Bidini, I 980; Wada, 1980; Kirkman, 198 la; Lowe and Gibbs, 1981; 
Miehlich, 1981; Parfitt et al., 1982a, 1983). Under a moderate to high rain­
fall, and low pH, SiO2 and mobile cations are rapidly lost; hence the forma­
tion of allophane and imogolite, with an Al: Si ratio of around 2 or more, is 
preferred to the formation of halloysite or allophane with an Al: Si ratio 
nearer I [Fig. 2: see also Parfitt et al. ( 1984)]. Similarly, gibbsite may form if 
Si in solution is very low(< I ppm) in order to prevent Al-silicate forma­
tion, as in highly leached sequences, and possibly together with an Al-rich 
parent mineral composition (e.g., andesitic glass or abundant calcic plagio­
clase) (Parfitt, 1975; Aomine and Mizota, 1973; Schwertmann, 1979; Vio­
lante and Tait, 1979). 

The effect of past rainfall amounts may be reflected in the present-day 
clays: Parfitt et al. (1983) inferred that some of the halloysite (and, presum­
ably, allophane of Al: Si = 1.0 composition) in tephras they examined may 
be relict from a late Pleistocene glacial period when rainfall, hence leaching 
of Si, was lower, and temperatures were cooler than present. 

Allophane and other aluminosilicates of short-range order may transform, 
via solution, to halloysite or gibbsite, largely depending on whether the 

Imogolite + allophane (Al:Si=2:l) 

Halloysite 

Allophane (Al:Si=l:l) 
] 

Gibbsite 

800 1200 1600 2000 2400 

Rainfall (mm) 

Increase as 
leaching of 
Si increases 

Increase as 
leaching of 
Si decreases 

Present in 
root channels 

FIG. 2. Weathering scheme proposed for rhyolitic tephras in New Zealand aged between 
2,000 and 100,000 yr. The amounts of the various clay minerals i~crease or decrease according 
to the degree of leaching of Si as a function of mean annual rainfall. A pa_rallel weat~~nng 
sequence for humus-rich horizons oftephras in northeastern Japan ha_s been given by S~OJI and 
Fujiwara ( 1984 ), based on pH and leaching. [ '."1odified after "~~athenng sequence ofsmls from 
volcanic ash involving allophane and halloys1te, New Zealand, ( 1983, p. 54), ofGeoderma 29, 
41 -57. by permission of Elsevier Scientific Publishing Co. and R. L. Parfitt et al. (1983).) 
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environmental conditions, in addition to the rainfall factor~ favor resilica­
tion or desilication (Aomine and Mizota, 1973; Parfitt, 197); Wada: 1977; 
Saigusaeta/., 1978; Miehlich, 1981; Rankin and Churchman. 1981: V1ola~te 
and Wilson, 1983). Parfitt et al. ( 1982a) report that Al-rich allophane (with 
the proto-imogolite structure) cannot alter to halloysite since Si tet:ahedra 
occur on the interior surface of the hollow allophane spherules as isolated 
SiO 3OH groups with their apices directed away from outer gibbsitic units, 
the reverse of the kaolinite structure (Cradwick et al., 1972; Brown et al., 
1978; Farmer and Fraser, 1979; Wada, 1979; Parfitt, 1980). Thus. alteration 
to halloysite would necessitate the allophane effectively turning "inside out" 
by passing through a solution phase (decomposing) with concomitant en­
richment with polymerized silica. Wada and Inoue (1974) measured con­
centrations of absorbed monomeric silica in ambient solutions associated 
with different clay species in tephras in Japan as follows: allophane and 
imogolite (Al: Si = 2.0), 11 - 12 µg cm-3; allophane (Al: Si = 1.0), 22 Jig 
cm-3; andhalloysite, 26 µgcm- 3• These values, and those given in McIntosh 
( 1980a) and Parfitt et al. ( 1983), support the above results [also see Farmer et 
al. (I 979)]. Wada (1977) noted that these concentrations may have a two­
way effect on clay mineral formation. Similarly, Busenberg ( 1978) showed 
experimentally that the poorly ordered clay mineral phases (notably halloy­
site) that formed from the dissolution of feldspars controlled in part the 
activities of Al and silicic acid in the aqueous solution. 

The study of synthetic aluminosilicates of short-range order has shown 
that allophane forms inside weathered glass or pumice fragments (or feld­
spar) where Si concentration and pH are relatively high [Wada ( 1980), p. 95]. 
Imogolite forms outside, possibly by alteration of allophane exposed to 
external solutions oflower Si concentration and lower pH ( < 5), or by precip­
itation from such solutions whereby Al and Si form a soluble and mobile 
complex of proto-imogolite that is stable at pH less than 5 (Wada and 
Matsu?ara, 1968; Aomine and Mizota, 1973; Yoshinaga et al., 1973a; 
Henm1 and Wada, 1976; Brown et al .. 1978; Farmer and Fraser, I 979; 
Farmer et al., 1979, 1980; Wada, 1980). Allophane requires a neutral or 
alkal_ine pH t~ give maxi~um Al ii:t 4-~old coordination. whereas imogolite 
reqmres an acid pH, and high Al: St ratio, to maintain Al in 6-fold coordina­
!ion wit~ monomeric s!Iica (Brown et al., 1978). The importance of pH in 
influencing the formation of allophane and imogolite is emphasized as it 
largely controls the types and amounts of Al species and their potent" J f, 

• • • • h s· 1a or 
c~prec1~1tat10n wit 1. It also pl~ys a part in the rate of glass and feldspar 
d1sso_Iut1on (Busenberg, 1978; White and Claassen, 1980). Shoji et al. ( 1982) 
cons1~er that the supply of !"1+ ions (dissociated from organic acids) and the 
depletion of bases by leaching are the dominant controls 1·n pH ct t · 
• d h h . e ermma-

tton, an t at t ese controls in tum are related to c11·mate ( · II · . . especia y inten-
sity of leaching) and vegetation factors (see also Shoji and Fujiwara, 1984 ). 
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c. Drainage Effect. The leaching regime in a tephra sequence is con­
trolled in part by the site drainage conditions. Impeded or slow drainage and 
a "stagnant" (i.e., silica-rich) moisture regime (e.g., due to an impermeable 
buried paleosol) would tend to minimize the rate of loss of soluble Si and 
other cations and thus favor the formation ofhalloysite and silica-rich allo­
phane (Al: Si= 1.0) (also smectites) (Kanno, 1959; Aomine and Wada, 
1962; Yoshinaga et al., 1973a; Wada and Harward, 1974; Dudas and Har­
ward, 1975a; Wada, 1977, 1980; Lowe, 198 la; Violante and Wilson, 1983). 
Conversely. other conditions being equal, good drainage would promote the 
loss of silica and the formation of allophane (Al: Si = 2.0) and imogolite 
[e.g., Neall ( 1977)]. Between these drainage extremes an intermediate form 
ofallophane is predicted to occur (Vucetich, 1983)-and shown by Parfitt et 
al. (1984). 

An example of the effect of drainage is evident in the Waikato region in 
New Zealand (see Section III). Late Pleistocene rhyolitic volcanogenic and 
tephra-rich alluvium, with an~ 0.3-m covering oflargely admixed Holocene 
tephra deposits (Lowe et al., 1980), was deposited about 17,000 yr ago by a 
braided river system (McCraw, 1967; Hume et al., 1975; Green and Lowe, 
1986). These deposits are weathering in either well-drained sites on low 
ridges of coarse material (sands}, or poorly drained sites in shallow depres­
sions (swales) of fine material (silts) adjacent to the ridges and with evidence 
of gleying. The clay fraction of the well-drained deposits is dominated by 
allophane with traces of gibbsite, whereas that of the poorly drained deposits 
is dominated by halloysite (McQueen, 1975; Pollok et al., 1981). Clearly, as 
the deposits are geologically contemporaneous, occur close together in the 
same climatic regime, and have similar primary mineralogies, but contrast­
ing textures, the different drainage conditions and ground water levels must 
be responsible for the different clay minerals present. 

d. Tephra Thickness and Depth-of Burial Effect. Deep burial alters the 
rate and opportunity for weathering and pedogenesis, especially as regards 
the organic cycle and clay mineral transformation (Ruxton, 1968; Gibbs, 
1971 ). For example, burial of a surface horizon reduces the organic input, 
hence in time allows previously humus-bound Al to be released by weather­
ing and to ultimately coprecipitate with Si to form allophane or imogolite 
(Mizota, 1978). A thick sequence (> 2 m) potentially provides a silica-rich 
environment for a buried tephra and hence favors the formation ofhalloysite 
in it by resilication (Aomine and Wada, 1962; Masui and Shoji, 1969; Cal­
houn et al., 1972; Shoji and Saigusa, 1977; Wada, 1977; Nagasawa, 1978; 
Saigusa et al., 1978; Sudo and Shimada, 1978; Ugolini and Z~soski, 1979; 
McIntosh, 1980a; Violante and Wilson, 1983). Regular accretions of fresh 
silica-rich tephras, or poor drainage, would tend to enhance this effect [e.g., 
Calhoun et al. (1972), Yoshinaga et al. (197 3a}, Dudas and Harward 
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( 1975a), Shoji and Saigusa ( 1977), and Lowe and Gi?bs. ( 1981 )]. !he rate_of 
tephra accumulation and burial may also have a s1gn.1ficant effect on stt~ 
conditions, such as topography, and hence lateral drainage (Taylor. 1933. 
Gibbs. 1968; Stevens and Vucetich, 1984 ). _ 

Hallovsite occurs rarely in tephra horizons at or near the land surface 
(Masui ~nd Shoji, 1969; Mizota and Wada. 1980; Rankin a_~d Churc.~man. 
J 981; Parfitt et al., 1983; Violante and Wilson, I 983; ShoJ1 and FuJ1wara. 
J 984). Where it does, the horizons are usually strongly weathered and pos.s1-
bly exhumed [e.g., New Zealand Soil Bureau (I 968). Wada ( I 980)]. with 
relict hallovsite derived either from formation at depth due to a bunal or 
aging effect, or from changes in surface weathering conditi<?ns [e.g., Masui 
and Shoji (1969), Gibbs (1971), Kirkman (1980b). Vucet1ch (1983). and 
Stevens and Vucetich (1984)]. McIntosh (1979), however, showed that 
authigenic halloysite (both spheroidal and tubular) can form by modem 
processes in tephra deposits aged as young as 1,800 yr and buried (by highly 
siliceous pumice materials) at a depth of 2 to 2.5 m. He demonstrated that 
the hallovsite formation at this depth was due to resilication from a silica­
rich sol~tion (McIntosh, 1980a). The resilication was indicated by 
SiO2 : Al 2O3 mole ratio values of~ 2.0 at depths of 2 m or more, in contrast 
to values of s ~ 1.0 in surface horizons, and by lysimeter leachate composi­
tions. 

McIntosh's evidence, together with that from elsewhere (notably Japan), 
emphasizes the marked effect oftephra overburden in determining the avail­
ability of silica in solution. The overburden (and leaching) effect has pre­
viously been difficult to positively separate from an age effect because most 
studies on successions oftephra deposits and paleosols [ e.g., Masui and Shoji 
(1969), Kirkman (1975, 1980a), and Nagasawa (1978)] showed that the 
content of halloysite and its degree of crystallinity increased with increasing 
depth, and therefore with increasing age. These depth trends hence implied 
an allophane-halloysite transition based on an age factor. Nevertheless. 
where halloysite occurs in a buried tephra or paleosol, and is due to resilica­
tion from the overburden, its formation is an indirect consequence of age 
because time is required to bury the tephra with a relatively thick cover 
deposit. The length of this period depends on the nature and eruptive fre­
quency of the contributing volcanoes, and on the rate of addition of possible 
"tephric loess" to the tephra sequence. 

e. Organic Cycle Effects. The deep accumulation of black humus in 
tephra-derived soils, especially in Japan, is usually associated with warm and 
humid, well-drained conditions __ and a grass (often pampas) vegetation 
(Wa~a an? Harward, 1974; ShoJ1 and Ono, 1978). The humus frequentlv 
coexists with stable Al- and Al/Fe-humus complexes and opali·ne s·1· · • 

h • b • h 11ca m 
A 1 onzons, ut wit allophane and imogolite absent (Fig. J; Wada, 1977). 
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!hi_s relationship is generally explained with the suggestion that Al ion activ­
ity 1s suppressed by the formation of stable Al-humus complexes that are 
resistant to biological breakdown and leaching. Consequently, opaline silica 
and possibly other silica polymorphs form instead of allophane or imogolite 
because the Al-humus bonding reduces the potential for coprecipitation of 
Al and Si (Shoji and Masui, 1971; Wada and Harward, 1974; Tokashiki and 
Wada, 1975; Wada and Higashi, 1976; Wada, 1977; Mizota, 1978; Shoji and 
Saigusa, 1978; Henmi and Parfitt, 1980; Mizota and Wada, 1980). The 
Al-humus complexes undergo changes with age and burial (Mizota, 1978; 
Higashi and Shinagawa, 1981 ). This conclusion suggests a balance between 
the release rate of Al (and Fe) and the supply rate of organic matter (hence 
organic acids) (Wada, 1977; Huang and Keller 1971; Antweiler and Drever, 
1983), which, together with silica availability, governs the formation rate of 
allophane and imogolite. The rate of alteration of glass ( or clay minerals) is 
greatest in the A horizons of tephra-derived soils (Antweiler and Drever, 
1983 ). 

Living plants affect monosilicic acid concentration and biogenic opal and 
opaline silica formation [ e.g., Wilding and Drees (1971 ), Wilding et al. 
( 1977), Claridge and Weatherhead ( 1978), Shoji and Saigusa ( 1978), Henmi 
and Parfitt ( 1980), and Shoji et al. ( 1982)]. Biogenic opal forms through 
uptake of Si in solution by living plant cells. Most studies contend that 
opaline silica forms only in the early stages of weathering of tephras. An 
alternative view is that it simply forms in near-surface tephras (which are 
usually young and relatively unweathered). Opaline silica formation is fa­
vored by the supersaturation of silica by surface evaporation or plant evapo­
transpiration and the suppression of Al activity by humus accumulation, 
together with an abundant supply of soluble silica [e.g., Shoji and Saigusa 
( 1978)]. The removal of Si in solution by plant roots [increased by cropping; 
Mizota and Wada ( 1980)] may also promote the formation of allophane 
(Al: Si = 2.0), imogolite, and possibly gibbsite [the last, for example, as root 
pseudomorphs; Wada and Matsubara (1968), Hogg (1974)] (Parfitt et al., 
1983). Alternatively, biogenic opal may be redissolved and either leached 
or precipitated with available Al to form allophane (Al: Si = 1.0) (Parfitt, 
1975). The redissolved silica may form another polymorph such as cristo­
balite [Fig. 3; Shoji and Masui (1969), Wilding et al. (1977), and Lowe 
(I 981 a)]. Both primary and secondary origins for such silica polymorphs 
have been proposed, with some evidence controversial [e.g., Hardjosoesas­
tro (1956), Breese (1960), McKeague and Cline (1963), Henderson et al. 
(I 971, 1972), Cortes and Franzmeier (1972a), Giive~ ~nd Grim ( 1972), 
Jones and Segnit (I 972), Jackson et al. (1977), and Wlidmg et al. (I 977)]. 

Different types of vegetation may affect the types and rates of clays formed 
in tephras. Leaching regimes, hence soil solution compositions, vary with 
vegetation types (Taylor, 1933; McIntosh, 1980a; Parfitt et al., 1983). Mein-
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FIG. 3. Proposed pathways for conversion of silica hydrogel to various sil!c~ polymorph~. 
[Reproduced from "Minerals in Soil Environments," (1977, p. 516), by perm1ss10n of the S01l 
Science Society of America and L. P. Wilding et al. ( 1977).] 

tosh ( 1980b) showed that the replacement (in 1935) of native manuka trees 
by radiata pine on rhyolitic tephras in New Zealand produced changes in pH, 
titratable Al, exchangeable cation, total N, and organic P values of the 
deposits. Solution pH and Al and Fe mobility control the formation of 
imogolite and allophane (via precursory proto-imogolite) (Farmer et al., 
1980; Farmer, 1982), and are apparently important in the chloritization of 
2: 1 layer silicates also (Shoji et al., 1982). Acid litter gives low pH values 
(<5) [McIntosh (1980b), Shoji et al. (1982), also studies on nontephric 
materials], which allow soluble proto-imogolite to form (Wada, 1980; An­
derson et al., 1982; Farmer, 1982). The effect oflong-term vegetation change 
has rarely been considered in clay mineral genesis. In view of the findings 
above, it is clear that vegetation change may have influenced the types of 
clays occurring in a particular tephra bed. The vegetation change is likely to 
be difficult to separate from, for instance, a change in climate or an increase 
in depth of burial, however. 

Pedoturbation by floral and faunal processes [e.g., Mueller and Cline 
( 1959), Buntley and Papendick ( 1960), Hole ( 1961, 1981 ), Armson and 
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Fessenden (1973), Dudas and Harward (I 975b), Brown (I 977), and Mizota 
and Wa~a ( 1_9~0)] has its greatest influence in surface deposits. However, 
pedogemc m1xmg to depths of about I to 2 min composite tephra deposits is 
~eported by Lowe (198Ia,b) and Hogg and McCraw (1983). A potentially 
1mpo~ant effect of this _mixing is the masking of the tephra stratigraphy, 
especially where deposits are thinly bedded [e.g., Hodder and Wilson 
(I ?76)], thus ~omplicating and possibly invalidating parent material-clay 
mmeral genesis correlations. Another effect is the "contamination" of a 
particular deposit with detrital or exotic clay or other minerals from another 
bed [e.g., Dudas and Harward (I 975b)]. 

C. CONCLUSIONS 

The types and rates of formation and transformation of clay minerals 
derived from tephra deposits of acid to intermediate composition are deter­
mined chiefly by macro- and microenvironmental factors together with the 
mineralogical and physicochemical composition of the parent deposits. The 
length of time of weathering in clay mineral genesis is indirect and subordi­
nate in its effect, in that weathering rates, and weathering products and their 
alteration, are largely dictated by other controls. The amounts of clay formed 
normally reflect the site weathering conditions. However, where tephras of 
different ages and weathering under broadly similar conditions are com­
pared, a general correlation of increasing clay content with increasing age is 
found. 

The environmental conditions that are the most important are those that 
affect the concentration of silica in solution, the movement and availability 
of alumina, and the opportunity for their coprecipitation. The pH of the 
solution, especially at a microscopic level, also plays an important role. The 
leaching regime and the organic cycle and vegetation type are probably the 
predominant controlling factors and are themselves conditioned by or de­
pendent upon climate (chiefly rainfall and temperature), drainage, tephra 
thickness and depth of burial, and the frequency and amount of fresh tephra 
or "tephric loess" accessions. The specific role of these environmental con­
trols. each of which may alter significantly through time, is difficult to assess 
accurately and to distinguish unequivocally from compositional controls. 
More studies at good sites are needed. Because of the importance of environ­
mental controls in clay mineral genesis, some residual effects ofpaleoenvi­
ronmental conditions are to be expected in the clay fractions of weathered 
tephra deposits due to changes in climate and vegetation during the Quater­
nary. The rate of transformation, the duration, or the enhance~ent of any 
such relict clay would depend largely on the nature of the environmental 
changes. The interpretation ofpaleoclimate from clay mineral data alone is 
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inherently unreliable. Changes in climate must generally be deduced from 
other evidence. 

Short-range-order minerals such as allophane and imogolite are possi~ly 
reaction end points rather than short-lived transition products, a~d p~rs1~t 
for Jong periods of time (and in coexistence with halloysite _and g1b?s1te_) 1f 
conditions are favorable. Other clay minerals such as halloys1te and g1bbs1te. 
generally envisaged as age-dependent transformation products of precursory 
allophane and imogolite, may form directly and rapidly from the dissolution 
products of certain primary or secondary minerals. Their formation and 
persistence depend on whether the conditions favor resilication (for halloy­
site) or desilication (for gibbsite). Experimental thermodynamic evidence 
suggests that, in the long term, imogolite and proto-imogolite allophane are 
metastable compared with halloysite (particularly at temperatures below 
25 °C) or gibbsite, but that all these minerals can coexist, depending chiefly 
on the concentration of silica in solution. Halloysite formation may be 
favored by lower temperatures, but depends more on a sufficient concentra­
tion of silica in solution and pH. Halloysite is rare in tephras that are of recent 
age and at the land surface. 

The occurrence of various authigenic silica polymorphs attests to resilica­
tion due to special site conditions, and their relationship to halloysite and 
allophane (Al: Si = 1.0) formation and transformation warrants further in­
vestigation. Similarly, the reason for the erratic occurrence of 2: 1 and 2: 1 : I 
type clay minerals in tephras is uncertain. There is evidence for both the 
pedogenic weathering model and that involving the weathering of layer 
silicates, either inherent or derived from contamination by eolian additions 
or other mechanisms. The latter model apparently has the greater support. 

III. Controls of Weathering and Clay Mineral Genesis in Late 
Quaternary Tephras in the Waikato Region, New Zealand 

A. INTRODUCTION, SETTING, AND METHODS 

l. Introduction 

The Waikato region (Fig. 4) has received airfall tephra deposits of late 
Quaternary age (younger than about 50,000 yr) from five or six volcanic 
c_enters (Grange, 1931; New Zealand Soil Bureau, 1954; Pullar, 1967; Vuce­
t1ch and Pul_lar, 1969; Pullar and Birrell, 197 3a; Lowe, 1981 b ). The tephras 
generally thm away from the centers and become increasingly difficult to 
di~erentiate to:,vard ~he ~istal ( 100 to 200 km from source) Waikato region 
(F1~. 4). Some mvest1gat1ons at particular sites on the low rolling hills in the 
Waikato area [e.g., New Zealand Soil Bureau ( 1968), Pullar and Birrell 
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FIG. 4. Map of the Waikato region showing the general direction oftephra thinning, rainfall 
isohyets, and the Tapapa, Taotaoroa, Kakepuku, and Rototuna reference sample sites. Loca­
tions of some lake coring sites (see Fig. 6b) are also shown. The inset shows the Waikato region 
and the Hamilton Basin within it in relation to volcanic centers (hatched) which were the main 
sources of the late Quaternary (i.e., last circa 50,000 yr) tephras: Okataina, Taupo, and Mayor 
Island centers are rhyolitic while Tongariro and Egmont centers (black triangles) are andesitic 
(after McCraw, 1975; Lowe, 198 lb). [The rainfall data are modified after "Climate and Cli­
matic Resources of the Waikato Coromandel King Country Region," (1974, p. I0)(Maunder, 
1974), by permission of the Director, New Zealand Meterological Service]. 

(1973b), Hodder (1978), Hodder and Wilson (1976), and Parfitt et al. 
( l 982b)] have identified few tephras with certainty, but emphasized the 
composite, interdigitating rhyolitic and andesitic nature of the thinly bedded 
deposits. Parfitt et al. ( 1982b) considered the proportion ofandesitic tephras 
to be effectively insignificant. A more certain model of tephra occurrence, 
chronology, and distribution has been derived more recently, however 
(Lowe, 1981 b; Lowe and Gibbs, 1981 ). This model is based on the identifi-

-i 

i 
i 
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cation and C-14 dating of discrete and unmixed tephra layers_ preserved in 
very fine-grained organic lake sediments (gyttja) in peaty lakes m _the Ha°'.Il­
ton Basin (Lowe et al., 1980). The model was established by detailed studies 
on sediment cores from the lakes using mineralogical assemblages _and 
chemical "fingerprinting" methods such as electron microprobe analysis of 
glass shards and titanomagnetites in the tephras [e.g., as in Westgate and 
Gorton (1981), Froggatt (1983), Hogg and McCraw (1983), see also Table 
II]. The cores have been exceptionally valuable for determining an ac~urate 
stratigraphy and distribution pattern of the late Quaternary tephras 10 _the 
region, and in providing a compositional reference for the parent mat~nals 
of the adjacent subaerial tephra deposits and soils under study [ c.f. studies by 
Borchardt et al. (1973), and Stewart et al. (1977)]. Using this refined 
tephrochronology, a complementary study on the weathering and clay min­
eral genesis in the late Quaternary tephras at four reference sites- Tapapa, 
Taotaoroa, Kakepuku, and Rototuna (Fig. 4)-in the Waikato region was 
done. The results of this study are reported and discussed here with specific 
reference to the findings of the previous review section. 

2. General Setting of the Study Area 

a. Physical Features and Paleoenvironment. The study area (Fig. 4) 
comprises low ridges and rolling hills of Mid to Late Pleistocene volcano­
genie materials surrounded and partly buried by an alluvial fan (known as 
the Hinuera Formation) deposited by an ancestral Waikato River about 
20,000 years ago (McCraw, 1967; McGlone et al., 1978). The small, shallow 
lakes (up to - 8 m deep) used to elaborate the tephrostratigraphy in the area 
were formed about 17,000 years ago by the deposition of the Hinuera For­
mation (Green and Lowe, 1985). Extensive peat bogs, about l 0,000 years 
old, overlie the alluvium and partly or fully enclose many of the lakes. 
Ranges or plateaux up to 300 m high virtually surround the area. The region 
has warm humid summers, mild winters, and a moderate rainfall with a 
winter maximum [Fig. 4; de Lisle (1967), and Maunder (1974)]. Mean 
annual rainfalls at the sample sites are: Tapapa, 1500 mm; Taotaoroa, 1250 
mm; Kakepuku, 1300 mm; Rototuna, 1200 mm. Water balance data indi­
cate a net annual moisture surplus in the Hamilton Basin; a short but 
frequent seasonal moisture deficiency occurs in late summer (de Lisle 1967· 
Cox, in New Zealand Soil Bureau, 1968), generally most pronounced north 
of Hamilton city as at the Rototuna site. Mean annual air temperatures in 
the region range from 13 to 15 °C with means of 18 to 20°C in summer and 8 
to 11 °C in winter (Maunder, 1974). Mean annual soil temperatures at l m 
depth are 15 to 16 °C (Wilson, 1980). Winds in the region are predominantly 
westerlies (de Lisle, 1967). 

Between about 36,000 and 28,000 yr ago the central North Island climate 
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w~s drier_and temperatures slightly cooler but within about 2°C of present, 
with a 1:11xed forest, grassland, and shrub vegetation (Hendy and Wilson, 
1968; Birrell et al., 1977; Fleming, 1979; McGlone and Topping, 1983). 
Various studies have determined that between about 20,000 and 18,000 yr 
ago, temperatures were probably 4 to 6°C lower than present with small 
areas of forest [Nothofagus (menziesii andfi1sca) and Libocedrus] preserved 
on the low hills in the Waikato area (McGlone et al., 1978). The climate was 
probably dry and/or drought-prone, possibly,:with high-intensity rainstorms 
and seasonally wet periods (Hume et al., 1975; McGlone et al., 1978). 
Climatic amelioration began about 16,000 yr ago with marked warming 
14,700 yr ago (Stewart and Neall, 1984; Green and Lowe, 1985). Much of 
the postglacial period was characterized by warming with a wetter and 
milder climate than present between about 10,000 and 5,000 yr ago ( Harris, 
1963; McGlone and Topping, 1977; Fleming, 1979; Green, 1979), and with 
an apparent increase in the rate of tephra weathering and soil formation 
(Vucetich, 1968; Vucetich and Pullar, 1969; Birrell and Pullar, 1973; Birrell 
et al., 1977). Since 5,000 yr ago the climate has fluctuated from slightly drier 
and cooler to slightly warmer and wetter than present (Green, 1979). Vegeta­
tion consisted of mixed broadleaf- podocarp forest dominated by rimu (Da­
crydium cupressinum) and tawa (Beilschmiedia tawa). At the time of Euro­
pean settlement (mid-l 800s) most of the low rolling hills were covered with 
manuka (Leptospermum spp.) and fern (Cranwell, in Grange et al., 1939), 
the original vegetation presumably being destroyed by Polynesian deforesta­
tion (McGlone, 1983). Most of the area is now covered by grass-clover 
pasture. Vegetation at the sample sites consists of bracken fem, scrub, and 
roadside pasture. 

b. Tephrostratigraphy. The base of the late Quaternary tephra sequence 
is marked by Rotoehu Ash, a distinctive circa 42,000-yr-old marker bed that 
unconformably overlies older materials (normally Hamilton Ash Forma­
tion) (Fig. 5). Another widespread marker bed, Kawakawa Tephra, also 
known as Aokautere Ash or Oruanui Ash (Vucetich and Howorth, 1976), is 
about 20,000 yr old and occurs approximately midway in the stratigraphic 
sequence. The whole tephra column is thickest (about 3 m) in the southeast­
ern part of the region and thinnest (about 0.25 to 0.60 m) in the northwest 
(Fig. 5). Details of the stratigraphy and chronology of the four reference 
sampling sites are given in Fig. 6a. The late Quat~mary tephras ~t the_ Roto­
tuna site are mixed and form a shallow, composite cover deposit (Fig. 5c). 
This profile comprises about 50% post-Kawakawa Tephra materials (pre­
dominant in the upper part) and 50% Kawakawa Tephra to Rotoehu Ash 
materials (predominant in the lower part) (Fig. 6a). That these cover de­
posits consist almost entirely of multiple, thin(< 100 mm) prim~ry airfall 
tephras has been demonstrated by Lowe ( 1981 a, pp. 314- 322). This conclu-
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F16. 5. Photographs of sections oflate Quaternary tephras in the Waikato region. including 
three (a-c) of the sites sampled (refer to Fig. 6). At each site illustrated, the late Quaternary 
tephra column is underlain (with an unconformity) by a dark brown, blocky. [Nomenclature 
here and in the text is after Taylor and Pohlen ( 1970).] and clay-rich paleosol formed on 
Hamilton Ash. The Rotoehu Ash and Kawakawa Tephra marker beds (pale and sandy) are 
readily visible in sections in the east and southeast part of the Waikato region. but become less 
distinct toward the northwest. Their upper boundaries are especially difficult to determine 
accurately because of reworking and mixing with later deposits (cf. Hodder and Wilson. 1976). 
Abbreviations: Kk, Kawakawa Tephra (circa 20,000 yr old); Re, Rotoehu Ash (circa 42,000 yr 
old): Hm. Hamilton Ash (circa 100,000 yr old); pal. paleosol: l.Quat., late Quaternary. (a) 
Tapapa site. Note the well-developed paleosols underlying the Kk bed in this 3-m-thick section. 
(bl Taotaoroa site. The weakly structured to massive Kk and Re beds (Kk protrudes from the 
section face) contrast with the dark. blocky paleosols underlying each of them. The total 
thickness of late Quaternary tephras is - 2 m. (c) Rototuna site. Certain identification in the 
field of the Re and Kk beds here is virtually impossible apart from occasional lenses of white Re 
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sion is_ co_nfirmed by the results of studies on the tephras preserved in the lake 
deposits 1? the Hamilton Basin (Lowe et al., 1980; Green and Lowe, 1986; 
see also Fig. 6b and Section III, B, 2). [It was previously postulated that the 
cover deposits were possibly loess derived from the aggrading Waikato fan 
surface-e.g., McCraw (1967), Vucetich (1968), and Cowie and Milne 
(I 973).] Marked differences in physical properties and composition of the 
cover bed tephras and the Hamilton Ash at the Rototuna site indicate that 
mixing between these materials by such processes as tree fall is negligible 
( Lowe, 1981 a). Occasionally "mounds" of exposed Hamilton Ash protrude 
through the cover deposits elsewhere in the northern Hamilton Basin and 
probably represent deep-seated tree fall as described in Denny and Goodlett 
( 1956) and Lyford and MacLean ( 1966). 

3. Samples and Ana(vtical /vfethods 

Channel samples were taken from each stratigraphic layer or horizon in 
the reference sections (Fig. 6a). At Rototuna samples were taken contin­
uously at 50-mm intervals in the late Quaternary tephra cover bed; two 
samples from the underlying Hamilton Ash were taken. All samples were 
sealed in plastic bags and refrigerated ( 4 °C) prior to analysis. 

a. Si:::e Fractionation and Treatment of Samples. Field moist samples 
were dispersed in distilled water by gentle crushing and ultrasonic vibrations 
at 20 kHz and 50 W output for 5 min. Some samples were treated with 
Calgon (pH 8), or NaOH (pH 9), or Zr (NO 3) 4 • 5H2O (pH 2) to attain good 
dispersion and adequate clay yields. Standard particle size analysis and size 
fractionation were done by using sieve, pipet, photoextinction (hydropho­
tometer), and centrifuge methods (Lowe, 1981a). Clay fractions (<2 µm) 
were separated by centrifuging and saturated with MgCl 2 . These fractions 
were variously mounted and treated in standard fashion (Lowe and Nelson, 
1983), except that oriented paste mounts were dried slmyly over water to 
minimize artificial dehydration ofhalloysite from 10 to 7 A (Nagasawa and 
Miyazaki, 1976; Kirkman and Pullar, 1978). Sand fractions(> 63 µm) (from 
both the reference sections and lake cores) were sieved and the minerals in 
the 250-63-µm (2-4¢) size range density separated with l, 1,2,2-tetrabro-

at the base of the column, as indicated. The many constituent tephras in this composite, 
0.6-m-thick cover bed have been pedogenically mixed, and markedly altered by weathering, so 
that thev are quite indistinguishable in the field (see Fig. 6a). The tephras are compact, concre­
tionarv • and weaklv structured to massive (protuberant) in place. (d) An overthickened com­
posite-;ephra depo0sit infilling a hollow in the Hamilton Ash paleosur_fac~ (probably a tree 
overturn site). This section is located about 20 m north of the Rototuna site m_(c), and many of 
its properties contrast with those of the latter site. The upper 0. 75 ?1 or so consists of soft, fluffy, 
well-structured. nonconcretionary. intermixed tephras that overlte mwashed Re at the base of 
the deposits (indicated). 
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Fm. 6. (a) Late Quaternary tephrostratigraphy, chronology, and correlation of the reference 
sites, and sampling depths. Each site is situated on a flat-topped low hill where postdepositional 
erosion or accumulation was likely to have been minimal (Fig. Sa-c). Other tephras in addition 
to those named here were deposited in the region (from lake sediment core data as in inset and 
Fig. 6b). The certain identity and exact stratigraphic position of many of the tephras at each site 
are unclear because of possible reworking, intermixing, and soil formation. Stratig- (continues) 
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raphy after Pullar and Birrell (I 973b) (Tapapa site), Hodder and Wilson ( I 976) (Tapapa and 
Kakepuku sites), and Lowe (1981a,b), Lowe et al. (1980), and D. J. Lowe (unpublished 
data). ( Detailed descriptions of the sites are given in an appendix which is available from the 
author on request.) The inset shows the stratigraphy of thin airfall tephras preserved in gyttja in a 
piston core from Lake Maratoto, a small peaty lake located about midway between the Roto­
tuna and Kakepuku sites ( Fig. 4). It indicates potential contributions of specific tephras to these 
sections [after Lowe et al. ( 1980) and Green and Lowe ( 1985)). Abbreviations and tephra ages 
(in old half-life years BP) are [after Healy et al. (I 964), Pullar et al. (1973), Cole and Nairn 
( 1975), Howorth ( 1975), Pullar (1980), Lowe et al. ( 1980), Froggatt (1981), Hogg and McCraw 
( 1983), and Green and Lowe ( 1985)): Ka, Kaharoa Ash (900); Tp, Taupo Pumice (1,800); Wo, 
Whakaipo Tephra (2,800); Hm, Hinemaiaia Tephra (4,650); Whakatane Ash (4,800); Tu, 
Tuhua Tephra (6,200); Ma, Mamaku Ash (7,000); Rm, Rotoma Ash (8,500); Op, Opepe 
Tephra (8,800); Eg, unnamed Fgmont-derived tephra (9,000); Mm, Mangamate Tephra 
(10,000); Wh, Waiohau Ash (12,000); Oa, Okupata Tephra( 10,000-12,500); OaL, basal lapilli 
unit ofOa (12,500); Rr, Rotorua Ash (13,500); Rk, Rerewhakaaitu Ash (14,700); Ok, Okareka 
Ash (circa 18,000); Kk, Kawakawa Tephra (circa 20,000); Ta, Tahuna Tephra (circa 38,000); 
Nt, Ngamotu Tephra (circa 38,500); Re, Rotoehu Ash (circa 42,000); Hm, Hamilton Ash (or 
Hm-like materials)(;;, circa 100,000); and, unnamed andesitic tephras; I, "tephric loess;" pal, 
paleosol (hatched); mod., moderate amounts; high, relatively high amounts. Grid reference* 
based on 1,000-m grid of the I :50,000 topographic map series (NZMS 260, edition I). (b) 
Correlation line of post-circa 17,000 yr BP tephras across the Waikato region based solely on 
lake sediment cores. Lakes Mangakaware and Rotomanuka occur south of Hamilton, Lake D 
and Leesons Pond to the north, and Lake Okoroire to the east (Fig. 4). Andesitic tephras 
(stippled) occur most frequently in the southern lakes, decreasing in proportion to the thicker 
rhyolitic tephras (solid black) to the east. The andesitic component also diminishes northward. 
Small histogram bars represent the total accumulated thickness oftephra material in the core 
[probably a conservative estimate of the equivalent thickness of dry tephra on land because of 
compaction: Borchardt et al. ( 1973)). The chemical compositions of the dominant constituents 
(glass and plagioclase) in many of the tephras are illustrated in Table II. Tephra abbreviations 
are as in Fig. 6a. 
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moethane (specific gravity, 2.9 g mJ- 1) into heavy and light fractions. The 
light fraction was further separated into a felsic fr~ction (> 2:4 g mJ- 1) ~nd a 
glass plus cristobalite fraction (<2.4 g ml- 1) usmg constn~ted centnfuge 
tubes containing 3: 1 tetrabromoethane and acetone, and punfied further_ by 
Frantz electromagnetic methods. These fractions were mounted as detntal 
slides, and as polished blocks for electron microprobe analysis: split_s w~re 
ground to fine silt in a ring mill forx-ray analysis ( Lowe, 198 ! a). Fe-T~ oxide 
(mainly titanomagnetite) was extracted from the heavy mme~al ~Ultes b_y 
hand magnetic separation (under acetone) interspersed with gnndmg (ulti­
mately to a very fine silt) to release inclusion impurities. Splits of unground 
sand-sized titanomagnetite grains were retained for scanning electron micro­
scope (SEM) examination. 

b. Analvtical Techniques. The Mg-saturated clay fractions were ana­
lyzed by ( 1) x-ray diffraction (XRD), (2) differential thermal analysis ( DT A), 
(3) SEM, and (4) fluoride reactivity (FR) autotitration techniques, as de­
scribed in Lowe and Nelson ( 1983). Sand fraction mineralogy was deter­
mined by petrological microscope (point count) and XRD methods (Lowe, 
198 la; Hume and Nelson, 1982). The titanomagnetite fractions were ana­
lyzed with energy dispersive x-ray fluorescence (XRF) and SEM (with at­
tached electron microprobe) apparatus and methodology as described in 
Lowe (1981a) and Lowe and Nelson (1983). Polished glass and feldspar 
grains were analyzed for major elements by electron microprobe (Table II). 

B. FIELD PROPERTIES, COMPOSITION, AND WEATHERING 

1. Field Properties in Relation to Tephra Thicknesses 

At Tapapa, Taotaoroa, and Kakepuku (i.e., east and south of Hamilton 
city), the late Quaternary tephra column is> l m thick (Figs. 5a, b, and 6a). 
The modern soils are well-drained and have properties typical of Andepts ( cf. 
Soil Survey Staff, 1975): yellowish-brown colors, sandy loam to silt loam 
textures, well-developed crumb and nut structures, very friable and "fluffv" 
consistencies with low bulk densities ( < 0.8 g cm - 3), and strong Fie Ides a~d 
Perrott ( 1966) fluoride reactivities. At the Rototuna site and elsewhere north 
an_d northwest of H~milton the late Quaternary tephras are usually < 1 m 
thick and poorly drained an~ partly gleyed because of the buried imperme­
able_ Hamilton Ash paleosol m the solum (Fig. 5c). Abundant Fe-Mn con­
cret10ns and some mottles occur in the deposits, and the soils characteristi­
cally have Ochrept rather than Andept properties: pale brown to buffc 1 

·1 1 ·1 I o ors, 
s1 t oam to s1 ty c_ay loam textures, weak structures (massive in situ), and 
firm _(hard and bntt~e w~en dry), compact consistencies with a high bulk 
~ens1ty (> ~ .0 g cm- ) (Fig. 5c). Fieldes and Perrott ( 1966) fluoride reactivi­
ties are typically weak. pH(H 20) values are usually 5.1-5.9. 
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Deposits of late Quaternary tephras 1.0 to 1.2 m thick sporadically occur 
north of Hamilton alongside the< l m deposits described above (Fig. 5d). 
They usually fill shallow hollows in the Hamilton Ash paleosurface (Fig. 5d), 
or occur on downslope flanks of the low rolling hills. They are slightly 
overthickened but contain tephra parent materials identical to those in the 
thinner adjacent deposits (Lowe 1981a). The upper-0.75 m of these pro­
files are "fluffy," very friable, have low bulk densities and a relatively high 
fluoride reactivity, and are only sparsely concretionary. These properties 
thus resemble those of the well-drained Andepts to the south and east rather 
than those of the poorly drained nearby Ochrepts (Lowe and Gibbs, 1981 ). 

2. Primary .vfinera! Composition 

Mineralogically, all of the sites are qualitatively similar as most tephras are 
common to each site (Fig. 6a). Volcanic glass (rhyolitic and andesitic), 
pumice, feldspar (mainly andesine-oligoclase with rare labradorite plagio­
clase and very rare K-feldspar), quartz, sparse lithics, and occasional traces of 
cristobalite make up the light mineral fractions. Similar proportions of glass 
(-80%), feldspar (-15-20%), and quartz (-5%) occur at each of the Ta­
papa. Taotaoroa, and Kakepuku sites. With increasing depth the feldspar 
and quartz content increases and glass content generally decreases. At Roto­
tuna, the late Quaternary tephra ( cover bed) samples on the average contain 
less glass (-65%) and a little more feldspar(-25%) and quartz (-10%) than 
at the other three sites. These proportions at Rototuna are similar to those in 
pre-Kawakawa Tephra samples at the other sites, however. Abundant Fe­
Mn concretions (secondary) occur only at the Rototuna site. 

The heavy-mineral fractions, which generally account for 3- 5% (by 
weight) of the sand fraction at Tapapa, Taotaoroa, and Kakepuku, and 10% 
at Rototuna, contain variable amounts of opaques (mainly titanomagnetite 
and occasionally magnetite, ilmenite, and rare geothite and haematite), 
pyroxenes (hypersthene, augite, and occasionally rare aegirine), amphiboles 
( calcic or green hornblende, sparse basaltic or brown hornblende, and occa­
sionally rare to dominant cummingtonite), and small amounts ofbiotite and 
zircon (Lowe, 198 la). 

The results of the ferromagnesian sand mineralogical analyses and titano­
magnetite chemical analyses show that rhyolitic tephras predominate at each 
of the sites. Andesitic tephras also occur in appreciable amounts with the 
greatest proportion at Kakepuku and lowest at Tapapa. At Kakepuku and to 
a lesser extent at Taotaoroa the post-Kawakawa tephra materials are particu­
larlv enriched in andesitic constituents (Fig. 6a). This compositional trend is 
illu;trated in Figs. 7 and 8. In Fig. 7, the Kakepuku samples contain the 
highest proportion of augite, a ferromagnesian mineral !h~t is abundant in 
the eruptives from Tongariro (with hypersthene and ohvme) and Egmont 
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(with hornblendes) volcanic centers (Clark, 1960; Gow, 1968). Normally, 
only minor amounts are associated with the rhyolitic volcanic centers [e.g., 
Kohn and Glasby (1978), Lowe et al. ( 1980), and Lowe ( 1981 a)]. In Fig. 8, 
V /Mn (relative intensity counts per second) ratios are plotted with respect to 
sample depth. The maxima relate to a significant andesitic character and the 
minima to a significant rhyolitic character. This compositional relationship 
was derived from !-test comparison of the V contents oftitanomagnetites of 
rhyolitic and andesitic tephras in New Zealand (Kohn, 1970; Kohn and 
Neall, 1973; Topping and Kohn, 1973; Kohn and Topping, 1978): at a 95% 
significance level, V is higher in andesitic tephras than in rhyolitic tephras 
(Lowe, 1981a). The V/Mn ratio reflects this andesitic character of V since 
there is no significant difference between the rhyolitic and andesitic tephras 
for Mn. Figure 8 shows that Kakepuku samples are more andesitic than 
those from Tapapa and Taotaoroa, with Rototuna samples having an ande­
sitic affinity generally between that ofTaotaoroa and Kakepuku. The results 
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also demonstrate considerable mixing of the tephra components throughout 
the composite Rototuna profile, and also of the Kawakawa Tephra and 
younger tephras at Kakepuku. 

a. Comparison with Composition ofTephras in Lake Cores. These com­
positional differences between the reference sites are corroborated by the 
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work on the tephras in the lake sediment cores, even though t~e lakes are 
less widelv distributed (Fig. 4). The mineralogy and the chemistry of the 
dominant components of the tephras in the cores clearly shows their rhyo­
litic or andesitic origin [Table II; Lowe et al. (I 980) and D. J. Lowe, un­
published data]; the distribution of the lake core sites illustrat~s how the r~l­
ative proportions of these tephra affinities alter regionally (Fig. 6?), and m 
accord with the changes noted above (Figs. 7 and 8). Electron m1croprobe 
analyses of some glass shards and plagioclase from lake core samples are 
given in Table II. The analyses contrast pre-weathering compositional dif­
ferences between the rhyolitic and andesitic tephras from which the subaerial 
deposits under investigation have weathered. The andesitic glasses (mean 
SiO2 : Al 2O 3 = 3.8 in Table II) contain less Si and more Al, Ti, Fe, Mg, and 
Ca than the rhyolitic glasses (SiO2 : Al 2O 3 = 6.4). Labradorite or bytownite 
(SiO2 : Al 2O3 = 1.74) predominate in the andesitic, and andesine or oligo­
clase (SiO2 :Al2O3 = 2.4) in the rhyolitic tephras. [Heavy mineral suites 
associated with the andesitic and rhyolitic tephras in the lakes are summa­
rized in Lowe et al. (1980) and Green and Lowe (1985)]. 

The degree of influence attributable to the differences in composition 
depends on both the proportion ofrhyolitic to andesitic tephras at each site, 
and the abundance of, in particular, glass, plagioclase, and heavy minerals in 
the tephras. In the andesitic tephras in the lakes, plagioclase and glass (gener­
ally in the ratio - 2: 1 to - 5: 1) make up 80-90%, and heavy minerals 
10- 20%, of the whole sample; in the rhyolitic tephras, plagioclase and glass 
(in the ratio - 1: 4) and quartz comprise 95-99%, and heavy minerals I -
5%. Combining these compositional differences with the proportions of 
rhyolitic to andesitic tephras contained in the lake columns (Fig. 6b-bar 
graphs) adds support to the compositional "gradient" deduced from the 
analyses on the subaerial deposits at the reference sections. 

All these results are consistent with the findings of Birrell and Pullar 
( 1973), Pullar and Birrell ( 1973b), Hodder and Wilson ( 1976), and Hodder 
( 1978), but contrast with the conclusions of Parfitt et al. ( 1982b) who dis­
count an appreciable andesitic-rhyolitic tephra "gradient" across the Wai­
kato region (see further discussion in Section C below). 

3. Mineralogy of Clay Fractions 

Allophane and/or halloysite are the most abundant clays at all sites (Table 
III). Together they account for virtually all of the clay fractions at Tapapa, 
Taotaoroa, and Kakepuku. Traces of gibbsite were identified in some sam­
ples, mostly from lower horizons (pre-Kawakawa Tephra) at Kakepuku and 
Taotaoro~. At Rototuna_, allophane plus halloysite make up 60- 70% of the 
cl~y fraction, the remainder consisting of cristobalite, 14-A vermiculite 
(tnoctahedral), humus and/or hydrous iron oxide complexes, and traces of 
quartz and feldspar. 
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TABLE II 

AVERAGE MICROPROBE ANALYSES 0 OF GLASS AND PLAGIOCLASE FROM SOME 
RHYOLITIC AND ANDESITIC TEPHRAS IN LAKE DEPOSITS, WAIKATO REGION 

Glass Plagioclaseb 
Rhyolitic< Andesiticd Rhyolitic' Andesiticf 

SiO2 78.61 (0.30) 61.78 ( 1.17) SiO2 59. 72 ( 1.68) 51.39 ( 1.22) 
Al 2 O 3 12.35 (0.13) 16.18 (1.36) Al 2O 3 24.69 (0.85) 29.51 (0.96) 
TiO2 0.13 (0.03) 0.98 (0.10) TiO2 0.02 (0.02) 0.04 (0.03) 
FeO8 0.92 (0.08) 6.41 (0.51) FeOK 0.26 (0.09) 0.56 (0.15) 
MgO 0.14 (0.01) 2.71 (0.50) MgO 0.01 (0.01) 0.07 (0.03) 
CaO 0.89 (0.04) 6.44 (0.94) CaO 6.70 (0.94) 13.25 (1.03) 
Na2O 3.60 (0.28) 3.52 (0.21) Na2O 7.5 I (0.44) 3.'84 (0.58) 
K2O 3.26 (0.10) 1.89 (0.23) K2O 0.43 (0.13) 0. 15 (0.07) 
Cl 0.IO (0.03) 0.09 (0.05) Sum 99.34 ( 1.56) 98.8 I (0.53) 
Waterh 4.99 (3.00) 1.97 (0.82) An range 23-37 58- 75 

n tO tO n 8 8 

a Glass shards and plagioclase feldspar grains in the 2-4¢ size fraction were 
mounted in araldite, polished, carbon coated, and analysed using a JEOL JXA-733 
SUPERPROBE at Victoria University of Wellington. Reference standards used 
included KN-I 8 (comenditic glass), VG-568 (Yellowstone rhyolitic glass), VG-99 
(basaltic glass), and Or- I A (orthoclase). Glasses were probed with a tO µm beam 
diameter and 8 nA beam current, plagioclases a IO µm diameter and 12 nA current. 
Other analytical conditions were as described in Froggatt ( 1983). Concentrations are 
given in oxide weight percent except Cl which is in atomic weight percent. The glass 
analyses are presented on a normalized 100% loss-free basis; some of the andesitic 
glasses may contain tiny microlites (chiefly ofplagioclase). n = number of analyses 
in mean; numbers in parentheses are I S.D. Each analysis was done on a separate 
grain. 

b Plagioclases may exhibit relatively wide compositional ranges within individual 
tephra beds, but in New Zealand there are generally marked differences between 
grouped rhyolitic and andesitic tephras, as exemplified here [cf. Cole and Nairn 
( I 975) and Cole ( 1979)]. Grain cores were probed. 

c Samples from Waiohau Ash, Lake Rotomanuka (tephra source: Okataina v.c.­
refer Figs. 4 and 6). 

d Samples from Okupata Tephra (basal lapilli unit), Lake Maratoto (Tongariro 
v.c.). 

, Samples from Whakaipo (I), Rotoma (2), Waiohau (I), Rerewhakaaitu (4) 
tephras, Lake Rotomanuka (Taupo and Okataina v.c.) [andesine and oligoclase]. 

I Samples from Mangamate Tephra (4), Okupata Tephra (basal lapilli unit) (4), 
(Tongariro v.c.) [labradorite and bytownite]. 

K All Fe calculated as FeO. 
h Difference between original analytical total and IO0. 

a. Allophane and Halloysite. Allophane is dominant(> 80%) in all the 
samples that overlie Kawakawa Tephra at Tapapa, Taotaor~a, and Kake­
puku sites, as illustrated in Fig. 9a. Allophane decreases m abundance 
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(~40-60%) at or below the Kawakawa Tephra bed at Tapapa and Tao­
taoroa, but predominates (~80-90%) throughout_ the Kakepuku profile. 
Concomitantly, halloysite is absent or is present in only sma_ll amoun_ts 
(~ 1-2%) in the post-Kawakawa samples(above 0.8 to 1.4 m). It increases m 
abundance at and below Kawakawa Tephra, markedly so at Tapapa (~ 30-
60%) and to a lesser extent at Taotaoroa ( ~ 10- 50%), but to only a small 
degree at Kakepuku (~ 2-10%) (Table III). 

Rototuna differs from the other sections in that halloysite and allophane 
occur together in all parts of the profile, halloysite increasing from small 
quantities at the surface ( ~ 5-10%) to dominant quantities ( ~ 50%) at the 
base of the late Quaternary tephra profile (Table III). Figure 9b shows a 
mixture of stubby halloysite tubes (spherules were rarely observed in any 
Rototuna samples) mantled with some (?) allophanic material in a sample 
from 0.32 to 0.37 m depth at Rototuna. A significant portion of the halloy­
site may thus have originated from feldspar. The samples of Hamilton Ash 
from Rototuna are, in constrast, almost wholly dominated by halloysite 
(tubular) (Figs. 9c, d), again possibly formed from feldspar. Comparative 
analyses (not reported here) of the "fluffy," overthickened cover deposits 
(e.g., Fig. 5d) show that allophane, with traces of halloysite, predominates in 
the upper (above~ 0. 7 5 m) part of the profile, whereas halloysite with subor­
dinate alophane is dominant in the lower (below ~0.75 m) part (Lowe, 
I 98 Ia). 

Slope ratios (Bramao et al., 1952) of the ~500°C halloysite DTA endo­
therms averaged about 1.5 for most samples from Tapapa, Taotaoroa, and 
Kakepuku but were considerably lower (:5 1.0) for the Rototuna-derived 
halloysite. The latter values probably reflect the relatively high abundance of 
humus complex material in the Rototuna samples (Table III and below), 
which produced an exotherm near 500°C (Satoh, 1976) and thereby tended 
to "oversteepen" the descendant (dehydroxylation) side of the halloysite 
endotherms (Lowe, 1981 a). 

Typically, halloysite in the cover deposits at Rototuna consists of mixed 7-
and _l 0-A phases with an intermediatory "plateau" of variably dehydrated 
l 0-A halloysite between the two end-member diffractogram peaks. The 7-A 
phase is dominant in upper samples and the 10-A phase dominant in lower 
samples (Table III). Onl~ three other samples, each of Kawakawa Tephra 
and from Tap~pa (especially), Taotaoroa, and Kakepuku sites, exhibited a 
similar 7-10-~ hydr~tion range. Because all samples were prepared in a 
sam~ manner (1.e.,_ dned ~t 100% relative humidity), this 7- to 10-A range is 
con_s1dered a_ function of zn si~u dehydration and not an artifact oflaboratory 
drying. The interlayer water in the Rototuna halloysite was estimated from 
XR~ peak height-area relati?~ships (Nagasawa and Miyazaki, 1976) to be 
relatively unstabl~ (hence giving the high proportion of 7-A halloysite 
throughout). The interlayer water becomes more stable with depth because 
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Depth 
(m) 

0.15-0.30 
0.45-0.55 
0.61-0.71 
0.73-0.83 
0.86-0.96 
1.00- 1.10 
1.16-1.26 
l.40- l.56d 
1.70- l.80d 
1.95-2.08 
2.22-2.36 
2.44-2.54 
3.14-3.19· 

TABLE III 

CLAY CONTENT AND RELATIVE ABUNDANCES" OF MINERALS IDENTIFIED IN THE CLAY FRACTIONS 

Clay (wt.%) 
(<2µm) Allophane Halloysiteb Gibbsite Vermiculite Cristobalite Quartz Feldspar 

Tapapa site 

- 4 0 0 0 0 0 0 
6 4 0 0 0 0 0 0 

10 4 ? 0 0 ? 0 1 
5 4 0 0 0 0 0 0 
4 4 ?(7 A) 0 0 1 ? 0 
4 4 0 0 0 0 0 ? 
7 4 0 0 0 0 0 ? 

18 2 4(10 A) 0 0 0 1 ? 
19 2 4(10A+1A) 0 0 0 1 0 
14 2 4(10 A) 0 0 0 ? 0 
13 3 3(10 A) 0 0 0 ? 0 
13 3 3(10 A) 0 0 0 0 0 
10 

Humus 
complexes 

etc! 

s 

VS 

vs 

(continues) 

w 
co 
w 



TABLE III (Continued) 

Humus 

Depth Clay (wt.%) complexes 
(m) (<2µm) Allophane Halloysiteb Gibbsite Vermiculite Cristobalite Quartz Feldspar etc! 

Taotaoroa site 

0.10-0.16 8 4 0 0 0 0 ? 0 
0.21-0.27 5 4 0 0 0 0 ? ? 
0.29-0.34 18 4 0 0 0 0 0 0 
0.34-0.42 5 4 0 0 0 0 ? 0 s 
0.45-0.50 5 4 ?(IO A) ? 0 0 0 0 
0.54-0.63 5 4 ?(10 A) 0 0 0 0 0 
0.70-0.80 10 4 100 A) 1 0 1 ? 0 
0.86-0.90 15 4 1(10 A) 0 0 0 0 0 
0.93-0.98 15 4 ?(10 A) 0 0 0 0 0 

I.,.) 
1.02-1.09 19 4 ?(IO A) 0 0 0 ? ? 0 

0 l.12-1.18d 16 4 0 0 0 0 1 1 
l.20- l.26d 13 4 1(10A+7 A) 0 0 0 0 0 
1.31 -1.42 28 2 3(10A) I 0 ? 1 0 s 
1.53-1.63 21 3 200 A) ? 0 0 1 1 
1.70-1.78 24 3 2(10 A) 0 0 0 1 0 
1.83-1.88' 14 3 3( 10 A) 0 0 0 2 0 
1.93-1.99· 10 3 3( 10 A) 0 0 0 2 
2.05-2.13' 14 2 4(I0A) 0 0 0 I ? s 

Kakepuku site 

0.10-0.20 - 4 0 0 0 0 0 0 
0.25-0.35 11 4 0 0 0 ? 0 0 
0.35-0.45 7 4 0 0 0 0 0 0 
0.45-0.55 20 4 0 0 0 0 0 0 s 
0.55-0.59 29 4 0 0 0 0 0 0 
0.62-0.68 20 4 0 0 0 0 I 0 

w 
a, 
.c. 



0.70-0.80 18 4 ? 0 0 0 I 0 
0.84-9.94d 22 4 10 A+ 10 A) ? 0 0 I 0 
0.97-1.05 14 4 200 A) I 0 0 I 0 
1.11-1.20 II 4 2(10 A) 0 0 0 I I 
1.29-1.35 14 4 200 A) I 0 0 I 0 vs 
1.38-1.48' 16 4 100 A) I 0 0 ? 0 VS 

Rototuna site 

0.02-0.07 20 2 2(7 A+ IO A) 0 I 2 I 0 
0.07-0.12 18 2 3(7 A+ IO A) 0 2 2 I ? 
0.13-0.19 17 2 3(7 A+ IO A) 0 2 I I ? 
0.20-0.25 17 2 3(7 A+ 10 A) 0 2 3 I 0 m 
0.25-0.30 18 2 3(I0A+7A) 0 I 2 I 0 m 
0.32-0.37 16 2 4(10A+7A) 0 I 2 2 0 m 
0.37-0.41 22 2 3(10A+7A) 0 I 2 I ? m 

w 0.42-0.46 23 2 4(10A+7A) 0 0 I 2 I I m 
0.47-0.5 I• 18 2 4(10 A+ 7 A) 0 2 2 2 ? s 
0.51-0.55' 16 2 4(JOA+7A) 0 I I I 0 s 
0.56-0.60' 30 I 4(I0A+7A) 0 ? 2 2 ? VS 

0.63-0.6Sf 54 I 4(I0A+7A) 0 0 I 2 0 vs 
0.75-0.80' 58 I 4(JOA+7A) 0 0 2 2 0 vs 

• Relative amounts estimated as follows: 4 = present in dominant amounts (> 50%), 3 = present in moderate amounts (25-50%), 
2 = present in small amounts(5-25%), I = present in trace amounts(< 5%),? = possibly present in trace amounts(< 1%), 0 = not detected, 
- = not determined. 

b Halloysite hydration phase is indicated in parentheses; if both are present, the dominant one is given first. 
'Small proportions of hydrous Fe oxides probably present as well (see Fieldes, I 968; Satoh, 1976). Peak heights and areas of DTA 

exotherms 200-400'C abbreviated as follows: I= large, m = moderate, s = small, vs= very small. 
d Kawakawa Tephra. 
• Rotoehu Ash (at Rototuna these samples contain a small portion of other admixed tephras). 
!Hamilton Ash. 

w 
= U1 
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F10. 9. Scanning electron micrographs of tephra-derived clay minerals. (a) Micrograph 
showing typical spongelike aggregates of allophane in a sample from 0.45-0.55 m depth at the 
Kakepuku site. X6,930; bar represents 0.9 µm. (b) Micrograph of intermixed mainly tubular 
hallovsite and subordinate allophane, with a silica-rich plate (arrow, top left), characteristic of 
the Rototuna site tephra clay fractions. This sample was from 0.32-0.37 m depth at the 
Rototuna site. X 6,300; bar represents 1.0 µm. (c) Micrograph of clays dominated by interlaced 
halloysite tubes or laths. some of which appear to be split. The tubes average 0.07 X 0.3 11m in 
size. This sample was from 0.75-0.80 m depth (Hamilton Ash) at the Rototuna site. X 7560: 
bar represents 0.8 µm. (d) Enlarged micrograph of sample in (c); X 13,860: bar represents 
0.5µm. 

of reduced dehydration (hence giving the increasing proportion of I 0-A. 
halloysite with depth). 

The halloysite XRD peaks for most Rototuna and Kakepuku samples 
were only moderately well defined, indicating relatively poor crvstallinitv 
(Millot, 1970; Kirkman, 1975). Peaks for Tapapa and Taotaoro~ sample·s 
tended to be sharper and to become better defined with increasing depth, 
being sharpest in samples ofRotoehu Ash at Taotaoroa. Halloysite from the 
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lowermost samples of the cover bed tephras at Rototuna was better ordered 
than in the upper samples. The XRD evidence of possible changes in degree 
of ordering within halloysite crystals is supported by differences in the dehy­
droxylation temperature as shown in OT A curves. These curves indicated a 
low degree of crystallinity, which may be related to small particle size and 
shape and to the presence of short-range-order material (Bramao et al., 1952; 
Hay, 1959; Mackenzie, I 970; Dudas and Harward, l 975a). Samples from 
Rototuna (cover deposits) and Kakepuku all had peaks between 460 and 
490°C; those from Tapapa and Taotaoroa were between 480 and 510°C. 

b. Other Minerals. Cristobalite occurred in significant quantities in all 
Rototuna samples (up to - 30%) but was rarely detected in any samples from 
the other three sites (Table III). Identical results were obtained from analyses 
of the silt (2-63-µm) fractions (Lowe, I 98 I a). This occurrence and abun­
dance of cristobalite at only the Rototuna site indicates that it is probably 
secondary. If primary, it would be expected to occur at all four sample sites 
since most of the constituent tephras are common to each (Fig. 6a). Simi­
larly, if it had originated as fine aerosolic dust (c.f. Stewart et al., 1984), it 
would presumably have occurred at all sites, perhaps in greater amounts at 
Kakepuku and Rototuna which are west (upwind) of Tapapaand Taotaoroa 
(Fig. 4 ). The distribution of cristobalite with respect to other mineral compo­
nents in the silt fraction in the Rototuna cover deposits showed that as its 
abundance increases, the glass content decreases (correlation coefficient 
r = -0.800) and the feldspar (total) to quartz ratio decreases (r = -0.833). 
These relationships imply that most of the cristobalite at Rototuna in the 
cover tephras is authigenic and probably originates from dissolution of glass 
and possibly feldspar. The concentration of authigenic cristobalite at the 
Rototuna site suggests some difference in weathering or biological transfer 
effectively not operative at the other sites. 

Vermiculite was detected at only the Rototuna site, where it occurred in 
most of the cover bed samples but not in those of the underlying Hamilton 
Ash. The 14-A peaks were low but usually moderately well defined. This 
occurrence in tephra materials is unusual for New Zealand (noted previously 
in Section II) and its persistence at Rototuna is indicative, as with the cristo­
balite, of peculiar site weathering conditions. That the vermiculite is triocta­
hedral attests to a micaceous origin (Weaver, 1958; Douglas, 1977; Hume 
and Nelson, 1982), probably biotite, which is present in small amounts in 
most of the ferromagnesian mineralogical assemblages. Several of the well­
preserved tephras that occur in the lake cores taken n~ar Rototuna are 
biotite-rich (-40% of 2-4¢ fraction: Lowe et al., 1980; Fig. 6) and together 
total about I 00-mm thickness. This amount of biotite is enough to account 
for the percentage of vermiculite in the Rototuna clay fractions; an alterna­
tive origin of locally derived loess is untenable (Lowe, 198 la). The lack of 
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TABLE IV 

FLUORIDE REACTIVITY V ALUESa 

Tapapa site Taotaoroa site 

Whole Clay Whole Clay 
sample (<2µm) sample (<2µm) 

Depth Field Depth Field 
(m) mmol OH-/100 g testb (m) mmol OH-/100 g test~ 

0.15-0.30 - - s 0.10-0.16 528 - m 
0.45-0.55 529 832 s 0.21-0.27 604 - m 
0.61-0.71 531 - m 0.29-0.34 657 - m 
0.73-0.83 540 543 s 0.34-0.42 679 832 m 
0.86-0.96 522 620 s 0.45-0.50 653 - m 
1.00- I.IO 547 797 s 0.54-0.63 685 - m-s 
1.16-1.26 594 870 m 0.70-0.80 595 772 m-s 
l.40- l.56C 82 - w-vw 0.86-0.90 577 - w 
1.70- 1.soc 75 185 w-vw 0.93-0.98 549 720 m 
1.95-2.08 115 242 w 1.02-1.09 556 - m 
2.22-2.36 295 361 w l.12-l.18C 550 - m 
2.44-2.54 321 302 m l.20- l.26C 536 1152 m 
3.14-3.(9d - - - 1.31-1.42 290 440 w 

1.53-1.63 353 428 w Kakepuku site 1.70-1.78 338 - vw 
J.83- l.88d 298 448 vw 

Whole Clay J.93- l.99d 247 772 vw 
sample (<2µm) 2.05-2.(3d 2IO 452 vw Depth Field 

(m) mmol OH-/100 g testb Rototuna site 

0.10-0.20 - - VS Whole Clay 0.25-0.35 660 684 vs sample (<2µm) 0.35-0.45 696 - vs Depth Field 0.45-0.55 674 818 m-s (m) mmol OH-/100 g testb 0.55-0.59 717 - m-s 
0.62-0.68 733 - m-s 0.02-0.07 8 I - vw 
0.70-0.80 780 764 m 0.07-0.12 94 214 \W 
0.84-0.94C 763 - m 0.13-0.19 91 272 w 
0.97-1.05 609 624 m 0.20-0.25 122 - w 1.11-1.20 540 536 w 0.25-0.30 138 263 w 1.29-1.35 603 - vw 0.32-0.37 130 275 vw l.38- l.48d 659 741 vw 0.37-0.41 124 347 w 

0.42-0.46 . 97 295 vw 
0.47-0.5 Id 77 227 \W 
0.51-0.55d 49 204 nr 
0.56-0.60d 79 195 nr 

0.63-0.68• 169 249 nr 
0.75-0.80• 118 211 nr 
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vermiculite at the other reference sites must be related to site weathering 
conditions since the biotite-rich tephras occur there also. 

Hum us complexes, possibly together with small, subordinate quantities of 
hydrous iron oxides, occur in most Rototuna cover bed samples throughout 
the profile (Table III), with the greatest amount (as indicated by DT A exo­
therms) being in the modern A horizon. Proportionally much smaller 
amounts occur at the other sites, although the data are sparse. The XRD 
patterns of quartz and feldspar for Tapapa, Taotaoroa, and Kakepuku sam­
ples are weak and restricted mostly to samples taken from Kawakawa 
Tephra or below. In contrast, quartz occurs in all Rototuna samples and in 
similar or greater quantities than at the other sites. A few Rototuna samples 
also display very low feldspar peaks. 

c. Sodium Fluoride Reactivity. The FR values for the clays are generally 
slightly higher than for the whole samples, but both sets of data show similar 
trends (Table IV). In post-Kawakawa Tephra materials, the Kakepuku, 
Taotaoroa, and Tapapa samples all had relatively high FR values, with those 
from Kakepuku, then Taotaoroa, generally being slightly greater than those 
from Tapapa. In Kawakawa Tephra, the FR values decrease markedly to 
very low values at Tapapa, but at Kakepuku and Taotaoroa this sudden 
decrease does not occur. Below Kawakawa Tephra, moderately high FR 
values persist at the Kakepuku site, but moderate to relatively low values are 
evident at Taotaoroa and Tapapa. The FR values for Rototuna samples, in 
contrast, are consistently low throughout the profile. The clay FR values are 
of the same order as the samples from Kawakawa Tephra and underlying 
tephras at Tapapa. 

As a measure of Al-OH activity (Loveland and Bullock, 1975; Perrott et 
al., l 976a,b), the FR method enables the proportion of short-range-order 
clays (dominated by "active" Al) to well-ordered clays to be estimated. 
Conversion of the FR values into percentage units is problematic, however, 
because of the compositional variations of short-range-order materials. 
Nevertheless, FR values normally closely parallel gradations from allo­
phane-dominated to halloysite-dominated tephra clay factions [e.g., Kirk­
man (1975), and Klages (1978)]. This trend is also clearly evident here: 
bivariate comparison of the whole-sample FR values from the Tapapa, Tao-

a Based on method of Bracewell et al. ( 1970) and Perrott et al. ( 1976a). 
b Fieldes and Perrott ( 1966) field test for "allophane" (= Al-OH activity). Abbreviations used 

are defined as follows: vs, very strong (red, appreciable "allophane"); s, strong (red, appreciable 
"allophane"); m, moderate (pink, intermediate "allophane"); w, weak (pin~, intermediate '.'al­
lophane"); vw, very weak (almost colorless, little "allophane"); nr, no react10n (colorless, httle 

"allophane"). 
c Kawakawa Tephra. 
d Rotoehu Ash (see note bin Table III). 
'Hamilton Ash. 
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taoroa and Kakepuku samples with allophane and halloysite abundances 
(as det~rmined by DT A) gave correlation coefficients of 0. 970 and - 0. 980, 
respectively (Lowe, 198 la). . . 

Because low FR values reflect a low Al 20 3 : S1O2 ratio, Perrott et al. 
( 1976b) suggested using the fluroide reaction to indirectly assess the 
Al: Al + Si mole fraction. Also, Shoji and Ono ( 1978) demonstrated a close 
correlation between NaF (1: 50) pH values and dithionite-citrate-soluble 
alumina constituents in Japanese tephra-derived soils. The consistently high 
FR values at Kakepuku thus reflect high Al-OH activity and are indicati~e 
of a high Al: Si ratio, whereas the low Al-OH activity at Rototuna, and m 
samples from depths at or below Kawakawa Tephra at Tapapa and Tao­
taoroa is consistent with a low Al: Si ratio. These conclusions concur with 
those deduced from the primary mineral compositions (Section 2 and Table 
II). 

4. Weathering Status 

The degree of weathering at each site may be evaluated from various 
independent lines of evidence including textural relationships, the propor­
tions of various minerals, and grain surface morphologies. 

a. Textural Relationships. At Tapapa, Taotaoroa, and Kakepuku, clay 
content tends to increase with increasing depth [Table III; Lowe ( 1981 a)]. At 
Rototuna the clay content is relatively uniform in the cover deposits and 
similar to or slightly greater than the amounts at and below Kawakawa 
Tephra at the other three sites. The Hamilton Ash at Rototuna contains 
much greater amounts of clay-sized material than the late Quaternary tephra 
deposits. 

Ratios of silt (4-63 µm) to clay (<4 µm) (note coarser size of clay) gener­
ally decrease with increasing depth at all sites, but average values tend to be 
higher at Tapapa (5.1) and Taotaoroa (3.9) than at Kakepuku (2. 7) and 
Rototuna (2.9 in cover bed materials; 0.9 in Hamilton Ash). Torrent and 
Nettleton ( 1979) demonstrated that under certain conditions an increase in 
the ratio of fine silt (2-20 µm) to total silt (2-50 µm) may indicate an 
increase in weathering. Application of this relationship here showed that the 
average 2-20 µm: 2-50 µm ratios at the Tapapa (0.59), Taotaoroa (0.57), 
and Kakepuku (0.61) sites differed only slightly, but at Rototuna the ratio 
was greater in the cover deposits (0.66) and much greater in the Hamilton 
Ash materials (0.89). Since similar weatherable minerals occur at all of the 
sites (although proportions differ to a small extent), both sets of these results 
indica_te a slightly greater degree of weathering of the late Quaternary tephra 
matenals at Rototuna than at the other sites. 

b. Feldspar, Quartz, a~d Glass Distributions. Because of the high resist­
ance of quartz to weathenng ( Jackson, 1968; Wilding el al., 1977), the ratio 
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of feldspar (total) to quartz (F: Q) has been used as an index of weathering. 
Average F: Q values in 2-4¢ sand fractions are similar at Tapapa (3.6) and 
Taotaoroa (3.5), but lower at Kakepuku (2.8) and lowest at Rototuna (2.2 in 
cover deposits; 1.9 in Hamilton Ash). Similarly, glass, which is relatively 
easily weathered [ e.g., Fieldes ( 1966) and Kanno et al. ( 1968)], occurs in the 
lowest amounts at Rototuna. These parallel F: Q and glass distribution 
trends indicate further a slightly more advanced weathering status for the 
Rototuna cover bed samples than for samples from the other sites. 

c. Heavy i\.1inerals. The Rototuna late Quaternary tephra samples con­
tain an average of 10% (by weight) heavy minerals (in the 2-4¢ sand frac­
tion) and 60% (by volume) opaques in the heavy-mineral fraction. These 
amounts are about two times greater than those at any of the other sites. It is 
concluded that these higher proportions largely reflect a greater degree of 
weathering at the Rototuna site. An alternative explanation is that the Roto­
tuna site contains a greater proportion of andesitic tephra accessions than the 
other sites [because andesitic tephras usually contain more mafic minerals 
than do rhyolitic tephras (Clark, 1960; Fieldes and Weatherhead, 1968; 
Gow, 1968; D. J. Lowe, unpublished data)], as discussed in Section 2. How­
ever, the latter explanation is invalid as the heavy-mineral content at Kake­
puku (the site with the greatest andesitic character; Figs. 7 and 8, and shown 
also by the lake core trends in Fig. 6b ), although generally greater than that at 
Tapapa and Taotaoroa, is much less than that at Rototuna. 

d. Titanomagnetitie Grain Morphologies. Titanomagnetite is normally 
relatively resistant to weathering (Aomine and Wada, 1962; Fieldes and 
Weatherhead, 1968; Ruxton, 1968; Kohn, 1970). The SEM examination 
indicated that most of the titanomagnetite grains in the Rototuna samples 
scanned are markedly more weathered and altered than grains of correlative 
tephras from the Taotaoroa and Kakepuku sites. These results are illustrated 
in the micrographs in Fig. 10. Figures 10a and 10b show virtually unweath­
ered grains from Taotaoroa of Rotoehu Ash and Kawakawa Tephra, respec­
tively. These grain surface morphologies contrast markedly with the strongly 
weathered and severely etched grains in Figs. 1 0c and 1 0d, both of Kawa­
kawa Tephra at Rototuna. The etched surface features in Fig. 10d attest that 
solution and oxidizing processes have operated along { 111} parting striations 
oflamellar twinning [Mason and Berry ( 1968); also see Berner et al. ( 1980), 
and Berner and Schott ( 1982)], and are possibly associated with haematite 
and/or goethite formation ( c.f. Anand and Gilkes, 1984). Some of the 
trenchlike features in Fig. I 0c appear to have coalesced from rows of dissolu­
tion pits. Other cracks are possibly phreatomagmatic features (cf. Heiken, 
1974) since the Kawakawa Tephra eruption was evidently largely p~reato­
plinian (Self and Sparks, 1978). However, this severe degree of cracking was 
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FIG. 10. Scanning electron micrographs of titanomagnetite sand grains of Rotoehu Ash and 
Kawakawa Tephra showing different degrees of surface modification due mainly to differences 
in site weathering conditions. (a) Unweathered angular to subangular grain showing well­
formed octahedral { 111} and rhombdodecahedral { 110) faces. and euhedral, lath like prismatic 
intergrowth surface depressions (probably originally occupied by hexagonal apatite crystals). 
Sample is ofRotoehu Ash from the Taotaoroa site (2.06-2. 13 m depth). X 220; bar represents 
28 µm. (b) Weakly weathered subangular grain with a similar appearance to that of(a). Sample 
isofKawakawa Tephra from the Taotaoroa site (1.12- I. 18 m depth). X220; bar represents 28 
µm. (c) Strongly weathered grain with deep surface cracking and trench like arrays of dissolution 
etch pits, and spalling of surface blocks (top) (see also text). Sample is of(?)Kawakawa Tephra 
from the Rototuna site (0.47-0.51 m depth). X 270; bar represents 23 µm. (d) Strongly weath­
ered and strongly etched grain showing the effect of apparently preferential alteration (to 
haematite?) along partings. Sample is of Kawakawa Tephra from the Rototuna site (0.32-
0.37m).X810; bar represents 8 µm . 

not observed in any of the samples of Kawakawa Tephra from the other 
reference sites. Repetitive spalling of thin surface sheets (manifest as 
"blocks" in the top of Fig. 10c) was evident on many grains and is usually an 
indication of intense chemical weathering (Douglas and Platt, 1977). 
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Oxidation - reduction cycles, predominantly due to wetting and drying, are 
evidently especially important in the weathering and breakdown of the ti­
tanomagnetite (and other minerals) at Rototuna. Corroboratory evidence is 
the abundance of Fe-Mn concretions and mottling in the cover bed mate­
rials, and climatic data that indicate frequent seasonal drying for short pe­
riods near this site. A small number of"fresher looking" grains in the Roto­
tuna samples probably represent accessions of the most recent tephras which 
have been rapidly admixed with earlier late Quaternary deposits (inset in 
Fig. 6a). 

Thus the Rototuna cover deposits appear more weathered than post-Ka­
wakawa Tephra materials, and similarly or slightly more weathered than the 
tephra materials of Kawakawa Tephra to Rotoehu Ash age range, at the 
other three sites. The Rototuna cover deposits are much less weathered than 
the Hamilton Ash materials, however. Wetting and drying is an important 
factor in the weathering process at Rototuna. 

C. INTERPRETATION AND DISCUSSION OF CLAY MINERAL GENESIS 

AND WEATHERING 

The results show that there are differences in clay mineralogy between the 
four sample sites. The main differences include the following: 

(I) Differing proportions of allophane and halloysite occur at different 
depths in each of the profiles. 

(2) Differences in degree of order of the halloysite occur with depth and 
between sites. 

(3) Much of the halloysite at Rototuna is in the 7-A phase and is variably 
hydrated to 10 A. 

( 4) Vermiculite and authigenic cristobalite occur only at Rototuna. 
(5) Relatively high proportions of residual quartz and humus com­

plexes, plus subordinate hydrous iron oxides, occur at Rototuna. 
(6) Different levels of Al-OH activity (as measured by FR) occur at each 

site and at different depths; these differences probably reflect different Al: Si 
ratios, related in part to primary mineralogical composition. 

In addition, the Rototuna cover deposits ( containing about 50% tephras of 
post-Kawakawa Tephra age) are generally more weathered than their coun­
terpart tephra sequences at Tapapa, Taotaoroa, and Kakepuku. Expla?a­
tions of these differences in terms of the three broad controls ofweathenng 
and clay minerals genesis (Section II) are discussed below. 

I. Age Control 

The general increase in halloysite and decrease in allophane content with 
increasing depth, hence age, at each of the reference sites is consistent with 
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the aging effect as discussed in Section II. The in~rease in de~ree o~ order or 
crystallinity of the halloysite with depth is also m accord with this model. 
However, that halloysite predominates in Kawakawa Tephra at Tapapa but 
is sparse in this same tephra bed at Taotaoroa and Ka~ei:uku (Table II!) 
indicates that age cannot be the major operative factor. S1milarly, the domi­
nance of allophane and occurrence of only small amounts of halloysite. ~nd 
its relatively poorly ordered nature, in the pre-Kawakawa Tephra matenals 
at Kakepuku contrasts markedly with the high proportion and well-ordered 
nature of halloysite in the tephra beds of identical age at Tapapa and Tao­
taoroa. The coexistence of allophane with the halloysite in the tephra beds 
older than about 15,000 yr at Tapapa, Taotaoroa, and Kakepuku indicates 
that allophane persists for relatively long periods of time under the condi­
tions at these sites. Finally, that halloysite occurs throughout the shallow late 
Quaternary tephras at Rototuna, and most particularly in the surface de­
posits mainly of tephras younger than about 15,000 yr, suggests that the 
tephra materials may have weathered directly and rapidly to halloysite (and 
cristobalite) instead of allophane (Al: Si= 2.0). 

2. Compositional Control 

The high allophane content throughout the Kakepuku profile is consistent 
with its appreciable andesitic character. Second, gibbsite occurs most fre­
quently at this site, although only in small amounts. At Taotaoroa, the only 
other site where it was detected, gibbsite occurred in three samples whose 
titanomagnetites showed high V /Mn ratios, indicative of a significant ande­
sitic influence (cf. Fig. 8 and Table III). Third, the FR values, for both whole 
samples and clay fractions, are consistently highest at Kakepuku (Table 
IV)-a high Al-OH activity reflects a high Al: Si ratio, which is to be 
expected for andesitic tephra materials. Moreover, the Tapapa site, with the 
smallest content of andesitic tephras, has in its lower tephra beds the highest 
amounts of halloysite. Taotaoroa seems to fit between the Tapapa and 
Kakepuku sites in this regard. 

A discordance in these apparent compositional effects is evident, however, 
when the Rototuna data are considered. This site generally contains the 
second highest (after Kakepuku) andesitic influence, yet has a markedlv 
higher halloysite content, a relatively low allophane content, very low FR 
values (hence lo_~ Al: ~i :alues~, and cristobalite present in significant 
amounts. In addition, b1ot1te-denved vermiculite persists at Rototuna but 
not at the other sites, ':"hich, h~wever, include the same biotite-bearing 
tephras. Clearly, these d1screpanc1es, together with the other unusual char­
acteristics of the tephras at the Rototuna site, cannot be adequately ex­
plained by primary composition or age affects. 

Neve:1h~less, a ~ompo~itional effect is considered to play a measurable 
role which 1s especially evident for the Kakepuku site. It also shows up when 
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the tephra stratigraphy (hence primary composition) of the Parfitt et al. 
(1983) model [also Parfitt et al. (l 982b)] (Fig. 2) is critically examined. There 
are significant differences in stratigraphy, hence composition, across the 
Parfitt et al. (1983) study area [cf. Fig. 6 with p. 44 of Parfitt et al. (I 983)], 
which may partly account for some of their results. First, there is a much 
greater proportion of andesitic tephras at the Mairoa site than at the Kereone 
site, particularly in the upper, post-Aokautere Ash (i.e., post-Kawakawa 
Tephra) part of the section. This is significant because the allophane in the 
Aokautere Ash horizon at Mairoa, having derived from an Al-rich solution 
[Al: Si = 2.5, Parfitt et al. (1983), p. 51 ], need not have formed within this 
horizon itself but from dissolution and movement down from the younger 
and more andesitic (therefore Al-rich, Table II) horizons that overlie it [see 
also comments in Farmer and Fraser ( 1979), p. 552]. Second, previous 
workers (Birrell and Pullar, 1973; Pullar and Birrell, 1973b; Hodder and 
Wilson, 1976; Hodder, 1978; Lowe, 198 la) have shown that Aokautere Ash 
(and also Rotoehu Ash) is always contaminated with other tephras in the 
study area (Figs. 6a and 7). Another possible, but minor, effect of composi­
tion is that the greater abundance of halloysite at Rototuna (and mainly in 
tubular form) may reflect the slightly higher feldspar content. 

3. Environmental Control 

The environmental factors discussed in Section II demonstrably play the 
major role in determining the clay mineral types and their distribution in this 
study. The key differences in site environmental conditions, hence differ­
ences in clay mineralogy, are principally a function of ( l) the thickness of the 
late Quaternary tephra column and the shallow occurrence of the Hamilton 
Ash paleosol at Rototuna, and (2) the tephra/soil microclimate regime. 
Together, these two broad variables control the degree of leaching and the 
desilication - resilication balance and the availability of alumina. 

a. Tephra Thickness, Depth-of Burial, and Drainage Effects. At Tapapa, 
Taotaoroa, and Kakepuku, halloysite m absent in measurable amounts 
above about 0.8 to 1.4 m depth in the tephra profiles. Below these depths and 
irrespective of the age of the materials, halloysite generally increases in 
abundance and in degree of order. Of these three sites, this effect is most 
marked at Tapapa (the site with the greatest thickness oftephras and with the 
lowest Al: Si levels) and least marked at Kakepuku (the site with the smallest 
thickness of tephras and with the greatest Al: Si levels). Taotaoroa occupies 
an intermediate position. This depth distribution of halloysite can therefore 
be related, in part, to a depth-of-burial effect whereby the overburden pro­
vides a source of silica for resilication at depth. At Tapapa the high ratio of 
rhyolitic to andesitic materials may have enhanced this effect, whereas the 
much lower ratio at Kakepuku appears to have minimized the effect. 
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The depth-of-burial effect, however, does not explain the occurrence of 
hallovsite at the land surface at Rototuna, nor its dominant abundance at 
depths shallower than 0.50 m. Here, relatively slow drainage due to l_ow 
permeability in the clay-rich Hamilton Ash paleosol (the con:ipact, silty 
cover bed materials are also relatively slow draining) has resulted m months­
long periods of saturation and a reduced degree of leaching of silica, and 
consequently aided formation of halloysite and cristobalite (and, presum­
ably, allophane with an Al: Si ratio of- 1.0) throughout the cover deposits. 
In contrast, the materials in the upper parts (post-Kawakawa Tephra) of the 
thicker profiles at Ta papa, Taotaoroa, and Kakepuku are better drained and 
undergo relatively greater silica loss through leaching, and therefore are 
allophane-dominant. Similarly, the sporadic, 1.0- to 1.2-m-thick "fluffy" 
tephra deposits that occur with the thinner (0.60-m) tephra deposits at Roto­
tuna and elsewhere north of Hamilton (e.g., Fig. 5d) are little affected by the 
buried impermeable Hamilton Ash paleosol. As a result they have relatively 
good drainage and maintain an allophanic character-which therefore 
tends to be self-perpetuating-with high Al-OH activity within the upper 
0. 75 m or so of the profile. This interpretation is analogous in some ways to 
that for loess mantle deposits in the United States whereby soil development 
(or "effective" weathering) increases as the deposits thin away from source, 
and the depth to less permeable paleosols decreases so that the solum of the 
modern soil becomes progressively closer to the substratum barrier [e.g., 
Fehrenbacher ( 1973), Ruhe ( 1973), and Harlan and Franzmeier ( 1977)]. 

Slow drainage in the Hamilton Ash materials underlying each of the 
Tapapa, Taotaoroa, and Kakepuku sites may be partly responsible for the 
enrichment of halloysite in the lowermost late Quaternary tephras. At Ta­
papa, the large amount of well-ordered halloysite in the Kawakawa Tephra 
bed is probably due to slow drainage through the well-developed paleosol 
that underlies it (Fig. SA). That both 7- and 10-A halloysites occur in it 
indicates the possible influence of seasonal dehydration. 

Recent studie~ by Parfitt et al. ( 1984) support these conclusions regarding 
the effect of dramage on allophane and halloysite formation. 

A likely additional tephra thickness effect is due to the component tephras 
at Rototuna being mostly very thin (Fig. 6a). Weathering and pedological 
processes there were probably not disrupted by successive tephra incre­
men!s, but wer~ much more affected at the Tapapa site, for instance, where 
considerably thicker tephra layers were deposited. 

b. Wetting and Drying a~d Orga~ic Cycle Effects. The cover deposits at 
Rototuna commonly expenence wide moisture fluctuations due to d · . d . . . rymg 
~ut m sum~er ~n s~tur~tlon m wmter. The wetting and drying (i.e., reduc-
tion and oxidat10n) i~ evidenced ~Y the abundant Fe-Mn concretions and 
mottles, some of the 1Itanomagnet1te morphological characteristics, and the 
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mixed 7- to 10-A halloysite (with a decrease in the 7-A phase with increase in 
depth). The wet-dry cycles have markedly influenced the clay mineralogy 
and intensified (accelerated) the weathering processes in the late Quaternary 
tephras at Rototuna. Because of the relatively intense weathering at Roto­
tuna, feldspar, although normally a reasonably resistant mineral (Jackson, 
1968), is more likely to have been broken down here than at the other sites. 
The occurrence of mainly tubular halloysite at Rototuna is consistent with 
its having been derived in large part from feldspar. Data in Parfitt et al. 
( 1983, p. 48) generally support this conclusion. 

Changes in moisture content influence the concentrations of silica in 
solution (Wilding et al., 1977)-a solution saturated with Si(OH)4 (120-
140 ppm at 20- 25 ° C) is supersaturated with respect to crystalline forms of 
silica and ensures precipitation of crystallized SiO2 (Chichester et al., 1969; 
Millot, 1970; Henderson et al., 1971; Shoji and Masui, 197 l ). The wet-dry 
cycles at Rototuna cause fluctuations in silica concentration which result in 
cristobalite formation: hydrolysis and dissolution of Si from glass (or feld­
spar) to form a silica hydrogel (Fig. 3) (in saturated conditions) is followed by 
its recrystallization as cristobalite (in dehydrated conditions in late summer) 
with the crystals growing by the uniting of tetrahedra and the elimination of 
water (a mechanism suggested for opal genesis by Jones and Segnit, 1972, 
p. 419): 

I I I I 
-Si-OH+ HO-Si--- -Si-O-Si- + H2O 

I I I I 

The formation of cristobalite (and halloysite) at Rototuna is also favored by 
an abundant supply of silica (chiefly from glass and feldspar). Regular addi­
tions of thin, predominantly rhyolitic tephras (which in turn are rapidly 
mixed with the previously deposited late Quaternary tephras by bioturbation 
and other processes) have ensured the constant supply of fresh silica. 

The organic cycle has probably intensified the genesis of cristobalite. The 
formation of acid- organic complexes aids silica dissolution, and water up­
take by plants, intensified in summer, increases silica concentration and 
hence its potential for precipitation. Some of the cristobalite at Rototuna 
may be indirectly biological in origin, forming from the dissolution products 
ofbiogenic opal rather than of glass or feldspar. Weathering always within 
influence of the organic cycle at Rototuna has resulted in low Al ion activity 
due to Al-humus complex formation. The Al-humus bonding, particu­
larly in the upper horizons, thus limits the concentration of Al and hence the 
possibility of its coprecipitation with Si to form allophane. 

The occurrence of vermiculite at the Rototuna site alone can also be 
attributed to the special site conditions as follows: impeded drainage and a 
high concentration of Si and low concentration of Al, a moderate to high 
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hydronium concentration with some !eaching m_ainly to remove K (and 
Mg), and periods of oxidation and wetting and drymg [ cf. Buol et al. ( 197 3 ). 
Douglas ( 1977), Fanning and Keramidas ( 1977), and see also Calhoun et al. 
(1972), and Wilson (1975)]. 

c. Rainfall Effect. In considering the effect of mean annual_ rainfa~l on the 
leaching regimes and Si concentrations at the four sa~ple sites, this s~udy 
supports only in part the model of Parfitt et al. ( 1983) (Fig. 2). The relatively 
low rainfall at the Rototuna site ( 1200 mm) may contribute to the reduced 
level of leaching, hence high Si concentration and abundance of halloysite 
there, as proposed for the Kereone soil by Parfitt et al. ( 1983). However. the 
differences between the properties of the cover deposits at Rototuna (Fig. Sc) 
and those of the slightly thicker nearby fluffy deposits (Fig. 5d) cannot be due 
to differences in mean annual rainfall as rainfall must be identical at both 
sites (both now and in the past)-perhaps the "fluffy" deposits occurring in 
the paleosurface hollows have received more net precipitation via runoff or 
lateral movement [as described by Veneman et al. (1984)]. In addition, the 
Taotaoroa and Kakepuku sites both receive similar annual rainfalls ( 1250-
1300 mm) but show considerable differences in the proportions of allophane 
and halloysite stratigraphically. The Tapapa site, with the highest rainfall 
(1500 mm), has a clay fraction at depths below 1.4 m (Kawakawa Tephra) 
dominated by relatively well-ordered halloysite and indicative of strong 
resilication, rather than desilication, at these depths. The Tapapa, Tao­
taoroa, and Kakepuku sites are of intermediate status with respect to the 
rainfall distribution extremes examined by Parfitt et al. (1983), but the 
evidence presented here demonstrates that other site-specific (microenvi­
ronmental) factors together probably play a more important role than the 
amount of rainfall. 

These interpretations do not invalidate the fundamental basis of the Par­
fitt et al. ( 1983) scheme, which is that rhyolitic tephra clay mineral genesis is 
determined primarily by the leaching regime and concentration of Si in 
solution. It is clear, however, that various current microenvironmental con­
ditions in addition to total rainfall influence the levels of Si in solution and its 
distribution and provide circumstances for its loss, precipitation, or copre­
cipitation with Al. Th~e conclusions thus support the principles embodied 
in the Parfitt et al. ( 1983) model and also in Shoji and Fujiwara ( 1984 ). The 
specific site conditions may reinforce the trends associated with the increase 
or decrease in rainfall (e.g., the greater andesitic character at the Mairoa or 
K~kepuka sites coincides w_ith a ?igher ~egree ofleaching of Si due to higher 
ramfall; at Rototuna, the site m1cro-rehef may influence the net precipita­
tion received, hence degree of leaching). 

The factors that ~ign~~cantly contribute to the resilication -desilication 
balance and the ava1lab1hty of Al for coprecipitation at each of the reference 
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~it~~ are co?1p~sition (proportion of andesitic to rhyolitic material-i.e., 
m1t1al_ Al : S1 ratios, and glass and feldspar content and composition), degree 
of drainage, depth of burial, wetting and drying, and the effects of the organic 
cycle (Fig. 11 ); pH is also likely to have an influence. One or more of these 
controls may predominate at any one site, with the effect of one possibly 
overriding or excluding the effect ofanother. Any one environmental factor, 
such as rainfall, cannot be directly related to the clay mineralogy safely 
without full consideration of other factors [see also Ruhe ( 1984)]. 

D. CONCLUSIONS 

This study on the weathering of the distal, late Quaternary, multiple 
tephra sequences of the Waikato region has been unusual in that the original 
compositions of the subaerial tephra deposits under investigation are known 
through the preservation of the same tephras, in unweathered condition, in 
organic-rich, sub-lake sediments adjacent to the reference sites. Moreover, 
the cores of the tephras in the lakes have provided a far more accurate 
chronology, stratigraphy, and distribution pattern for tephras in the region 
than previously known, thereby enabling the controls on weathering and 
clay mineral formation to be assessed with more certainty. 

The Waikato tephra sequences examined show some variations in their 
clay mineralogy that can be attributed to their age and stratigraphy. How­
ever, the contrasts between sites and the peculiar mineralogy at Rototuna in 
particular are probably related chiefly to differences in site weathering con­
ditions and, to a lesser extent, to primary composition (essentially the pro­
portions ofrhyolitic and andesitic components). The fate of the various ionic 
constituents arising from breakdown of primary minerals, and the conse­
quent types and rates of clay minerals formed and transformed, is dependent 
on the actual site environmental conditions rather than tephra age or effec­
tive weathering time. Time is indirectly responsible in part for the condition 
of slow drainage at Rototuna in that the strongly weathered clayey paleosol 
on Hamilton Ash (slow drainage is also associated with some paleosols at 
other sites) represents a considerable period of previous (relict) soil forma­
tion and weathering. 

The formation of both cristobalite and halloysite (and probably also 
Al: Si = 1.0), instead of allophane (Al: Si = 2.0) or imogolite, is favored at 
Rototuna because of the specific site microenvironmental conditions that 
promote silica accumulation (or minimize its loss) and its recrystallation. 
The conditions also promote Al-humus complexing (Fig. 11), hence re­
stricting Al availability. Allophane, too, is present in the Rototuna clay 
fractions, the greatest amounts occurring in the upper part of the profile, 
which has effectively undergone more desilication than the lower part. That 
allophane predominates in the hollow-infilling "fluffy" deposits nearby is 
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Fm. 11. Provisional weathering sequence for tephras in the Waikato region showing clay 
mineral formation and persistence with respect to various environmental controls other than 
tephra age. The clay minerals increase in amount (in direction of solid arrows) as a function of 
the various environmental influences (open arrows). The sequence could probably be applied to 
tephra deposits in many other areas as well. Part of the diagram is modified after Fig. 2. 

due mainly to their greater thickness and free drainage (as the impermeable 
Hamilton ash paleosol is buried deeper). Once formed, the properties of the 
allophane tend to maintain a free-draining, leaching environment that 
seemingly perpetuates further allophane formation. Vermiculite has formed 
from biotite and persisted because of the impeded drainage, periodic oxida­
tion, and other conditions noted previously. 

Because site environmental conditions have varied over the past 50,000 yr 
in the Waikato region it is possible that a "memory" effect is inherent in 
some of the clay fractions. How much of the influence of past conditions is 
reflected in the clays is impossible to determine with certainty because the 
current differences between sites are likely to have existed in the past to a 
similar degree (Parfitt et al., 1983). It is probable, for example, that the 
formation of halloysite (much in the dehydrated 7-A form) in the circa 
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20,000-yr-old Kawakawa Tephra bed at Tapapa (and, to a lesser degree, at 
Taotaoroa and Kakepuku) was enhanced by lower total rainfalls and lower 
temperatures. or by more intense wetting and drying, than at present. How­
ever, the current site weathering conditions and climate patterns seem suffi­
cient to account for the differences in clay mineralogy and weathering evi­
dent between the sites. Because these conditions will change with time, the 
rates of weathering and the formation and transformation of clay minerals in 
the tephra materials are best viewed as dynamic in nature. Thus, although it 
seems possible to relate in part the clay mineralogy of a well-dated tephra 
sequence to relict environmental conditions, any attempt to directly assess 
paleoenvironmentjust from the clays, and without independent corrobora­
tion, must give equivocal results [c.f. Singer (1980) and Retallack (1981)]. 

IV. Summary and General Conclusions 

The factor of time (tephra age or effective weathering time) has frequently 
been viewed as the main reason why the amounts and types of clay minerals, 
especially allophane and halloysite, vary in tephra deposits of predominantly 
acid to intermediate composition and in temperate latitudes. The review 
section of this chapter showed that the types and rates of formation and 
transformation of tephra-derived clay minerals are determined chiefly by 
macro-and microenvironmental factors together with the mineralogical and 
physicochemical composition of the parent deposits. Period of time of 
weathering in clay mineral genesis is indirect and subordinate in its effect in 
that weathering rates and products are chiefly dictated by other controls. 
Environmental conditions that affect the concentration of silica in solution, 
the availability of alumina, and the opportunity for coprecipitation of these 
are paramount and are controlled by the leaching regime, the organic cycle, 
and pH. In turn, these factors are conditioned by climate (particularly rain­
fall}, drainage, tephra thickness, depth of burial, and the frequency and 
amount (thickness) of fresh tephra ( or "tephric loess") accessions. Allophane 
and imogolite are possibly reaction end points rather than short-lived transi­
tion products. They appear to be able to persist for long periods, if conditions 
are favorable. Halloysite and gibbsite appear to form directly from the disso­
lution products of primary or secondary minerals, depending mainly on 
whether conditions favor resilication or desilication. The occurrence of 2: 1 
and 2: I : I type clay minerals in some tephras has been explained in various 
ways but their occurrence is still problematic. Support for a pedogenic syn­
thesis model appears to be lessening. 

The second part of this chapter illustrated that differences in field proper­
ties, clay fraction mineralogy, and weathering in distal, late Quaternary 
rhyolitic and andesitic tephra deposits in the Waikato region, New Zealand, 
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could be partially explained by each of the three broad contr~ls review~d 
previously. However, the differences were att~buted largely to differences 1~ 
current environmental conditions (and possibly enhanced by past condi­
tions). In reaching such a conclusion, it is clear that in these sorts of st~d_ies a_n 
accurate tephrostratigraphy and a knowledge of primary ~ompos1t1?n 1s 
vital as is a full consideration of other factors. The lakes m the Waikato 
regi~n and the succession of unweathered tephras contained in their sedi­
ments provide a unique model to help evaluate the controls and rates of 
weathering of the subaerial deposits. The environmental conditions having 
the greatest influence are degree of drainage, tephra thickness, depth of 
burial and site micro-relief, wetting and drying, and the effects of the organic 
cycle (Al-humus complexing, formation of organic acid complexes, forma­
tion ofbiogenic opal, plant water uptake, and biological homogenizing). In 
addition, compositional variations (chiefly the proportion of andesitic to 
rhyolitic tephra material) were seen to affect the clay mineral genesis, but to a 
lesser extent, over all than the site weathering conditions. The amount and 
composition of the dominant primary minerals, notably plagioclase and 
volcanic glass, determine the initial ("potentially available") Al: Si ratios. 
Which of these variables has the predominant effect may vary from site to 
site, especially as the relative abundances ofrhyolitic and andesitic tephras in 
the profiles change geographically. Together, the environmental and com­
positional factors control the concentration of Si in solution and its distribu­
tion in the profile, and the concentration and availability of Al. These find­
ings generally support the conclusions of the review section. 

In the Waikato region the total thickness of late Quaternary tephras de­
creases northwestward (away from the main tephra sources). At the Roto­
tuna site, where the late Quaternary tephra column thins to a mere 0.60-m­
thick composite cover deposit, drainage is mostly restricted because of the 
close presence ofan impermeable paleosol (on Hamilton Ash) in the sol um. 
Weathering has been continuously affected by the organic cycle. These fac­
tors, combined with a seasonal moisture deficit and a moderate rainfall 
(1200 mm per annum), have resulted in intense wet-dry cycles and strong 
we~therin~ and biological ~ixing'. promoting the accumulation of Si (origi­
natmg mamly from the d1ssolut10n of glass or feldspar) in solution and 
reducing the availability of Al through Al-humus complexing. Much of the 
Si i~ solution (as sil~ca hydro~els) has apparently recrystallized, probably in 
periods of dehydration, to cnstobalite. In addition, halloysite (much in the 
7:A pha~e) has been formed (some probably originating specifically from the 
d1ssolut10_n of feldspar) and occurs throughout the profile, including small 
amounts m t~e uppermost surface samples. This distribution is unusual for 
tephra depo_s1ts _and attests to the special site weathering conditions at Roto­
tuna. Verm1cuhte, probably formed solely from tephra-derived biotite, per-
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sists in small amounts at Rototuna also because of the special, dominantly 
poorly drained conditions there . 
. The v.:eatheri~g sequence developed in Fig. 11 emphasizes that many 

s1te-spec1fic environmental conditions and compositional factors rather 
than just rainfall, may control the concentration of Si (and Al) in ;olution 
and its distribution through the profile, and provide circumstances for either 
its loss, its precipitation, or its coprecipitation with available Al. Because 
these many possible controlling influences have operated both in the past 
and the present, then studies relating tephra clay mineralogy to paleoenvi­
ronment must be interpreted with caution. 
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Late Quaternary volcanism in New Zealand: an integrated record from distal 

tephras in lakes and bogs 

David J. Lowe 

Earth Sciences, University of Waikato, Hamilton, 2001, New Zealand 

ABSTRACT 

Studies on distal tephras preserved in lake sediments and peats in 

northern New Zealand have documented the stratigraphic, chronologic, and 

compositional relationships of 46 eruptives. aged c.700 - 17 000 yr B.P., 

which originated from six North Island volcanic centers: Taupo (9 tephras), 

Okataina (8), Maroa (1) (rhyolitic); Mayor Island (2) (peralkaline); 

Tongariro (11), Egmont (15) (andesitic). Sources were distinguished by 

mineralogy and composition, field relations, and 14 C chronology. 

All known rhyolitic tephra-producing eruptions from Taupo, Okataina, and 

Maroa volcanoes since c.17 000 yr 8.P. are represented, but only a small 
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proportion of the known tephras erupted from Tongariro, Egrnont, or Mayor Island 

volcanoes is recorded. The distal tephras from these latter volcanic centres may 

thus relect atypically powerful (or oblique) eruptions, or dispersal by unusual 

wind conditions. An improved record of volcanism for the Tongariro, Egrnont, and 

Mayor Island centres might be obtainable from suitable lakes or bogs more proximal 

to them. 

The study demonstrates the value of investigating lakes and bogs to help 

erect a detailed and integrated record of explosive volcanic activity through 

tephrostratigraphy. 

INTRODUCTION 

New Zealand's North Island contains a number of rhyolitic and andesitic 

volcanoes that have been active in late Quaternary times (Fig.l; Smith, 

1986). Many aspects of the history of these volcanoes have been well 

documented (e.g., Healy et al., 1964; Pullar et al., 1973; Cole and Nairn, 

1975; Suggate et al., 1978; Buck et al., 1981; Wilson et al., 1984; Smith, 

1986), but detailed stratigraphic, chronologic, and compositional 
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Figure 1. Locations of lakes and bogs studied and containing distal airfall 

tephras derived from one or more of the six volcanic centers shown (after Cole 

and Nairn, 1975, and Wilson et al., 1984). TVZ = Taupo Volcanic Zone. Note: 

Mt. Egmont is also known as Mt. Taranaki. 



relationships may commonly be uncertain or are still being established. In 

this paper I attempt to show how a detailed and potentially comprehensive 

record of volcanic activity may be obtained by studying tephra deposits 

preserved in sediments in lakes and bogs. Such environments are favourable 

places to investigate volcanism through tephrostratigraphy because they offer 

exceptional stratigraphic and chronologic control, and because of the 

essentially pristine condition of the tephra deposits. 

I examine here the mineralogical and chemical characteristics of distal 

tephras sampled from lakes and bogs in the North island (Fig.1), and thereby 

characterize and identify the volcanoes from which the tephras originated. 

Hence, by taking into account the stratigraphy and chronology (based on 14 C 

dating) of the tephras, an integrated record of explosive rhyolitic and 

andesitic volcanism in the North Island during the past c.17 000 years is 

determined. This is one of the most comprehensive records obtained for this 

period, and shows for the first time the stratigraphic interrelationships of 

tephras derived from six major volcanic centres in New Zealand. 

TEPHRA SAMPLES AND ANALYSIS 

Locations of the sites sampled are shown in Fig.I. Cores c.2-4 min 

length were taken from the lakes with a modified Livingstone piston corer; 

bogs were sampled mainly using a Russian-type peat corer. At Kaipo (Fig.I), 

coring was not needed because an accessible section had been exposed by 

erosion (Lowe and Hogg, 1986). Generalised tephrostratigraphic columns are 

summarized in Fig.2. 

The longest and most complete tephra sequences are found in the 

cores from the Waikato lakes (Fig.2), most of which were formed c.17 000 yr 

ago (Green and Lowe, 1985; Lowe and Green, 1987). Thus the majority of my 

analyses were done on samples from these cores, particularly from Lakes 
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Figure 2. Summary of composite tephrostratigraphic columns of cores or 

sections from lakes and peats at five locations (Fig.1) in the North Island. 

Lake Poukawa column is after Howorth et al. (1980), Froggatt (1981b), and 

B.P.Kohn, V.E.Neall, and R.B. Stewart in Lowe (1986b); Lake Omapere-Onewhero 

column is partly based on Pullar et al. (1977). 
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Maratoto and Rotomanuka (Fig.l·, Lowe, in ) prep .. 

The tephras, considered essentially primary fallout deposits, typically 

comprise unweathered, pale-colored, compact, occasionally bedded, macroscopic, 

fine ash to medium lapilli layers of c.2-200 mm thickness that stand out 

against the darker lake sediment and peat (e.g., see plate 1 in Lowe, in 

prep.). In the Waikato lakes, many tephra layers can be readily correlated 

from core to core and from lake to lake in the field using their color, 

lithology, bedding characteristics, and stratigraphic position (Lowe et al., 

1980; Green and Lowe, 1985; Lowe, in prep.). Others, particularly from the 

andesitic sources, are less distinct and occur either as diffuse, gritty zones 

in the sediment or as very thin (c.1-2 mm), occasionally microscopic, layers 

best revealed by x-radiography (Lowe et al., 1981). Where the layers are 

closely spaced in the cores. some mixing between them may occur. The 

stratigraphic sequence of the tephra layers is always the same, though not all 

are necessarily represented in any one core. 

A total of 46 tephras have been identified, and each is likely to 

represent a separate eruptive event (cf. Anderson et al., 1984; see also 

Lowe, in prep.). 

The 63-250 µm (2-4$) size fractions of samples of each of the tephras 

were split into heavy mineral (ferromagnesian silicates, Fe-Ti oxides) and 

light mineral (glass, feldspars, quartz) components and analysed by petrologic 

microscope (pointcount). x-ray diffraction, and electron microprobe (e.m.) 

methods (Froggatt and Gosson, 1982; Froggatt, 1983). Slices of sediment 

(usually 1-2 cm thick in the lake cores, 5 cm in the peat cores) from above 

and below most of the tephra layers were 14C dated at the Waikato University 

Radiocarbon Dating Laboratory (Hogg et al., 1987). Around 100 samples were 

dated. 

COMPOSITION OF TEPHR.AS AND CHARACTERIZATION OF SOURCE VOLCANOES 

The results, when considered together and with reference to previous 

work, permit all of the 46 tephras, aged ~c.17 000 yr B.P., to be matched to a 
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Figure 3. Integrated tephrostratigraphy based on cores from the lakes and 

peats shown in Fig.2. Tephra names are: Tp, Taupo; Mp, Mapara; Wo, Whakaipo; 

Wm, Waimihia; Hm, Hinemaiaia; Mt, Motutere•; Op, Opepe; Po, Poronui; Kp, 

Karapiti; Ka, Kaharoa; Wk, Whakatane; Ma, Mamaku; Rm, Rotoma; Wh, Waiohau; 

Rr, Rotorua; Rk, Rerewhakaaitu; Ok, Okareka; Pk, Puketarata; Tu, Tuhua; Mm, 

Mangamate; Oa, Okupata (units 1 to 8); Rt, Rotoaira; Eg-1 to Eg-15, 

uncorrelated Egmont-derived tephras; un, uncorrelated or unnamed tephra. Ages 

on old half-life basis. 

•The inclusion of this tephra is based on studies by Howorth et al. (1980) and 

Froggatt (1981b) at Lake Poukawa (Fig.2). 
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particular source volcano, as depicted 1·n Fi·g.3. In this figure, each 

eruptive event recorded is d t d eno e by a horizontal bar with the chronology on 

the vertical axis. The data providing the basis for these tephra-volcano 

affinities are summarised and discussed bl e ow. Named tephra formations are 

referred to using the abbreviations defined 1·n F" 1g.3. The detailed 

examination of compositional trends associated with eruptive sequences from 

particular volcanoes is beyond the scope of this paper. 

Heavy Minerals 

Fig.4 shows the proportions of heavy minerals and Fe-Ti oxides (mostly 

titanomagnetite, rarely magnetite and ilmenite) in the tephras. The tephras 

from the andesitic Tongariro and Egmont volcanic centers have a relatively 
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high content of heavy minerals (c.15-25%) but a low content of Fe-Ti oxides 

(c.10%). The opposite applies to the rhyolitic Taupe and Okataina-derived 

tephras, which are low in heavies (c.<5%) but relatively high in oxides (c.20-

30%), especially Okataina. Samples of the pantelleritic Mayor Island-derived 

tephras are very low in both heavies (c.1%) and oxides (c.5%). 

The dominant ferromagnesian silicate assemblages (determined by modal 

analysis) are summarized in Fig.5. (Zircon and apatite may also be present.) 

These assemblages characterize each source volcano with reasonable consistency 

(cf. Ewart, 1971; Cole and Nairn, 1975; Kohn and Glasby, 1978; Howorth et al., 

1980; Lowe et al., 1980; Froggatt, 1981a; Hogg and McCraw, 1983): (1) The 

Taupo-derived tephras are dominated by hypersthene, commonly with small 

amounts of augite. (2) Most of the Okataina-derived tephras contain calcic 

hornblende, hypersthene, and augite in varying amounts, and hence plot as a 

relatively wide scatter in Fig.5. Two of the Okataina tephras (Wk, Rm) are 

dominated by cummingtonite. three others (Ka, Rk,Ok) by biotite, which are 

distinctive marker minerals for these particular tephras. (3) One of the 

Mayor Island-derived tephras (Tu) contains a particularly diagnostic set of 

marker minerals (not plotted). The dominant one is aegirine but also included 

are subordinate amounts of ferrohedenbergite, aenigmatite, riebeckite, 

olivine, and very rare tuhualite. The other tephra (un) is microscopic and 

occurs wholly as glass. (4) The solitary Maroa-derived tephra (Pk) consists 
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Dominant Ferromagnesian Minerals 

Rhyolitlc Tephras Andesitic Tephras 
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Figure 5. Dominant ferromagnesian minerals associated with tephras from each 

source volcano. Opx = Orthopyroxene; Cpx = Clinopyroxene; Ca-Hbl = Calcic 

Hornblende; Cgt = Cummingtonite; Hyp = Hypersthene; Aug= Augite; Bio= 

Biotite; Olv = Olivine. 
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solely of glass, but near source it characteristically contains mainly biotite 

with hornblende (Topping and Kohn, 1973). (5) The Tongariro-derived tephras 

are dominated by orthopyroxene and clinopyroxene. Many also contain 

for steritic olivine (Fos4-B7 by e.m. ), usually in only small quantities, and a 

few contain sparse hornblende. (6) The Egmont-derived tephras contain mainly 

clinopyroxene and calcic hornblende. Some orthopyroxene may also occur, but it 

is typically the presence of hornblende that initially distinguishes the 

Egmont tephras from the Tongariro tephras. 

I examined the chemistry of some of the pyroxenes (77 analyses) and 

amphiboles (32 anal.) in the Tongariro and Egmont-derived tephras using the 

e.m. Analyses of the pyroxenes (commonly zoned) are given in Fig.6. The 

Tongariro clinopyroxenes plot chiefly as augite, whereas many of the Egmont 

clinopyroxenes plot as salite in addition to high-Ca augite. The Tongariro 

orthopyroxenes are usually hypersthene (total range En 33 - 69 ), but the few 

Egmont analyses show variable composition (En46-75). 

Most of the Egmont hornblendes are optically of the green-brown type. 

Using Leake's (1978) nomenclature, and assuming all FeO (total iron) is in the 

Fe 2 • form (hence Fe 3 • ~ Alv 1 ), the varieties represented are ferroan pargasite 

(14 anal.), pargasite (3 anal.), or ferroan pargasitic hornblende (8 anal.) 

(Lowe, in prep.). A second population of dark reddish-brown amphiboles are 

probably oxyhornblendes, and are classified as magnesio-hastingsite (5 anal.) 

or magnesio-hastingsitic hornblende (2 anal.), assuming an Fe 3 •: Fe 2 • ratio of 

approx. 4:1 (hence Fe 3 • > Alvi) based on analyses in Deer et al. (1963). 

These chemical analyses on the Tongariro and Egmont ferromagnesian 

minerals broadly agree with previous work, which has been done mostly on 

phenocrysts in near-source rock samples (e.g., Cole, 1978; Cole et al., 1986; 

Neall et al., 1986; Wallace et al., 1986). 

Kohn and Neall (1973) suggested that the chemistry of Fe-Ti oxides 
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(titanomagnetite) enabled Tongariro tephras to be distinguished from those of 

Egmont, with the most useful diagnostic elements being Cr, V, Mn, and Ni 

(especially Cr). These findings are generally supported here, based on e.m. 

analyses of titanomagnetite grains from a limited number of Tongariro and 

Egmont samples (Lowe. in prep.). Cr (as Cr 20 3 ) always occurs in measurable 

quantities (c.0.2 - 0.3%) in the Tongariro-derived samples, but only as traces 

in the Egmont-derived samples; MnO concentrations in the Egmont samples (c.0.5 

- 1.0%) usually exceed those of the Tongariro samples (c.0.3-0.5%). Analyses 

of Fe-Ti oxide pairs enable pre-eruptive temperature estimates and oxygen 

fugacities to be deduced by geothermometry for several Tongariro and Egmont 

tephras (Fig.7). Estimated oxide equilibrium temperatures range from 917-

1020°C for 3 Tongariro eruptives. 934-948°C for 2 Egmont eruptives. 

Light Minerals 

Light fractions of the tephras from the rhyolitic volcanoes comprise 

mainly glass (~c.80 wt.%) plus plagioclase feldspar, quartz, and rare alkali 

feldspar. The tephras from the andesitic volcanoes are dominated by 

plagioclase feldspar with much less glassy material (c.15-45 wt.%), which may 

contain microlites. The composition of the feldspars, normally strongly 

zoned, differs between these two broad groups (Lowe, 1986a), although there 

may be relatively wide compositional ranges within individual tephra beds, as 

would be expected (e.g., see Cole and Nairn, 1975). 

In the Tongariro and Egmont-derived tephras, labradorite predominates 

(Fig.8). The Tongariro samples are generally more calcic than those from 

Egmont, but both groups range from bytownite to andesine. 

The tephras from the rhyolitic sources contain feldspars that are much 

less calcic. The Taupo and Okataina-derived tephras usually contain 

L 1986 ) whereas Mayor Island tephras 
oligoclase and andesine (An 2 3-3g; owe, a , 

contain sanidine (Or 53 _73 ) or anorthoclase (Or3s) (cf. Buck et al., 1981 ; Hogg 

and McCraw, 1983). 
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The e.m. is well suited • 1n many ways to analyse glass for correlating 

tephras (e.g., Smith and Westgate, 1969; Federman and Carey, 1980; Westgate 

and Gorton, 1981; Froggatt, 1983·, S w · · k arna- OJc1c i et al., 1984; Davis, 1985; 

Ledbetter, 1985: Riehle 1985· Lowe 1986b) t· l l • ct · , , . par 1cu ar y 1n istal settings 

where fewer but more distinct units than nearer source may be found. 

Furthermore, because the e.m. method is grain-discrete, any weathering 

products, inclusions, or microlites in the grains may be avoided, and mixed 

populations readily identified (Westgate and Gorton, 1981). Grains of 

suitable andesitic glass were very sparse in some samples and occasionally 

glass selvedges were probed. 

The glass chemistry is perhaps the single most useful means of 

fingerprinting the sources of the distal tephras in this study. Based on 

available analyses (Table 1), each volcanic center appears to have a 

distinctive major element chemistry. Oxides particularly useful for 

discriminating between sources are plotted (on an anhydrous basis) in Fig.9. 

Several comments can be made. (1) The Mayor Island glass is distinctive 
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because of its peralkaline composition, being particularly high in alkalis and 

Feot (total iron) and low in Al 2O3 and MgO (the peralkaline index, [Na 20 + 

(2) The Taupo, Maroa, and Okataina glasses are 

all rhyolitic and very similar chemically, but can usually be distinguished 

from one another by some combination of elements, e.g., very low Ti02 and MgO, 

and high K2O concentrations characterize the Maroa-derived tephra; differing 

abundances of FeOt and CaO generally allow the Taupo and Okataina tephras to 

be separated from each other. (3) One tephra (Rr) from the Okataina center 

differs significantly from the others (its chemistry is closer to that of 

Taupo eruptives), so it has been recorded separately (Table 1, column B; 

Fig.9). (4) The Egmont glasses and especially the Tongariro glasses contain 

relatively large abundances of FeOt, CaO, Ti02, and MgO, typical of a more 

basic affinity (e.g., they contain 8-10 times as much CaO and MgO as the 

tephras from the rhyolitic sources). 
(5) The Tongariro glass (mean Si02 = 61 
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± 2%) can be classed (Gill 1981) , as andesitic (high silica, medium-K) whereas 

the Egmont glass (mean SiO2 = 70 ± 2%) may be regarded as rhyolitic to dacitic 

in composition (cf. Wallace et al .. 1986). The Egmont glass is also enriched 

in K1O (usually >4%). 

In considering individual eruptives from each volcanic center, the glass 

major element chemistry is usually insufficient on its own or without 

stratigraphic control. to identify a particular (named) tephra unit. In 

Fig.10, for example. each group of tephras (representing Okataina and Taupo 

sources) can easily be separated on the basis of CaO and Feat, but most 

tephras within each group are effectively indistinguishable when standard 

deviations are taken into account. Two exceptions, however, are the Rotorua 

(Rr) and Whakaipo (Wo) tephras. 

These glass analyses are consistent with the previous work on eruptives 

from the source volcanoes, although remarkably few analyses on glass (as 

distinct from whole rock) have been published, least of all for Tongariro or 

Egmont eruptives (Ewart, 1963; Cole and Nairn, 1975; Neall, 1977; Cole, 1979, 

Kohn, 1979; Froggatt, 1983; Froggatt and Solloway, 1986; Houghton and Wilson, 

1986). 

Chronology 

Although the ages of most of the tephras from the Taupo and Okataina 

volcanoes are reasonably well known (e.g., Vucetich and Pullar, 1973; McCraw, 

1975: Froggatt, 1981a, 1982), some have only a few or no dates available. 

Similarlv relatively few dates have been published on eruptives from the . . . 

Tongariro and Egmont volcanoes (Topping, 1973; Neall, 1979; Neall and Alloway, 

1986) or from Mayor Island (Houghton and Wilson, 1986). Thus the c.100 new 

14C dates obtained in this study, necessarily given in only summary form in 

Fig.3 but published fully in Hogg et al. (1987), greatly improve this current 

chronologic record. The reliability of the dates is enhanced by the 

unequivocal stratigraphic control afforded by the continuous lake sediment 

db h kl·ng through dating the same tephra more than once and 
cores, an y cross-c ec 



TABLE 1. AVERAGE MICROPROBE CHEMISTRY Of GLASSES IN SOME POST-20 KYR TEPHRAS DERIVED FROM NORTH ISLAND VOLCANOES.* 

Si0 2 

Al203 

Ti02 

Feat 

MgO 

CaO 

Na20 

K20 

Cl 

N 

Taupo 

76.90 (0.52) 

12.90 (0.25) 

0.20 (0.04) 

1. 66 ( 0 .15) 

0.17 (0.04) 

1.26 (0.13) 

3.75 (0.25) 

3.04 (0.20) 

0.12 (0.02) 

76 

Okataina(A) 

78.52 (0.32) 

12.32 (0.12) 

0 .11 ( 0. 04) 

0.90 (0.08) 

0.11 (0.02) 

0.78 (0.07) 

3.55 (0.22) 

3.59 (0.26) 

0.12 (0.02) 

111 

Okataina(B) 

77.42 (0.34) 

12.68 (0.27) 

0.21 (0.04) 

Maroa 

78.46 (0.49) 

12. 29 ( 0. 11) 

0.07 (0.03) 

1.30 (0.14) 0.87 (0.18) 

0.21 (0.05) 0.07 (0.02) 

1.26 (0.23) 0.68 (0.09) 

3.65 (0.20) 3.17 (0.45) 

3.13 (0.30) 4.24 (0.48) 

0.14 (0.04) 0.15 (0.03) 

17 17 

Mayor Is. 

75.35 (0.53) 

9.43 (0.25) 

0.25 (0.06) 

5.48 (0.46) 

0.01 (0.01) 

0.22 (0.06) 

5.00 (0.40) 

4.08 (0.36) 

0.18 (0.06) 

28 

Tongariro 

61.38 (2.41) 

17.62 (2.52) 

0.84 (0.24) 

5 .45 ( 1. 76) 

2.19 (0.98) 

7.07 (1.60) 

3.53 (0.29) 

1. 82 ( 0. 43) 

0 .10 ( 0. 05) 

17 

Egmont 

70.46 (2.19) 

15. 18 ( 1.16) 

0.54 (0.12) 

2.35 (0.68) 

0.63 (0.40) 

2.33 (0.84) 

4.04 (0.55) 

4.32 (0.76) 

0.15 (0.06) 

36 

* Normalised to 100%-loss-free. Analysed by Jeol JXA-733 Superprobe at the Analytical Facility, Victoria 
University of Wellington. Beam diameter 10 µm; current 8 nA (see froggatt, 1983). 
t All Fe calculated as FeO 
A= tephras other than Rotorua Ash 
8 = Rotorua Ash 
N = number of glass shards (usually ~10 per tephra) analysed in mean; numbers in parentheses are 1 S.D. Note that 
not all of the tephras shown in fig.3 are represented. Coverage of tephras from the andesitic centers (Tongariro, 
Egmont) is the lowest, these having generally low contents of glass suitable for analysis (see text). 

.,::,. 
w 
.,::,. 



at different sites. 

COMPREHENSIVENESS OF TI-IE RECORD 

The composite record of late Quaternary North I l sand volcanism based on 

the distal tephras in the lakes and peats (F 1·g .2) • h 1s sown in Fig.3. The 46 

tephras identified represent, on the average, an eruptive event every c.370 

yr. Their accumulation rate (F"g 3 • ht h ct • ) 1 . , rig - an side has fluctuated but shows 

no sign of diminishing. All of the volcanic centers may be considered to be 

active. On many occasions at least two of the North Island volcanoes were 

erupting virtually contemporaneously. 

All of the explosive rhyolitic tephra-producing eruptions known to have 

taken place in the Taupe. Okataina, and Maroa volcanic centers since c.17 000 

yr B.P. are represented (cf. Vucetich and Pullar, 1973; McCraw, 1975; 
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Froggatt, 1981a; Wilson et al., 1984). (Two basaltic eruptions from 

Okataina,Tarawera A.O. 1886 and Rotokawau c.4000 yr 8.P. (Cole and Nairn, 

1975), have relatively localised distributions and are not considered here.) 

The Taupo and Okataina eruptions occur at c.1000-2000 yr intervals throughout 

the record. The latest activity at Maroa is marked by the Puketarata eruption 

(Pk) at c.14 000 yr 8.P. (Lowe, in prep.). 

Regarding the Mayor Island volcano, previously only the Tuhua Tephra 

(Tu), aged c.6200 yr 8.P., was known to have reached mainland North Island 

(Lowe et al., 1980; Hogg and McCraw, 1983), but an unnamed tephra aged c.14 

500 yr B.P. has been newly identified in this study. It appears that most of 

the Mayor Island tephras were blown eastwards, away from the North Island 

(Buck, 1985). 

Eruptives from the andesitic volcanic centers of Tongariro and Egmont, 

although mostly very thin (<c.5 mm), outnumber those from the rhyolitic 

centers (Fig.3). However, these andesitic centers are known to have erupted 

much more frequently in late Quaternary time than is reflected in the 

composite record here (Cole and Nairn, 1975; Cole et al., 1986; Neall et al., 

1986; Neall and Alloway, 1986). Assuming that the sediments in the lakes and 
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bogs studied (particularly the Waikato lakes) have been deposited continuously 

since their inception, it seems that these environments have recorded only 

those tephras that were widely dispersed and thick enough to be detected in 

the organic sediments. For example, the eruption of Mt. Ngauruhoe in the 

Tongariro volcanic center in February 1975 resulted in fine ash being "dusted" 

on Hamilton and Tauranga cities (Fig.l; Nairn and Self, 1978), but the deposit 

was not substantial enough to be detected in the lake sediments. Thus the 

record of andesitic volcanic ativity in Fig. 3 presumably reflects substantial 

eruptions (bigger than the 1975 Ngauruhoe event) that were relatively powerful 

or were dispersed by unusual. strong southerly or southwesterly winds. The 

Tongariro activity recorded is concentrated between c.10 000-14 000 yr 8.P., 

and contrasts with the more extensive record for Egmont that shows eruptive 

events between c.2500-6000 yr 8.P .. c.9000-11 000 yr 8.P., and c.14 500-15 500 

yr 8.P. 

DISCUSSION AND IMP:CICATIONS 

In this paper my primary aim has been to show how the study of 

tephras preserved in suitable lakes and bogs may usefully supplement the more 

usual (proximal) ways of studying volcanoes. The chief advantages arising 

from studying tephras in such a setting are the unequivocal stratigraphic and 

chronological control, the excellent preservation of the tephras, and the high 

degree of resolution attainable. 

In the North Island of New Zealand, investigations on the distal teohras in 

lakes and bogs in various regions have elucidated the stratigraphic, 

chronologic, and compositional relationships of 46 separate eruptives aged 

from c.700-17 000 yr 8.P. and derived from six volcanic centers. The sources 

were characterized using the tephras' mineralogic assemblages and glass and 

mineral compositions. These data are the first to be obtained on some of the 

tephras, particularly those from the andesitic volcanic centers of Tongariro 

and Egmont and from the offshore peralkaline volcano of Mayor Island. 

The record of explosive volcanic activity in the Taupo, Okataina, and 



Maroa volcanic centers (all rhyolitic) is fully represented, but that of the 

Mayor Island, Tongariro, and Egmont volcanoes is less complete~ Nevertheless, 

the distal occurrences of the tephras, particularly those erupted from these 

last three volcanoes, clearly demonstrate that many have much wider dispersals 

than previously mapped (cf. Neall, 1972; Pullar and Birrell, 1973; Topping, 
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1973; Vucetich and Pullar. 1973; see also isopach maps in Lowe, in prep.). This may 

iw.ply emplacement by powerful (or oblique) eruptions or by strong winds, or both 

(e.g., Walker, 1980). Consequently, because widely dispersed rhyolitic and 

andesitic tephras have been deposited at an average rate of one event per 370 

yr since c.17 000 yr 8.P., and because the latest such eruption (Ka) took 

place c.700 yr ago, then a powerful eruption producing a widely.dispersed 

tephra might be expected from any one of the six volcanic centers at any time. 

could be obtained at bogs or lakes nearer these 
*Amore comprehensive record proximal sites should be sought for possible coring. 

volcanoes, and thus suitable 
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CONCLUSIONS 

VALUE OF LAKES AND BOGS FOR TEPHRA STUDIES 

The broad aim of this thesis has been to elucidate the 

stratigraphy, distribution, chronology, and composition of late 

Quaternary tephras in parts of northern North Island, especially the 

Waikato region, and thus to help advance the understanding and 

application of tephrostratigraphy and tephrochronology in New Zealand. 

The approach to this general objective has been unusual in that the 

main focus of study has been on tephra deposits preserved in sediments 

in lakes and bogs. At distal localities, where previously tephra 

identifications have proved difficult, lakes and bogs have provided 

one of the most comprehensive and detailed records of tephra 

deposition for the late Quaternary in New Zealand. 

The utilisation of suitable lake sediments and peats in this 

study of distal tephra deposits has emphasised the advantages of such 

environments. Some of these are listed: 

(1) The tephras are preserved more or less as discrete layers, 

relatively little affected by postdepositional mixing or reworking 

processes. (Lake sediments are usually finer-grained and have slower 

sedimentation rates than peats, hence normally show more stratigraphic 

detail.) Continuous cores provide unequivocal stratigraphic control, 

and enable the stratigraphic relationships of tephras erupted from 

different sources to be determined. 
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(2) The tephras can be: 

(a) identified with confidence much further from source, and 

(b) mapped much further from source and with a degree of 

thickness resolution perhaps 10-100 times better than 

previously possible. 

(3) The organic-bearing sediments enclosing the tephras allow 

multiple radiocarbon dates to be obtained on them; additional ages may 

be inferred from rates of sedimentation. The reliability of the dates 

can be tested by: 

(a) dating stratigraphic successions of samples, and 

(b) comparing the dates with those obtained for the same tephras 

in other environments. 

(4) The preservation of the tephras in essentially unweathered 

condition enables their innate petrographical and chemical 

characteristics to be determined. This is useful for: 

(a) identifying and correlating the tephras (i.e., tephra 

fingerprinting); 

(b) petrological studies; 

(c) studies on the weathering of counterpart tephras in adjacent 

subaerial deposits and soils. 

(5) The dated tephras provide a geochronological framework for 

associated palaeoenvironmental studies including palaeolimnology, 

palynology, and studies of palaeomagnetism. 
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SUMMARY OF CONCLUSIONS 

Detailed conclusions are embodied 1·n each of the preceding 12 

papers. The main findings from these studies are summarised below 

with reference to the obJ·ectives g 1·ven 1·n the introduction to the 

thesis (p.25-26). 

Objective 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" 

Waikato region 

Cores from 14 lakes in the central Waikato area show that 41 

distal tephras of rhyolitic or andesitic composition were deposited in 

the region over the past c.17 000 years (Paper 4). They originated 

from six North Island volcanic centres, and have been correlated with 

named proximal eruptives using the tephras' mineralogy and composition 

together with stratigraphic position and 14 C chronology. The 

correlated tephras associated with each source, and the ages adopted 

(radiocarbon years B.P .. old T½ basis). are : Taupe - Taupo (c.1800), 

Mapara (c.2200), Whakaipo (c.2800), Hinemaiaia (c.4500), Opepe 

(c.8900); Okataina - Whakatane (c.4800), Mamaku (c.7000), Rotoma 

(c.8500). Waiohau (c.12 200). Rotorua (c.13 300), Rerewhakaaitu (c.14 

700). Okareka (c.17 000); Maroa - Puketarata (c.14 000); Mayor 

Island - Tuhua (c.6200). uncorrelated (c.14 500); Tongariro -

Mangamate (Te Rato Lapilli?) (c.9950), Okupata (8 informal units Oa-1 

to Oa-8: c.10 100, c.10 500, c.10 800, c.11 050. c.11 200, c.11 700, 

12 loo 12 700) Uncorrelated (c.13 100), Rotoaira (c.13 700); C. , C. , 

Egmont - 15 informal (uncorrelated) units Eg-1 to Eg-15 (c.2500, 

c.3700, c.3750, c.4100, c.4400, c.5250, c.5850, c.5900, c.9300, 

c.9600, c.10 100, c.11 050, c.14 500, c.15 000, c.15 500). 
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In the Ohaupo-Hamilton area, the total thickness of the 

lacustrine tephras younger than c.15 000 years is c.25 cm 

(approximately equivalent to c.47 cm on dry land); in the Whitikahu-

Morrinsville area, the thickness is c.20 cm (c.37 cm); and near Tirau 

the thickness is c.42 cm (c.78 cm). Of these total thicknesses. 

rhyolitic tephras make up c.65-95%; andesitic tephras are more common 

in the south (c.30-35%), decreasing to the north (c.10-15%) and east 

(c.5%). Thickness distribution patterns for eleven of the more 

distinctive tephras (Whakaipo, Eg-2, Tuhua, Mamaku, Rotoma. Opepe. 

Mangamate, Waiohau, Oa-8, Rotorua, Rerewhakaaitu) are given in 

provisional isopach maps for the central Waikato area (p.151-154. 

Paper 41. The thickness resolution of these maps is one to two orders 

of magnitude better than in most previous tephra distribution maps for 

the North Island. Isopach thickness-distance plots show some tephras 

to have an exponential rate of thickness decrease away from source; 

others have an overthickened fine "tail" that may reflect the addition 

of co-ignimbrite ash fallout, or a change in dispersal mechanism. 

Many of the tephras were probably emplaced by powerful eruptions. or 

were dispersed by strong winds. or both. 

Three diffuse ash layers of late Pleistocene age were found 

within colluvium underlying lake sediments in cores from Lake Maratoto 

(Paper 9). The upper two beds were tentatively identified from their 

ferromagnesian mineralogy as Hauparu and Tahuna tephras (both c.10-20 

cm thick, and possibly aged c.37 000 and c.38 000 years old, 

respectively), 1 and the lower as Rotoehu Ash lc.30 cm thick, and aged 

1 New data recently obtained for these two tephras indicate that the 
provisional identifications may be incorrect. It is possible that 
the tephras correlate instead with two of the upper tephra 
formations of the Mangaone Subgroup (Omataroa and Mangaone 
tephras?). 
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c. 50 000 years). (Kawakawa Tephra, c.20 000 years old, is also known 

to have been deposited in the region (c.10 cm): Pullar & Birrell 

1973: Lowe 1981.) 

Kaipo Lagoon area 

Peat bogs at Kaipo Lagoon and Te Rangaakapua in Urewera National 

Park (Paper 5) contain eleven Holocene tephras (total thickness c.1.2 

ml that originated from the Taupo (7 tephras), Okataina (3), and 

Tongariro (1) volcanic centres. The tephras were identified from 

their field properties, stratigraphy, and ferromagnesian mineralogy, 

and ages obtained for them by 14 C dating and rates of sediment 

accumulation. The tephras and adopted ages (years 8.P., old T½ basis) 

are: Kaharoa (c.700), Taupo (c.1800), Waimihia (c.3100), Hinemaiaia 

(c.4500), Whakatane (c.4800), Rotoma (c.8400), Opepe (c.8700), Poronui 

(c.9900), Karapiti (c.10 100), and Okupata (c.10 300). The 

identification of the Opepe, Poronui, Karapiti (all from Taupo 

volcano). and Okupata (from Tongariro volcanic centre) tephras has 

extended their known distribution in eastern North Island. 

The stratigraphic and chronologic relationships of Hinemaiaia 

Tephra (definition of Froggatt 19811 and Whakatane Ash, uncertain from 

prior studies in the Taupo area, have been resolved through the 

identification of Hinemaiaia Tephra at Kaipo Lagoon, and at other 

distal localities in the North Island (see Paper 6). Hinemaiaia 

Tephra stratigraphically overlies Whakatane Ash. It is much more 

widespread than previously demonstrated and, with a possible dispersal 

index (D) value of the order of 10 4 km 2 , may have been emplaced by a 

very powerful "above average" plinian eruption. 
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Auckland and Northland 

Cores from Lake Waiatarua (Auckland City) and Lake Omapere (near 

Kaikohe, Northland), contain relatively thin (<c.100 mm) rhyolitic 

the Okatal·na, Taupo, and Mayor Island volcanoes tephras derived from 

(Paper 7). Based on mineralogy, glass chemistry, 14 C dates, and 

stratigraphy, the tephras identified (some provisionally) in Lake 

Waiatarua are (ages in years B.P .. old T½ basis): Tuhua (c.6200). 

Mamaku(?) (c.7000), Rotoma (c.8500). and Opepe(?) (c.8900) (a locally­

derived basaltic ash from Mt. Wellington volcano. "Mt. Wellington 

ash", also occurs; its age is probably c.9000-9300 years B.P.). In 

Lake Omapere. tephras of late Quaternary age identified include Mamaku 

Ash (c.7000 years B.P.) and Rotoehu Ash (c.50 000 years B.P. ). The 

latter deposit, c.100 mm thick, may partly comprise littoral co­

ignimbrite ash-fall (cf. Walker 1979). 

These are evidently the first rhyolitic tephras other than 

Kaharoa Ash and Taupo Pumice to be positively identified in Auckland 

and Northland. 

Objective 2 

"to help establish compositional criteria, particularly using the 
electron microprobe, for identifying and correlating late Quaternary 
rhyolitic and andesitic tephras in New Zealand" 

Taken together, various persistent mineralogical and chemical 

compositional features of the distal late Quaternary rhyolitic and 

andesitic tephras examined in this thesis enable their source 

volcanoes to be established. The dominant ferromagnesian 

mineralogical assemblage (determined by petrographic microscope), and 

glass chemistry (determined by electron microprobe), are generally the 

most useful and readily determinable parameters. Egmont and Tongariro 

sources may additionally be distinguished using electron microprobe-
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determined Fe-Ti oxide co ·t· ( · · mpos1 ions e.g .. by differences in Cr 2 0 3 and 

MnO concentrations), thus supporting the earlier findings of Kohn & 

Neall 11973). Pre-eruptive temperatures and oxygen fugacities 

calculated by geothermometry from analyses of suitable Fe-Ti oxide 

pairs may provide an adjunct way to aid tephra correlation. 

Another potential means for discriminating eruption sources, and 

worthy of further testing, is through variations in the chemistry of 

ferromagnesian silicate minerals (e.g., wollastonite levels differ by 

small amounts in clinopyroxenes in Egmont and Tongariro tephras). The 

electron microprobe is ideally suited for such analyses (see also 

Smith & Leeman 1982). 

The relative abundances of heavy minerals, opaque minerals, and 

the proportion of glass to feldspar. may assist in identifying tephra 

sources. However. these properties are liable to vary, hence they 

should be used in conjunction with other data. 

The main diagnostic compositional criteria found to characterise 

the six tephra-source volcanoes considered here are summarised as 

follows (see also Table 11, p.147, in Paper 4): 

Taupo: hypersthene ± augite. sodic plagioclase, glass with 

rhyolitic composition (part analysis mean weight%± 1 standard 

deviation: Ti0 2 0.20 ± 0.04, FeO* (total Fe) 1.66 ± 0.15, MgO 0.17 ± 

0.04, CaO 1.26 ± 0.13); Okataina: hornblende+ hypersthene + augite 

± cummingtonite ± biotite, sodic plagioclase, glass with rhyolitic 

composition (tephras other than Rotorua Ash: Ti02 0.11 ± 0.04, FeO* 

0.90 ± 0.08, MgO 0.11 ± 0.02, CaO 0.78 ± 0.07; Rotorua Ash: Ti02 0.21 
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± 0.04, FeO* 1.30 ± 0.14, MgO 0.21 ± 0.05, CaO 1.26 ± 0.23 ); Maroa: 

glass with rhyolitic composition (Ti02 0.07 ± 0.03, FeO* 0 - 87 ± O.l8 , 

MgO 0.07 ± 0.02, CaO 0.68 ± 0.09); Mayor Island: aegirine ± 

aenigmatite ± riebeckite ± olivine, alkali feldspar, glass wi th 

peralkaline composition (peralkaline index 1.33 ± 0.1): Tongariro: 

clinopyroxene (Wo 42 ! 2 ) + orthopyroxene ± olivine. calcic plagioclase. 

Fe-Ti oxides with high Cr 20 3 (c.0.2-3%) and low MnO (c.0.3-0.5%), 

glass with andesitic composition (Si0 2 61.38 ± 2.41%): Egmont: 

clinopyroxene (Wo 45 ! 2 ) +hornblende± orthopyroxene. calcic 

plagioclase, Fe-Ti oxides with low Cr 2 0 3 (<c.0.05%) and high MnO 

( 0 5 1 O•) gl w1·th rhyolitic-dacitic composition low in Si02 c. . - . 10 , ass 

170.46 ± 2.19%) and high in K20 (4.32 ± 0.76%). 

It is emphasised that the individual tephras derived from each 

volcanic centre were identified, where possible, by additionally 

considering their stratigraphic position and radiometric age. For 

most tephras, the glass major element chemistry, for ex.ample, is 

insufficient on its own or without stratigraphic control to identify a 

named tephra from a particular eruptive centre. However. some tephras 

have certain peculiar compositional properties that may facilitate 

their correlation (e.g .. the presence of aegirine and peralkaline 

glass in Tuhua Tephra: abundant cummingtonite in ½hakatane and Rotoma 

tephras; abundant biotite in Kaharoa. Rerewhakaaitu. and Okareka 

tephras; a Taupo-like glass chemistry for the Okataina-derived Rotorua 

Ash; glass very low in Ti02 and MgO. and high in K20, in Puketarata 

Ash). Nevertheless. in almost all cases a degree of stratigraphic 

control (as was available in this study) is essential for positive 

identification. Numerical analysis (e.g., cluster analysis or 

discriminant function analysis) of the compositional variations of 
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glass. Fe-Ti oxides, or other minerals may aid in identifying tephras 

where stratigraphic control is less certain (e.g.' see Sarna-Wojcicki 

1976; King et al. 1982; Beaudoin & King 1986). 

Detailed compositional characteristics of most of the tephras 

studied are contained mainly in Paper 4 (Tables 3-11) and Paper 12. 

Objective 3 

"to investigate new methods for detecting thin tephra layers in 
lake sediments and peats" 

Three new methods were investigated: the application of x­

radiography to unopened, small diameter sediment cores containing thin 

(c.0.5-10 mm) tephra deposits; a rapid x-ray fluorescence (XRF) method 

for detecting tephras in peats or organic deposits; and the 

application of subsurface interface radar (SIR) to lake sediments and 

peats containing thin tephras. 

X-radiography provides a simple and rapid means of determining 

the accurate stratigraphic position. structure. and thickness of 

tephra layers, particularly of very thin or visually indistinct 

deposits. The x-radiographs, which provide a permanent record of core 

stratigraphy, help in assessing the degree of dissemination and 

bioturbation of the tephras (Papers 3 and 4). 

The XRF method is a useful and easy way of detecting indistinct 

tephric deposits (or any inorganic material) disseminated in peaty or 

organic sediments. Differences in tephra composition may also be 

determinable, as demonstrated for the calcalkaline and peralkaline 

tephras in a core from the Hauraki bog (Paper 3). 
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The SIR study at Lake Maratoto, the first of its kind in New 

Zealand (Paper 2), showed that the system offers considerable 

potential as a tool for shallow subsurface profiling. SIR is fast, 

precise, and reasonably accurate compared with conventional coring and 

probing methods, but still requires good stratigraphic control for 

reliable interpretation. Maximum radar penetration depths of 10 m 

were attained on Lake Maratoto. 8 m on Rukuhia peat. About a dozen or 

so interfaces, assumed to correspond to some of the thicker, more 

compact tephra layers that occur within the lake sediments were 

readily detected by SIR. Scale expansion showed that the tephra 

layers may vary in thickness. but generally follow the shape of the 

lake basin topography. Tephra layers in the peats were more difficult 

to make out using SIR. 

SIR could thus be very effective in various studies involving 

tephrochronology and palaeoenvironmental reconstructions from limnic 

and possibly peat deposits. It could also be useful in mapping 

shallow tephra layers in other geological environments. 

Objective 4 

"to improve the chronology of late Quaternary rhyolitic and 
andesitic tephras in New Zealand" 

About 100 new 14 C dates were obtained on ct· l 1sta late Quaternary 

tephras. Almost all of the tephras dated are younger than c.17 000 

years B.P. Tephras older than this generally remain poorly dated. 

the new dates, c.42% apply to Okataina-derived tephras. c.25% to 

Taupo-derived tephras, c.20% to Egmont-derived tephras, c.10% to 

Of 

Tongariro-derived tephras, and c.3% to the Mayor Island-ct -
er1ved Tuhua 

Tephra. 
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Fig. 1. Integrated stratigraphy and chronology of late Quaternary 
distal tephras from six volcanic centres, based on 
occurrences in lake sediments and peats in the Waikato and 
other regions in northern and eastern North Island. 

Tephra names are Tp, Taupo; Mp, Mapara; Wo, Whakaipo; Wm, 
Waimihia; Hm, Hinemaiaia; Mt. Motutere; Op, Opepe; Po, 
Poronui; Kp, Karapiti; Ka, Kaharoa; Wk, Whakatane; Ma, 
Mamaku; Rm, Rotoma; Wh, Waiohau; Rr, Rotorua; Rk, 
Rerewhakaaitu; Ok, Okareka; Pk. Puketarata; Tu, Tuhua; Mm, 
Mangamate; Oa. Okupata (units 1 to 8); Rt, Rotoaira; Eg-1 to 
Eg-15. uncorrelated Egmont-derived tephras; un, uncorrelated 
or unnamed tephra. Ages on old half-life basis. 
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Most of the dates were obtained on slices of lake sediment or 

/ peat enclosing the tephra layers. Because these sediments represent/ 

an accumulation interval, the resultant dates may be limited in their 

accuracy, with respect to the age of deposition of the tephras. by 

perhaps up to several hundred years. Errors associated with the 

dating laboratory counting procedures also limit the degree of 

resolution that may be obtained using the 14 C method. However. 

sediment cores provide exceptional stratigraphic control and the 

opportunity to cross-check dates by correlating the tephras to 

equivalent deposits in other environments. The development of new 

dating technology whereby smaller samples are needed than at present 

might help to reduce the current levels of imprecision. 

The dates are reported in full, and their reliability discussed, 

in Paper 8 (see also Papers 4, 5. 6, 9, and 12). The ages adopted for 

the post-c.20 000 years B.P. tephras examined in the study are 

summarised in Fig. 1 (see also Objective 1 above). 

To a large extent the dates agree closely with those obtained for 

the same tephras elsewhere. although relatively few dates are 

available for the stratigraphically complex andesitic eruptives from 

Tongariro and Egmont. Discrepancies are associated with the eruption 

ages of the Okataina-derived Rotoma Ash and Waiohau Ash. Rotoma Ash 

is thought to be aged c.8500 years B.P. (previous dates range from 

c.7000 to c.8900 years B.P. l, and Waiohau Ash c.12 200 y B p ears .. 

(previous range is c.11 100 to c.11 800 years B.P. ). 

The results obtained show that with appropriate care in sampling 

and interpretation, tephra-bearing lake sediments and peats offer one 
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of the best means for bt • • · o a1n1ng an accurate and comprehensive 

chronology of late Quaternary tephra eruptions in New Zealand. 

Objective 5 

"to investigate the developmental history of Lake Maratoto using 
tephrochronology to help our understanding of· palaeoenvironmental 
changes in the Waikato region" 

Changes in Lake Maratoto and its catchment over the past c.17 ODO 

years were inferred from studies of the sediments in cores from the 

lake and from the peat around it, the correlation and timing being 

based on tephrochronology and 14 C dating. The dated marker tephras 

used (with dates in years 8.P .. old T½ basis) were: Taupo Pumice 

(c.1730), Tuhua Tephra (c.6210), Mamaku Ash (c.6830), Opepe Tephra 

(c.9370), Mangamate Tephra (c.9950), Waiohau Ash (c.12 400), Rotorua 

Ash (c.13 450). and Rerewhakaaitu Ash (c. 14 700). 

Lake Maratoto, like most of the other peaty lakes in the Hamilton 

Basin (Lowe & Green 1987), originated c.17 ODO years ago when a small 

valley was dammed by volcanogenic alluvium (Hinuera Formation). From 

c.17 ODO to c.14 ODO years ago the lake was about 2 m deep with clear 

water. Marginal peat first developed at c.15 ODO years ago, reducing 

the area of the lake by about one-half by c.13 ODO years ago. Lake 

area then expanded. possibly because of marginal erosion or oxidation 

of the peat. or both, to its maximum size at the present day. The 

adjacent Rukuhia peat bog grew rapidly from c.11 ODO years ago and is 

now 8 m thick immediately· to the west of the lake. As a result of 

this growth, the lake became dystrophic and deepened (3.5 mat c.7000 

years ago, 6.4 mat c.2000 years ago, and 7.1 m today). 
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The developmental history suggests that net precipitation 

increased at c.15 000 years ago, increased further at c.ll OOO years 

to C.7000 Years ago at least, but with a decline ago, remaining high 

at or before c.2000 years ago. There may have been a distinctly 

wetter or windier period from c.10 000 to c.9000 year~ ago. This 

interpretation is generally consistent with other reconstructions of 

postglacial climate in the Southern Hemisphere. 

Further multidisciplinary palaeoenvironmental studies on Lake 

Maratoto and other Waikato lakes are in progress. 

Objective 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 objectives 1 and 2" 

The factor of time (tephra age or effective weathering time) has 

frequently been viewed as the main reason why the amounts and types of 

clay minerals. especially allophane and halloysite, vary in tephra 

deposits of predominantly acid to intermediate composition and in 

temperate latitudes. The review section of Paper 11 (p.350) showed 

that the types and rates of formation and transformation of tephra­

derived clay minerals are probably determined chiefly by macro- and 

microenvironmental factors together with the mineralogical and 

physicochemical composition and the parent deposits. Period of time 

of weathering in clay mineral genesis is indirect and subordinate in 

its effect in that weathering rates and products are chiefly dictated 

by other controls. Environmental conditions that affect the 

concentration of silica in solution, the availability of alumina, and 

the opportunity for coprecipitation of these are paramount and are 
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controlled by the leaching regime, the organic cycle, and pH. In 

turn, these factors are conditioned by climate (particularly 

rainfall), drainage, tephra thickness, depth of burial, and the 

frequency and amount (thickness) of fresh tephra (or "tephric loess") 

accessions. Allophane and imogolite are possibly reaction end points 

rather than short-lived transition products. They appear to be able 

to persist for long periods, if conditions are favourable. Halloysite 

and gibbsite appear to form directly from the dissolution products of 

primary or secondary minerals. depending mainly on whether conditions 

favour resilication or desilication. The occurrence of 2:1 and 2:1:1 

type clay minerals in some tephras has been explained in various ways. 

Support for a pedogenic synthesis model appears to be lessening. 

The second part of Paper 11 (p.368) illustrated that differences 

in field properties, clay fraction mineralogy, and weathering in 

distal, late Quaternary rhyolitic and andesitic tephra deposits in the 

Waikato region, New Zealand, could be partially explained by each of 

the three broad controls reviewed previously (i.e., effect of length 

of time of weathering. compositional controls, and environmental 

controls). However, the differences were attributed largely to 

differences in current environmental conditions (and possibly enhanced 

by past conditions). In reaching such a conclusion, it is clear that 

in these sorts of studies an accurate tephrostratigraphy and a 

knowledge of primary composition is vital, as is a full consideration 

of other factors. The lakes in the Waikato region and the succession 

of unweathered tephras contained in their sediments provide a unique 

model to help evaluate the controls and rates of weathering of the 

subaerial tephra deposits and soils (see also Paper 10). 
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The environmental conditions having the greatest influence are 

degree of drainage, tephra thickness, depth of burial and site micro­

relief, wetting and drying, and the effects of the organic cycle (Al­

humus complexing, formation of organic acid complexes, formation of 

biogenic "opal", plant water uptake. and biological homogenising). In 

addition, compositional variations (chiefly the proportion of 

andesitic to rhyolitic tephra material) were seen to affect the clay 

mineral genesis, but to a lesser extent over all, than the site 

weathering conditions. The amount and composition of the dominant 

primary minerals. notably plagioclase and volcanic glass, determine 

the initial ("potentially available") Al:Si ratios. Which of these 

variables has the predominant effect may vary from site to site. 

especially as the relative abundances of rhyolitic and andesitic 

tephras in the profiles change geographically. Together, the 

environmental and compositional factors control the concentration of 

Si in solution and its distribution in the profile, and the 

concentration and availability of Al. 

The weathering model developed in Fig. 2 emphasises that many 

site-specific environmental conditions and compositional factors, 

rather than just rainfall. may control the concentration of Si (and 

Al) in solution and its distribution through the profile, and provide 

circumstances for either its loss. its precipitation, or its 

coprecipitation with available Al. Because these many possible 

controlling influences have operated both in the past and the present, 

then studies relating tephra cla.v mineralogy t l o pa aeoenvironment must 

be interpreted with caution. 
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mogo ite + allophane (Al:Si = 2.0) + (?) gibbsi te 
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<J------- corrrpZexj,ng, acid organic complexes, biogenic opal 
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shaZZouYness 
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<J-------Decreasing degree of drainage-------------­
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Decreasing rainfall (annual amount or net precipitation)-
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POSSIBLE 

CONTROLLING 
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Fig. 2. Provisional weathering sequences for tephras in the Waikato 
region. I have attempted to show clay mineral formation and 
persistence with respect to various environmental controls 
other than tephra age. The clay minerals increase in amount 
(in direction of arrows with solid heads) as a function of 
the various environmental influences (arrows with open 
heads). The sequence might be applicable to tephra deposits 
in other areas. Part of the diagram is based on Parfitt et 
al. (1983). 



Objective 7 

the value of lake sediments and_peats as 
"to demonstrat~ s the comprehensiveness of the 

recorders of volcanism, and to asses t· in New Zealand" 
record obtained for late Quaternary erup ions 

Potenti.ally comprehensive record of volcanic An integrated and 

activity may be obtained by studying tephra deposits preserved in 

sediments in lakes and bogs. The studies on tephras in these 

environments in distal localities in northern North Island (Paper 12) 

have elucidated the stratigraphy, chronology, and compositional 

relationships of 46 rhyolitic or andesitic eruptives. aged from c.700 

to c.17 ODO years B.P .. which originated from six volcanic centres 

(see Fig. 1). These tephras document an eruptive event every c.370 

years on average since c.17 000 years ago. 

The record of explosive volcanic activity in the Taupo, Okataina. 

and Maroa volcanic centres (all rhyolitic) is fully represented. but 

that of the Mayor Island, Tongariro, and Egmont volcanoes is less 

complete. The tephras erupted from these last three volcanoes ma~ 

thus reflect atypically powerful eruptions. or dispersal by unusual 

wind conditions. A more comprehensive record of volcanism for the 

Mayor Island, Tongariro, and Egmont volcanic centres might be obtained 

from cores from suitable lakes or bogs nearer to these centres. 
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APPENDIX A. 

Guide to the nature and methods of analysis of the clay fraction of tephras 

from the South Auckland region, New Zealand. 

This manual was published as Occasional report No.11 (1983), 

University of Waikato, Department of Earth Sciences, as a companion to 

Occasional report No.10 by Hume & Nelson (1982). 

The manual is in two parts. Part 1 reviews the nature and genesis 

of tephra-derived clay materials. Part 2 summarises methods and 

interpretation of the analysis of clay fractions. Some results from my 

M.Sc. thesis (Lowe 1981) chapter on clay mineralogy (Chapter 6) are 

included in Part 2 as examples of data presentation and interpretation. 

The manual gives details of some of the methodology used in Paper 

11, and, as in the latter, emphasises how an accurate knowledge of site 

tephrostratigraphy is fundamentally important to the development of models 

of tephra weathering and argillisation. 

(See manual for references.) 

I thank my co-author, Dr C.S.Nelson, for his assistance in the preparation 

of the manual. 
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ABSTRACT 

South Auckland tephras often contain a significant amount of 
clay-sized (<2µm) material derived principally from the in situ 

weathering of glassy and other components in the deposits. The 
clay fraction generally increases with age and is mainly dominated 
by allophane and/or halloysite, but can include also small quantities 
of other secondary constituents, such as imogolite, poorly ordered 
iron and aluminium oxides and hydroxides, silica polymorphs of 
cristobalite, tridymite or opaline silica, humus and humus complexes, 

0 

and 14A clay-vermiculite. This manual firstly reviews briefly the 
nomenclature and nature of these clay components and their general 
occurrence in South Auckland tephras. Concerning weathering sequences, 
it is emphasised that separate 'mineral' transformation pathways appear 
to exist for the various components according to their chemistry and 
to site weathering conditions, particularly as they affect the 
concentration of Si in solution and the availability of Al, and the 
opportunity for co-precipitation of these. 

The main intention of the manual is to outline some of the more 
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common laboratory procedures available for qualitatively and quantitatively 
analysing the composition of the tephric clays, many of which are 
difficult to determine because of their short range order or "amorphous" 
nature. Techniques described and assessed in terms of their rapidity 
and quantitativeness include X-ray diffractometry (XRD), infrared 
spectroscopy (IR), differential thermal analysis (OTA), transmission 
and scanning electron microscopy (TEM and SEM), sodium fluoride 
reactivity, chemical dissolution analyses, and surface area measurements. 
No one technique alone produces a definitive clay fraction analysis of 
tephric deposits. 

The reference list includes more than 200 entries relevant to 
tephric clay studies in general, allowing for more specialist 
investigations where appropriate. 
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INTRODUCTION 

Tephra is a collective term for predominantly unconsolidated 
pyroclastic materials of both air-fall and flow origin (Schmid 1981; 
Self and Sparks 1981 ), although the term has previously been restricted 
to pyroclastic fall deposits only (Wright et al. 1980). This latter 
sense is generally retained for this article. 

Tephras, predominantly of Quaternary age and of mostly rhyolitic 
or andesitic composition, form widespread near-surface and surficial 
blanket deposits in the South Auckland region* of North Island, and 
consequently they are of paramount importance as soil-forming parent 
materials. They have originated mainly from peripheral volcanic 
centres on Coromandel Peninsula, from the Taranaki and Tongariro­
Taupo-Rotorua districts, and from Mayor Island in the Bay of Plenty 
(Pullar and Birrell 1973a; Pullar et al. 1973; Howorth 1975; Mccraw 
1975; Vucetich and Howorth 1976; Hogg and Mccraw 1983). Because of 
erosion, non-deposition, and other factors, the stratigraphic sequence 
of surficial tephra deposits varies widely from place to place. To 
date about 75 separate air-fall tephra formations have been named, 
ranging in age from a few hundred years to possibly a million years 
or more, and having a combined total thickness of as much as l0-12m 
(e.g., see references above and in Howorth et al. 1981, p. 131). 
Table l lists the tephras that have been identified to date in the 
Hamilton-Raglan area. and includes their generalised thicknesses and 
ages. Individual tephras may be separated by well defined paleosols 

(Gibbs 1980), although detailed laboratory analyses have indicated 
the composite nature of several of the otherwise apparently homogenous 
tephra deposits (e.g. Pullar and Birrell 1973b; Hodder and Wilson 1976; 
Hogg 1979; Lowe 1981; Hogg and Mccraw 1983). In addition, subsurface 
drilling in the South Auckland lowlands shows that several pyroclastic 
flows (distal ignimbrites) reach into the region (e.g. ,Todd 1982), 
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and future work will undoubtedly indicate also the presence of associated 
air-fall deposits at depth. 

This manual outlines some laboratory procedures applicable to 
the mineralogical analysis of tephra deposits in the South Auckland 
region, with major emphasis on their clay fraction. A companion 
report exists describing X-ray diffraction (XRD) techniques of 
mineralogical analysis appropriate for many sedimentary deposits in 
South Auckland (Hume and Nelson 1982). The tephra deposits are treated 

* This is generally taken to include the Pukekohe-Waikato-Bay of 
Plenty-Coromandel-King Country-Taupo areas. 
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Table 1. Names, sources, ages, and thir.knesses of known tephras which have b~en deposited in the Hamilton­
Raglan area. Unnamed tephras in addition to those listed also occur (Lowe, in prep.). Data mainly after 
Lowe (1981, 1981a, p. 70) and references therein. 

Tephra Fonnation 

Ngauruhoe Tephra 
Tauoo Pumice 
Whaka i po Teohra . 
Tuhua Tephra 
Mamaku Ash 
Rotoma Ash 
Opepe Tephra 
Andesitic Ash 

(Tsg19) 
Mangamate Tephra 
Waiohau Ash 
Okupata Tephra 
Rotorua Ash 
Rotoaira Lapilli 
Rerewhakaaitu Ash 
Okareka Ash 
Kawakawa Tephral 
?Okaia Tephra 
Tahuna Tephra 2 

?Tihoi Tephra 
Rotoiti Breccia -+ 

Rotoehu Ash Mb. 

Hami 1 ton Ash 
(beds Hl -H7) 

Kauroa Ash 
(many beds) 

Old half-life basis 
Member 
Uncertain 
Previously reported as Oruanui Ash 

Source 
(volcanic centre) 

Tongariro 
Taupe 
Taupo 
Mayor Island 
Okataina 
bkataina 
Taupo 
Egmont or 

Tongariro 
Tongariro 
Okataina 
Tongariro 
Okataina 
Tongariro 
Okataina 
Okataina 
Taupo 
Taupo 
Okataina 
Taupo 
Okataina 

Unknown 
(?central North 

Island) 

Unknown 
( ?Coromande 1 & 

central North 
Island) 

Approx. age 
years B.P.* 

Historical 
1.800 
2,800 
6.200 
7,000 
8,300 
8,800 
9,000 

10,000 
H,500 
12.500 
13,500 
13.800 
14,700 
19,000 
20,000 
25,000 
39,000 
39,000 
42,000 

'\,100,000-

400 •0003 

'\,200,ooo­
l,000,0004 

Max. thickness 
(cm) 

<1 
5 
l 
5 
4 
l 
2 
2 

4 
3 
1 
4 
1 
3 
5 

15(?) 
? 

15(?) 
? 

30(?) 

500 

900 

Previously reported as {undifferentiated} Mangaoni Lapilli 

v1ario~s estimates by McCraw (1975), Vucetich et al. (1978) and Hendy et al 
1980), among others • • 

Various estimates by Pullar and Birrell (1973a}. McCraw (1975) Pain (1975) 
Davoren (1976), and Salter (1979), among others • • 

Table 2. Relationship between tephra d 1 Waikato-Bay of Plenty regions Data a~fe a~. cay content of some predominantly rhyolitic tephras from the 
(1979), Lowe (1981, and unpubiished info~;at~~~)~l and Pullar (i 973 ), Hogg (1974), Davoren (1976), Salter 

Tephra Approx. age Av. % clay (<2µm) No. of samples years B.P. in tephra analysed 

Kaharoa Ash 700 6 Taupe Pumice 1 
Waimihia Formation 

1,800 5 7 
Whakatane Ash 

3,400 5 2 4,600 
Mamaku Ash 7,000 

7 4 
Waiohau Ash 11,500 

8 8 
Rerewhakaaitu Ash 14,700 

18 3 
Okareka Ash ) 9 7 
and Te Rere Ash ) 19,000 15 7 
Kawakawa Tephra 20,000 
Tahuna Tephra ) 18 11 
and others ) c.30,000 16 
Rotoehu Ash 42,000 

10 

Hamilton Ash ~""l 00 ,000 
25 9 

Kauroa Ash 65 
~'\,500 ,000 85 

10 
43 
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separately because of several special properties, including their 
glassy nature, their often considerable clay content, and their unique 
clay mineral compositions. For completeness, and to aid data inter­
pretation, the manual is divided into two parts, the first describing 
the nature and nomenclature of the potentially complex array of 
tephra-derived clay mineral types, as well as commenting briefly on 
their genesis, and the second the various methods of sample preparation 
and analysis. A large number of references are included purposely for 
additional specialist reading and to provide follow-up details on 
either genesis or methodology. The reader interested solely in 
analytical procedures is referred directly to the introductory remarks 
of Part 2 (p. 22 ), as well as to Table 5 (p. 24), which aims to help 
guide the non-specialist clay mineralogist in the choice of analytical 
techniques which might best suit his or her intentions. 

PART l : NATURE AND GENESIS OF TEPHRA-DERIVED CLAY MATERIALS 

With increasing age the amount of clay-sized (<2µm) material in 
tephras generally increases dramatically as glassy and other components 
are broken down and transformed to clay minerals. For example, tephras 
less than about 2,000 to 3,000 years old have <5% clay, those from 
3,000 to 10,000 years age have between 5 and 10% clay, those from 10,000 
to 50,000 years age typically contain 15 to 30% clay, while those 
older than about 50,000 years contain >60% clay (Table 2). Environmental 
parameters such as depth of burial, climate, vegetation, and degree 
of leaching also influence the proportion of clay-sized material in 
a deposit, and, together with the primary composition of the deposit, 
determine the types of clay minerals within the clay fraction. 

The clay fractions comprise mainly authigenic minerals with 
subordinate amounts of residual (primary) or accessory minerals. A 
notable feature of almost all tephra-derived clay fractions is the 
occurrence of short range order (often referred to as 11 non-crystalline 11

, 

11 poorly ordered 11 , or 11 amorphous 11 ; see Brindley 1977; Bailey 1980) 
clay minerals, in addition to well ordered or crystalline species. 
A key characteristic of the short range order materials is the dominant 
presence of active aluminium which occurs in various mineralogical forms 
(Wada 1980). Short range order minerals can also occur, usually in 
small amounts, in some soils (notably podzols) derived from non-tephric 
and non-vitric materials (e.g., Wada and Harward 1974; Milestone and 
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Wilson 1977; Tait et al. 1978; Ross 1978; Farmer et al. 1980; Wada 
1980; Young et al. 1980; Farmer 1982). Studies on these minerals have 
helped elucidate the actual conditions and mechanisms of formation of 

their counterparts derived from tephric materials. 

Types of clay components in South Auckland tephra materials 

The most abundant secondary minerals occurring in the clay fractions 
of tephras are allophane and halloysite. Subordinate amounts of imogolite, 
poorly ordered iron and aluminium oxides and hydroxides (including 
gibbsite), secondary silica polymorphs of cristob~lite, tridymite, 
and opaline silica, humus and humus complexes, 14A clay-vermiculite, 
and very rare kaolinite have been additionally reported in central 
North Island and overseas tephra deposits. Other 2:1 and 2:1 :1 layer 
lattice silicates and their intergrades occur in substantial amounts 
in some Japanese tephra-derived soils. Allophane-like constituents 
(defined by method of extraction) are also reported in the Japanese 
literature. Residual (primary) quartz, feldspar, cristobalite, and 
glass may also occur in tephra clay fractions. For most studies only 
a few of these minerals, excepting allophane and/or halloysite, are 
likely to be encountered in any one sample, and then in small amounts 
only. However, in specific and detailed "clays-oriented" studies some 
of the components other than allophane and halloysite may form a more 
critical part of the investigation. Consequently, explanatory background 
notes on each of the minerals listed above, and their general occurrence 
in South Auckland tephras, are summarised below. 

For more detailed information some recent articles discussing the 
chemical compositions, chemical and physical structures, surface properties, 
and reactivities of these tephra-derived secondary minerals include 
Quantin (1974), Hada and Harward (1974), Gieseking (1975), Dixon and 

Weed ( 1977) , Maeda et a 1. ( 1977) , Brown et a 1. ( 1 978) , Sudo and Shi mod a 
(1978), Schwertmann (1979), Theng (1980), Tuohy (1980), and Theng 
etal. (1982). 

Allophane 

Allophane is the name given to a ser,·es f t 11 o na ura y occurring 
hydrated aluminosilicate clays characterised by short range order and 
the predominance of Si-0-Al bonds. Their chemical composition varies 
but typically they show Al :Si molar ratios between 1.0 and 2.0 and 
H20(+):Al203 molar ratios between 2.0 and 4.5 (Wada 1977, 1980; Parfitt 
et al. 1980). This definition of allophane, despite its wideness, has 
been generally adopted by workers in Japan and U.S.A. (van Olphen 1971), 
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as well as in New Zealand (Rankin and Churchman 1981). Recent work 
has identified two main forms of allophane, one having an Al :Si molar 
ratio close to l .0 and another with a ratio of ~2.0. The latter form, 
which anpears to predominate, has been termed 'proto-imogolite' allophane 
(Parfitt et al. 1980) and is discussed further below. 

Allophane was originally described as being "amorphous" (to X-rays) 
and therefore having little or no structural organisation. However, 
high resolution electron microscopy has shown that all forms of allophane 
consist of irregular aggregates constructed of hollow, spherically shaped 

0 

particles with diameters of 35 to 55A (Fig. l; Henmi and Wada 1976), 
and with surface areas of about 800m2/g (Parfitt and Henmi 1980) or 
more (Wada 1980). The wall thickness of individual spherules is between 

0 

about 7 and lOA and each contains about 8-10 pores (broken bond defects) 

~- 'Defect kaolin structures' 
Al-O, OH octahedral sheet 
Si, Al-O, OH tetrahedral sheet 

' ' ' 
',, -- 'Pores' ¢~ 3 i 

35 - 55 i 

Fig. 1. A schematic representation of the spherical 'structural unit' 
of allophane (from Wada 1979, p. 538). 

which allow the passage of water. Parfitt et al. (1980) suggested 
that the framework for the allophane structure is a gibbsitic Al 
octahedral sheet. The short range order or non-crystalline character 
of allophane derives from the local, non-repetitive nature of the 
spherical "structural unit" (Fig. 1; Okada et al. 1975; Wada and 

Wada 1977; Wada 1979). 

Allophane is ubiquitous in tephras in the South Auckland region 
and in many cases is the dominant constituent of the clay fraction. 

Imogolite 

Imogolite is an hydrous aluminosilicate that was first described 

in a Japanese soil known as imogo, derived from glassy volcanic ash. 
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to allophane, but occurs as smooth ~nd 
It is similar in many ways • 

Several microns long and 100 to 300A ,n 
curved "fi l i form" threads, 

The threads comprise finer tubular units with 

478 

diameter (Wada 1980) • 0 • (F" 2) . t f about 10 and 20A respectively ,g. , 
inner and external d1ame ers o 

f about 145om2/g (Theng et al. 1982). 
and an external surface area o 

a 

OAI 

@ Si 

oo 
@OH 

Fig. 2. (a) Cross-section of an imogolite tube viewed down tge tube 
axis. The outside diameter is 21 .4~, the inside diameter 6.4A. The 
external surface of the tube comprises a gibbsite-like structure but 
the internal surface has exposed Si-OH groups (Si0 30H) with the Si 
in isolated tetrahedral sites (after Parfitt, 1980b, p. 169). (b) Curling 
of the gibbsite hydroxide sheet by contraction of one surface to 
accommodate the Si0 30H tetrahedra (after Wada 1977, p. 618). 

Cradwick et al. (1972) explained the tubular units as paracrystalline 
(i.e., 1-dimensional structural units somewhere between short and 
long range order; Wada 1977) cylindrical structures in which the OH 
groups of one side of a gibbsite sheet lose protons and bond to Si atoms, 
with the Si atoms out of the plane of the sheet. Because Si-0 bonds 
are shorter than Al-0 bonds, the unit is forced to contract to form a 
cylinder with a circumference of 10, 11 or 12 modified gibbsite unit 
cells (Fig. 2; Brown et al. 1978; Parfitt 1980b; Wada 1980). Compositionally, 
the Si02:Al203 range for imogolite appears to be slightly narrower than 
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for allophane, being l .05 to l .15 (Wada 1977). 

Imogolite is usually present in only small amounts in New Zealand 
tephras (Yoshinaga et al. 1973; Parfitt et al. 1982) and has been reported 
in tephra material in the Waikato region (Jessen 1977). 

'Proto-imogolite' allophane 

This informal term refers to allophanes which have imogolite 
structures on the atomic scale but do not exhibit the tubular 
morphology of imogolite (Parfitt and Henmi 1980). Infrared spectro-
scopy yields an imogolite spectra, similar to that exhibited by synthetic 
'proto-imogolite' gels, but electron micrographs indicate that the 
imogolite structural arrangement is distorted to give hollow spherules 
rather than tubes. 'Proto-imogolite' allophanes apparently have Al :Si 
ratios close to 2.0 and are the dominant type of naturally occurring 
allophane. 

Samples of allophane with molar Al :Si ratios between l .0 and 2.0 
have been shown by Parfitt et al. (1980) to be mixtures of their 
allophane structure (Al :Si~l .0), and a proto-imogolite allophane 
structure (Al :Si~2.0), indicative of an allophane structural series 
(see also Wada 1979 ; Wada 1980, p. 90). Continued use of the term 
'proto-imogolite' allophane is not generally favoured (Rankin and 
Churchman 1981) but appears to be well established in the literature. 
There is a trend, however, to qualify the allophane 11 type 11 simply by 
reporting its Al :Si ratio as a prefix or suffix. 

'Proto-imogolite' allophane, initially characterised in New Zealand 
in samples from the Taranaki region, has been shown to be the dominant 
form of allophane (reported as allophane with Al :Si = 2.0) in the Waikato 

region (Parfitt et al. 1983). 

Allophane-like constituents 

These are defined as non-crystalline aluminosilicates, dissolved 
by citrate-dithionite and 2% Na 2 C0 3 reagent (Wada 1977, 1980). As such, 
they are never directly observed and their infrared spectra are 
recorded only by a difference method, using samples before and after 
treatment. Parfitt et al. (1980) suggested that they may represent the 
Fe- or Al-rich part of the allophane wall or other defects, rather 
than representing a separate structure. Wada (1980) suggested that they 
are possibly polymeric hydroxy-aluminosilicate cations. 

They are not generally reported in New Zealand tephras. 
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Hal 1 oysite 
. k 1 . ·t subgroup 1 :1 layer silicate mineral. Halloysite is a ao ini e . 
• h · 1 roughly concentrically-banded particles, 

It occurs mainly as sp erica , . 
b ,ls Or curled flakes (Dixon 1977). Kirkman (1981) 

or as tu es, scro , 
describes these morphologies as squat and elongate ellipsoids. Platy, 

tabular and disc-shaped halloysite has also been reported. 

Halloysite can occur in two phases (Brown et al. 1978), one with 
two interlayer water molecules per formula unit (lOA spacing), and the 
other without (7A spacing). The presence or absence of this interlayer 
water is one way of distinguishing hydrated halloysite from kaolinite 

0 

( 7 A). 
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The existence of these hydrated and dehydrated phases of halloysite 

has lead to much confusion in the literature with respect to nomen­
clature. Brindley and Pedro (1975) have recommended that halloysite 

0 

be referred to as either lOA halloysite (equivalent to "hydrated 
0 

halloysite" or 11 endellite 11 ) or 7A halloysite (equivalent to "dehydrated 

halloysite" or "metahalloysite"). 

Halloysites have much larger unit particles than allophane (about 
0 0 

3000-6000A cf. 50A) and their properties and reactivities relate to 
this particle size as well as particle morphology, a relatively high 
degree of crystallinity, and a Si-0-Si outer surface in contrast with 
the Al-OH-Al surface of (Al:Si~2.0) allophanes (Theng et al. 7982). 

In the South Auckland region halloysite is often the dominant 
clay mineral constituent in old or deeply buried tephras, such as 
the Hamilton Ash and Kauroa Ash beds (Table 1), and also occurs in 
varying amounts in other tephras older than about 10,000 years age 
and usually at depths of a metre or more below the modern land surface. 
It has been reported in Taupo Pumice and Mapara Tephra formations, aged 
1,800 and 2,200 years respectively, buried beneath 2-2.5m of Taupo 
Pumice overburden (McIntosh 1979, 7980; see also genesis section below). 

Secondary silica polymorphs 

These include cristobalite, tridymite, and opaline silica (Table 
3). Cristobalite and tridymite are crystalline and can be identified 
by their X-ray diffraction pattern, with characteristic d-spacings 

0 0 

at 4.05A and 4.08A respectively (provided that the content of feldspar 
is low as it gives secondary peaks near these values; Wilding et al. 
1977). Opaline silica occurs as laminar particles and is thought to be 
of pedogenic origin (Wada 1977, 1980; Shoji and Saigusa 1978; Henmi 
and Parfitt 1980). It appears to occur in the early stages of weathering 
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of tephras in temperate climates, perhaps due to suppression of Al 
ion activity because of formation of Al-humus complexes (Henmi and 
Parfitt 1980). 

Both cristobalite and tridymite can occur as primary or secondary 
minerals in tephras (see references in Lowe 1981). Oxygen isotope 
( 180: 16 0) measurements may help determine the provenance and primary 
or secondary origin of these silica polymorphs, including quartz 
(e.g., Henderson et al. 1971, 1972; Jackson et al. 1977; Stewart et al. 
1977). Significant amounts of secondary cristobalite occur in late 
Quaternary tephras in the Waikato region (Hogg 1974; Lowe 1981). Here, 
the conditions of poor drainage, intense wetting and drying, and 
weathering always within the influence of the organic cycle have 
apparently promoted Si accumulation and Al-humus bonding, thereby 
limiting co-precipitation of Al and Si (Lowe 1981). Tridymite occurs 
in two beds in the Kauroa Ash Formation (Salter 1979) and possibly 
in the Rotongaio and Mapara tephras (McIntosh 1979), but it is rarely 
reported in tephra beds elsewhere (Yamada and Shoji 1977). 

Humus and humus complexes 

Potential reactions between humus and inorganic constituents 
are reviewed by Wada and Harward (1974) and Wada and Higashi (1976). 
Extraction and infrared spectroscopy analysis indicate that humus 
evolves from forms with a very low complexing ability for Al and Fe 
to forms that complex Al and Fe in the organic horizon (A1) of soils; 
humus also interacts with allophane and imogolite in buried A1 horizons 
(Wada 1980). The humus complexes are very stable, even when subjected 
to ultrasonic probe treatment and peroxidation (Fieldes 1957; Fieldes 
and Taylor 1961; Birrell and Fi el des 1968; Wada 1980). The complexes 
are best identified by selective chemical dissolution and difference 
infrared spectroscopy (Wada and Higashi 1976) or by differential 

481 

thermal analysis)(OTA) (Fieldes 1957; Jackson 1969; Satoh 1976; Schnitzer 

and Kodama 1977). 

A deep (lm or so) accumulation of very dark to black humus is a 
striking feature of many Japanese, South American, and Mexican tephra­
derived soils which may have a C content of 5-10%, even up to 20% 
(Wada and Harward 1974; Shoji and Ono 1978). In Japan (where these soils 
were originally called "Ando" soils, giving the various soil classification 
terms such as Andosols, Andepts, and Andisols), these dark horizons are 
typically associated with a grass (especially pampas) vegetation (Wada 
and Harward 1974). Much smaller amounts of humus and humus complexes 
occur in New Zealand tephras, and they have been studied less intensively 
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than have their Japanese counterparts. In fact, most studies have 
concentrated on removing the organic component by oxidation prior to 

clay analysis (see Part 2). 

Poorly ordered iron and aluminium oxides and hydroxides 

Iron and aluminium oxides and hydrous oxides, mostly with short 

range order, are common constituents of tephra clays and occur in 
several mineralogical forms as discrete particles or associated with 
surfaces of other minerals (Brown et al. 1978). Iron oxides are largely 
responsible for the red, orange, yellow, and brown colours in weathered 
tephras and soils and they also affect soil structure and fabric. With 
the exception of magnetite (or titanomagnetite) all are secondary 
weathering products and they tend to have variable properties due to 

differences in their environments of formation. 

Terminology is frequently a problem. For example, ferrihydrite 
is now used to describe hydrous iron oxide phases previously called 
"amorphous ferric hydroxide" or "iron oxide gel". 

listed in Table 3. 

Other names are 

Names of naturally occurring hydroxides, oxyhydroxides and oxides of Fe Al Mn Ti ad s1• 

et al. (1978, p. 135). • • • • n • 
After Brown 

Iron Aluminium Manganese Titanium Silicon 
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Goethite a-FeOOH• 
Lepidocrocite y-FeOOH 
Akaganelte s-FeOOH 
Hematite a-Fe;0 3 
Ilmenite FeTi0 3 

Dia spore a-Al OOH 
Boehmite l·AlOOH 
Corundum a-Al 203 
Gibbsite Al (Oil}] 
Nord.,trandi te Al (OH) 3 
Bayerite A1(0Hj 3 

Pyrolusite Mn02 
Bi rneHite 
Li thiophori le 
Hollandite 
Toc1orok 1 te 

Rutile T102 
Brook 1 te Tl o2 
Anatase TiOi 

Quartz Si02 
Cris toba 1 ite Si O, 
Tridymi te Si07 
Opaline silica Si02 

Maghemite y-Fe203 
Magnetite Fc 3o. 
Ferr1hydr1te Fe 5H0 6 .4H20 

• Greek letters are used to denote different polymorphs of the same chemi 1 • 
based on cubic close packing of anions whereas the a-fonns are based O cah conS t 11 1tution. The y-fonns have structures 

n exagona y close-packed anions. 

The most commonly used methods for detection of the oxides and 
hydroxides are XRD and DTA, although infrared and Mossbauer 
spectroscopy are increasingly being employed (e.g., Childs et al 1979 ). 
Because of their short range order and often 10 b d • • • w a un ances ,t ,s 
frequently necessary to concentrate the materials, for example by 
particle size separation of the very fine clay f t· rac ions or by dissolution 
of other minerals. X-ray patterns are usuall k . . Y wea or very weak; 
d1agnost1c characteristics of some iron oxid • 1 . e m1nera s are given in 
Table 4. A quick field test for free ferrous iron and ferric-organic 
complexes in soils has recently been developed by Childs (1981). 



Table 4. Diagnostic characteristics of some iron oxide minerals. After Schwertmann and Taylor (1977, p. 147). 

Hematite Maghemite Magnetite Goethite 

0 

X-ray spacings (A) 2.70,3.68 2.52,2.95 2.53,2.97 4.18,2.69 
2.52 2.45 

OTA peaks (°C) Nil Exotherm Ni 11 Endo therm 
600-800 280-400 

IR spectroscopic 345,470, 400,450, 400,590 890,797 
peaks (cm- 1 ) 540 570,590, 

630 

Usual crystal Hexagonal Cubes Cubes Fibrous 3 
morphology plates or acicular 

Colour (Munsell) Bright Reddish- Black Ye 11 owi sh-
red brown brown 
5R-2.5YR 7.5YR-10YR 

1 Magnetite converts via maghemite or directly to hematite, depending on particle size 

2 Russell (1979) gives IR evidence of structural hydroxyl groups 

3 Reported by Nakai and Yoshinaga (1980) 

Lepidocrocite Ferrihydrite 

6.26,3.29,2.47 2.50,2.20, 
1.97,1.71, 
l.50 

Endo therm Endo therm 
300-350, 150, loss of 
exotherm adsorbed H20 
370-500 

1026, 1161,753 Nil 2 

Laths, serrated Spherical 
elongated plates 

Orange Reddish-brown 
5YR-7.5YR 5YR-7.5YR 

I __, 
__, 
I 

.,:.. 
co 
w 
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Other useful references for these minerals include Wada and 
Higashi (l 975 ), Hsu (1977), Schwertmann and Taylor (1977), Brown et al. 
(1978), Schwertmann (1979), Nakai and Yoshinaga (1980), and Schwertmann 

et al. (1982). 

In studies on tephra materials in the Waikato region, goethite and 

lepidocrocite have been identified in Horotiu and Te Kowhai soils 

484 

derived from tephra and volcanogenic alluvium (McQueen 1975). Subordinate 
gibbsite occurs in both the Hamilton Ash (Taylor 1933; Tonkin 1970; 
Hogg 1974) and the Kauroa Ash (Salter 1979; Kirkman 1980a), and lepi­
docrocite occurs in two beds in Kauroa Ash (Kirkman 1980a). Gibbsite 
is reported to occur in the Egmont loam profile derived from late Quaternary 
andesitic tephras and "tephric loess" (Russell et al. 1981) but appears 
to be absent in andesitic tephras and paleosols in western Taranaki 
(Kirkman 1980b). Traces (<1%) have recently been reported for clays 
derived from mixed rhyolitic and andesitic late Quaternary tephras in 
the Waikato region by Lowe (1981) and Parfitt et al. (1983). Iron­
manganese concretions occur frequently in tephra materials weathering 
under gleying or wetting and drying conditions in the Waikato region 
(McQueen 1975; Lowe 1981). 

2:1 and 2:1 :1 minerals 

These include minerals such as vermiculite, smectite, illite, 
and chlorite (Hume and Nelson 1982). Their occurrence in tephras, 
sometimes in substantial amounts, has been almost exclusively reported 
from Japanese studies (e.g., Shoji and Saigusa 1977; Mizota 1978; 
Yamada et al. 1978; Shoji et al. 1981) but they have also been reported 
from studies in Colombia by Calhoun et al. (1972) and Cortes and Franz­
meier (1972a, b), and elsewhere. Some Japanese workers suggest that 
the 2:1 clays, which are most common in dacitic and andesitic tephras, 
form from ''amorphous" minerals, especially K-enriched volcanic glass, 
and possibly coevally with the formation of opaline silica or quartz 
under conditions characterised by excess silica and a low allophane 
content (Wada and Aomine 1973; Tokashiki and Wada 1975; Wada 1977; 
Kurashima et al. 1981; Shoji et al. 1981). Shoji et al. (1981) 
determined that in particular the mobilities of Si02 , MgO, and K2o 
were strongly related to the weathering of volcanic glass and the 

abundant formation of 2:1 minerals. Other explanations, all controversial, 
include: the transformation of mafic minerals (e.g., pyroxenes, 
amphiboles, and micas) by weathering; the incorporation of 'exotic' 
layer silicates into volcanic ash during eruption; the incorporation 
of layer silicates from underlying paleosols by mixing when the tephra 
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deposit is thin; and the addition of layer silicates as loess (Dudas 
and Harward 1975b; Mizota 1976; Wada 1980; Mizota and Takahashi 1982; 
plus Japanese studies referred to above). 

In New Zealand, 2:1 minerals are rarely reported in tephra (Birrell 
and Pullar 1973; Kirkman 1975; McIntosh 1979) but are common in soils 
formed on loess derived predominantly from mica-bearing quartzo­
feldspathic sedimentary rocks and alluvium, which also contain admixed 
accessions of tephra. Thus most New Zealand workers are suspicious 
of the pedogenic pathways suggested by the Japanese to account for the 
occurrence of 2:1 clays in tephras in Japan, and prefer a "loessic 
contamination" explanation (e.g., Stewart et al. 1977; Russell et al. 
l 981 ) . 

0 

Lowe (1981) detected (by XRD) a 14A trioctahedral clay-vermiculite 
in clay fractions from a late Quaternary tephra composite in the Waikato 
region. He ascribed this to the weathering of biotite (derived from 
biotite-containing air-fall tephras) under special site conditions which 
favoured complete release of K (and Mg) from interlayers. A high 
concentration of Si and low concentration of Al is required (Buol et al. 
1973) and the associated occurrence of authigenic cristobalite with the 
clay-vermiculite demonstrated that this condition was met (cf. Calhoun 
et al. 1972). That clay-vermiculite does not seem to occur in tephras 
of similar composition (i.e., biotite-rich) and origin is attributed 
to unsuitable site weathering conditions. Hogg (1979) identified 
sand-sized (macro-) vermiculite as a replacement product of biotite 
flakes in a paleosol developed on Rotoehu Ash in the Coromandel region, 
and a "vermiculite-intergrade" mineral in the Hl bed of Hamilton Ash 
(Hogg 1974). A smectite-vermiculite intergrade occurs in several beds 
in the Kauroa Ash Formation (Salter 1979), and traces of smectite 
have recently been identified in highly weathered, iron-rich, short 
range order clays derived from a strongly weathered distal ignimbrite 
in the Waikato region (O.J. Lowe, unpublished data). 

Residual primary minerals 

Quartz and feldspar may occur in small amounts in clay fractions 
and, if present in sufficient quantities, are readily identified by 
XRD (Hume and Nelson 1982). Their occurrence in South Auckland tephra 
clay fractions is common. 

485 
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Fonnation and transformation of clay minerals 

Weathering sequences 

Of Fieldes and Swindale (1954), Fieldes After the milestone paper 
h • ence for tephra materials: (1955) published the following weat er,ng sequ 

glass + allophane 8 + a1lophane AB+ allophane A+ metahalloysite + kaolinite 
feldspar 

Since then, this sequence has been examined closely, particularly by 
New Zealand and Japanese workers, and modified. It has been suggested 
that allophane B =glass+ opaline silica or cristobalite, allophane A= 
'proto-imogolite' allophane or allophane, and allophane AB= a mixture 
of these components. Consequently, these allophane subdivisions 
(A, B, AB), and kaolinite, are probably best excluded from the sequence 
(Fieldes and Claridge 1975; Campbell et al. 1977; Nagasawa 1978a; 
Parfitt 1980a). 

A widely adopted weathering sequence for rhyolitic tephra materials 
(e.g., Kirkman 1975, 1976, 1978, 1981, 1981a; Wada 1977; Sudo and 
Shimada 1978) is: 

glass 3 OOOy ll h 10 000 tQ 
(rhyolitic) ' a 0 ~ ane 15 000y 

imogolite 

poorly 
ordered 
halloysite 
( 7~ or l o.1!.) 

well 
ordered 
halloysite 

minor 
± s i1 i ca 

48 6 

From studies of the relative amounts of allophane and halloysite in 
rhyolitic tephras or associated paleosols, an age-related transition 
for allophane to halloysite has been estimated from about 10,000 to 
15,000 y for New Zealand and 5,000 to 10,000 yin Japan in humid 
temperate conditions (Fig. 3). The relative abundance of 2:1 and 2:1 :1 
type clays, allophane-like constituents, gibbsite, and humus complexes 
in Fig. 3, which is derived from analyses of tephras in Japan, is in marked 
contrast to their absence or only sparse occurrence in New Zealand tephras. 

That many of the volcanic glass- or feldspar-derived minerals, 
particularly allophane, imogolite, and halloysite, coexist in the 
same deposit, and also appear able to persist for long time periods 
(e.g., certain allophane-rich beds in the Hamilton Ash and Kauroa Ash 
Fonn~tions), implies that compositional and/or environmental affects 
(i.e., site weathering conditions) have possibly been underestimated 
in favour of the established time-based weathering sequence (Parfitt 
et al. 1982). Indeed, McIntosh (1979, 1980) reports the occurrence 
of significant amounts of authigenic halloysite in tephras in New Zealand 



-15-

aged less than 2,500 y. 

- O.S. ------

A: Humus 
Al(Fe): Humus 

A.: Humus 

_____ =>-_ ___. Al (Fe) : Humus -

---A8A 
.=-->:.--- Gb --

- Sm --- Hy: Sm ------------
- Vt Hy:Vt 

- Gb 

0 2 4 6 8 10 12 14 

X 1.000 years 

487 

f_i_g_._3 .. Form~tion and transf?nna~ion of c'.ay minerals and their organic complexes in soils developed from 
tepliras 1n humid, temperate cl1mat1c zones 1n Japan. A= allophane; A' = allophane-like constituents; 
Al(Fe) = sesquioxides; Ch= chlorite; Gb = gibbsite; Ht= halloysite; Im= imogolite; Sm= smectite; 
Hy-Sm= ~ydroxy interlayered smectite; 0.S. = opaline silica; Vt= vermiculite; Hy-Vt= hydroxy interlayered 
verm1cul1te. Horizontal bars indicate approximate duration of the various constituents. From Wada (1977, p. 620). 

Andesitic glass, with an intrinsically greater Al :Si ratio than 
rhyolitic glass, weathers much more rapidly and with marked loss of 
Si02 and mobile cations (Neall 1977; Kirkman and McHardy 1980). 
Kirkman and McHardy (1980) and Kirkman (1981a) concluded that the 
structure and chemical composition of allophane, and hence its behaviour 
and persistence, are governed chiefly by the chemical composition and 
bonding characteristics of the parent glass. This conclusion supports 
a previous study by Trichet (1969) involving laboratory leaching of 

glasses of differing compositions. 

A weathering sequence for andesitic glass suggests that under 
humid temperate conditions allophane and possibly imogolite are stable 
for long time periods, and also predicts the ultimate formation of 
gibbsite (Kirkman 1978, 1980b, 1981, 1981a; Kirkman and McHardy 1980; 

Parfitt et al. 1982): 

glass 
(andesitic) 

allophane 
300y, imogolite 

(? 'proto-imogolite' 
a 11 ophane) 

loss of Si 
and long time 
(?>100 OOOy) 

gibbsite 

Gibbsite, however, generally occurs in minor amounts in weathered tephras 
in New Zealand (Fi el des and Taylor 1961; Hogg 1974; Salter 1979; 
Kirkman 1980a; Lowe 1981; Parfitt et al. 1983), presumably because of 
either unfavourable site conditions which essentially minimise 
desilication (Schwertmann 1979; Farmer et al. 1979; Kirkman 1980b) 
or possibly the presence of additional inhibitors such as iron oxide gels 
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(Kirkman and McHardy 1980). In contrast, significant amounts of 
gibbsite occur in clay fractions from tephras older than about 3,000-

6,000y and weathering under humid, temperate conditions in Japan 
(Fig. 3; Mizota 1976). This, together with other evidence (e.g., 

488 

Eswaran and de Coninck 1971; Macias Vazquez 1981 ), indicates that gibbsite 

formation is not restricted to a long period, nor is it necessarily 

dependent upon hot-humid (tropical) climatic conditions. 

In a study of clay minerals formed in dacitic and andesitic 

tephra-derived soils under tropical conditions in Papua New Guinea, 
Parfitt (1975) suggested the following tentative weathering scheme: 

glass and 
feldspar 

+ imogol ite 

+ opal 
+ 

+ allophane 
.j. 

+ halloysite 

300y 3 OOOy 30 OOOy 

(loss of Si with time) 
.j. 

------ halloysite 
gibbsi te 
goethite 

He noted that the glass phase weathers rapidly and can form stable 
imogolite or allophane, as in Kirkman's scheme above. Halloysite 
may form directly from feldspars or from allophane, depending on the 
leaching and biotic conditions in the deposit. Gibbsite was found 
mainly in the older beds (30,000y) together with allophane, which tends 
to support the sequence postulated by Kirkman, but also occurred in 
much younger beds as shown above (see also Fig. 3). 

The formation of gibbsite thus appears to rely on specific Si­
deficient microenvironmental conditions, possibly together with an 
Al-rich primary mineral composition. 

A weathering scheme which emphasises leaching (rainfall) and Si 
concentration more than time in clay mineral transformations for 
rhyolitic tephras aged between 2,000 and 100,000 years in New Zealand 
has been proposed by Parfitt et al. (1983) from studies in the Waikato 
region: 

lmogol 1te + allophane (.IIT[S1 = 2/1 )"':: 

•ttalloysite 

4 Al1ophane (Al/S1 - 171) 

800 1600 2000 2400 
---L...-_____l __ ·---;--''------'---L_ __ 

Ra i nfa 11 (11111) 

Increasing with 
leaching of Si 

Decreasing with 
leaching of Si 

Present in root 
channels 

This work refines previous ideas on rainfall-clay m,·neral relationships 
postulated first by Taylor (1933) and later Ward (1967). It is 



-17-

innovative in that it shows clearly the effects of environmental 

conditions, rather than time, on clay mineral genesis. Parallel studies 
by Lowe (1981) and Lowe and Gibbs (1981) in the region have emphasised 
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the effect of seasonal distribution of rainfall ( • t • ) 1.e., we ting and drying 
in addition to the total amount of rainfall. 

A markedly different weathering sequence has been determined by 
Shoji et al• (1981) from work in Japan on rhyolitic and dacitic tephra­
derived topsoils weathering under humid temperate conditions. Their 
postulated sequence is: 

glass / 
(sil i ci c) 
~ 

K-2nriched glass--.-

amorphous hydrous 
oxides of Al, Fe, 
and Si 

illite --

quartz 

random mixed-layer mineral 
of chloritised 2:1 
mineral-illite 

They thus suggest that the dominant source of 2:1 type clay minerals 
frequentl Y observed in Japanese tephra-deri ved soils is i 11 i te formed 
by alteration of volcanic glass in a solid-state reaction. That 
preferential retention of potassium occurs in the volcanic glass has 
been demonstrated by Yamada and Shoji (1982). 

These workers also determined the facility of release of elements 
from the parent tephra materials as: Cao, Na20 > Al 203 , Fe203 , MgO > Si02, 
K20, and a mobility sequence of the major elements during pedochemical 
weathering (Kurashima et al. 1981; Shoji et al. 1981) as: Cao, Na 20 > Si02 
> MgO > Al 203 , Fe203, K20. These results differ from previous studies 
in the order of mobilities of Si02, MgO, and K20; in particular, Si02 
has the highest mobility of the three elements whereas normally it is 
shown to have the lowest (Kurashima et al. 1981). Overall, the 
mobility sequence indicates that loss by leaching is relatively large 
for CaO and Na20 and small for Si02, where Al 203, Fe203, and K20 accumulate 

relative to the chemical composition of fresh tephra. 

An alternative viewpoint for the origin of the 2:1 type minerals 
in the Japanese soils is that they derive from continental aerosolic 
dusts carried by westerly winds. Evidence for this possibility comes 
from distinctive 1so: 160 ratios of fine, silt-sized quartz particles 

isolated from various soils in Japan (Mizota 1982). 

In conclusion, the framework of thinking in exam1n1ng weathering 
sequences now tends to favour separate formation pathways for the various 
minerals according to their chemical composition and to site weathering 
conditions, particularly as they affect the concentration of Si in 
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solution and the availability of Al, and the opportunity for co-precipitation 
of these. Second, short range order minerals such as allophane, imogolite, 
and 'proto-imogolite' allophane are, in some cases, possibly transformation 
reaction end-points rather than short-lived transition products and are 
able to persist for long periods of time if conditions are favourable. 
Other clay minerals such as halloysite and gibbsite, often envisaged 
as time-dependent transformation products of precursory allophane and 
imogolite, are apparently able to form directly from the dissolution 
products of primary (or secondary) minerals depending mainly on whether 
the conditions favour resilication or desilication. 

Genesis 

The proposed mechanisms and conditions for formation of allophanic 
short range order minerals and halloysite from tephric deposits are 
detailed by Wada and Harward (1974), Wada (1977, 1978, 1980), Nagasawa 

(1978a), and Brown et al. (1978), among others. Recent work characterising 
New Zealand allophanes and halloysites is reported in Parfitt et al. 
(1980, 1982), Parfitt and Henmi (1980), Kirkman (1977, 1981),and Theng 
et al. (1982). 

Studies involving synthesis of allophane and imogolite by Scottish 
and Japanese workers are reported in Wada (1980), and summarised as: 

2Al 
1 Si 

(Si02:Al 203 = 2.0) 
low concentrations 

pH<5 

"-2Al 
1 Si 

(Si02:A1203 = 1.0 to 2.0) 
pH>5 

'proto-imogolite' 
solution 

100°C 

+Na Or,, 100°C 
a 11 ophane 

'proto-imogolite' allophane 
(spheres) 

imogolite 
(tubes) 

Allophane requires a neutral or alkaline pH to give maximum Al in 

4-fold coordination, whereas imogolite requires an acid pH to maintain 
Al in 6-fold coordination in 
1978). These differences in 

contact with monomeric silica (Brown et al. 
conditions for synthesis and the concomitant 

co-existence of allophane and imogolite are satisfied by observations 
on naturally-occurring counterparts. It appears that in tephra deposits 
allophane forms inside weathered glass or pumice fragments in which 

hydrol~sis of the glass proceeds at a high Si concentration and pH. 
Imogol1te forms outside, possibly by alteration of all h 

op ane exposed to external solutions of lo s· 
wer 1 concentration and lower pH (<S), 

or by preci pita ti on from s h 1 · 
uc so ut1ons (i.e., Al and Si form a soluble 
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complex (proto-imogolite) whose solutions are stable at pH less than 
5; Fanner and Fraser 1979; Farmer et al. 1979). 

Gibbsite may also coexist closely with allophane and imogolite, 
it being associated with certain minerals in a rock fragment whilst 
the latter two minerals, as discussed above, occur actually within or 
adjacent to the glass or pumice fragment (Wada and Matsubara 1968; 
Brown et al. 1978). Gibbsite can apparently form at any stage of 
weathering given that an environment with <l ppm Si02 in solution 
exists to prevent Al-silicate formation (Schwertmann 1979), as in 
highly leached tephra sequences. 
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The original proposal of Fieldes (1966) that halloysite essentially 
"crys ta 11 i sect" through increased cross-1 i nkage of random al umi nos i l i cate 
gels through (seasonal) dehydration is in large part misleading. It 
is now known that allophane and related minerals are not "random gels" 
and have short range order, and that halloysite may crystallise directly 
from dissolution products of glass or feldspar (i.e., without an 
intermediate or transition allophane phase). However, the apparent 

relationship between rainfall distribution and degree of leaching 
with the occurrence of a particular mineral type has been recently 
re-considered in transformation pathways by Parfitt et al. (1982). 
Allophane, allophane-like constituents, imogolite, and 1 proto-imogolite 1 

allophane generally occur where rainfall (i.e., leaching) is moderate 
or high (Wada and Harward 1974; Birrell et al. 1977; Wada 1980) and 
halloysite and allophane (Al :Sh,l .O) where rainfall is lower (Miehlich 
1981; Benny et al. 1982; Parfitt et al. 1983). The principal effect 
of the rainfall distribution, hence degree of leaching, is in governing 
the relative proportions of the main chemical constituents, Si02 and 
Al 203 , from which either allophane and imogolite or halloysite form. 

Parfitt et al. (1982) report that current evidence suggests that 
Al-rich allophane (with a 1 proto-imogolite 1 structure) does not normally 

alter to halloysite as Si tetrahedra are considered to occur on the 
interior surface of the hollow allophane spherules as isolated Si030H 
groups with apices directed away from outer gibbsitic units (Fig. 2; 
Farmer and Fraser 1979), the reverse of the kaolin structure. Thus 
alteration to halloysite would necessitate the allophane effectively 
turning "inside out" by passing through a solution phase with concomitant 

enrichment with polymerised silica. 

Allophane and other short range order aluminosilicates may transform, 

via solution, to halloysite or gibbsite depending on whether the 
environment favours resilication (for halloysite) or desilication (for 
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gibbsite) (Parfitt 1975; Wada 1977; Saigusa et al. 1978; Mielich 1981 ). 
Under a high leaching regime, and low pH, Si02 and mobile cations are 
rapidly lost. Hence the formation of allophane (and possibly gibbsite), 

with an Al :Si ratio around 2 or more (i.e., Si02:Al203 = 1 .0), is 
preferential to the formation of halloysite with an Al :Si ratio nearer l 

(Si02:Al203 = 2.0). 

Clearly, as mentioned earlier, the Al :Si composition of the primary 
minerals will partly affect this resilication-desilication balance. 
The thickness of depositional overburden may also have an effect in 
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that a thick sequence (>~2m) potentially provides a silica-rich environment 
for a buried tephra and hence favours the formation of halloysite 
(Wada 1977; Shoji and Saigusa 1977; Saigusa et al. 1978; Sudo and 
Shimoda 1978; McIntosh 1980). Similarly, poor drainage and hence 
minimal loss of soluble silica favours halloysite formation (Dudas and 
Harward 1975a). Lowe (1981) postulated that under poor drainage conditions 
and in an intense wetting and drying regime which promotes silica 
accumulation, secondary cristobalite, together with halloysite, forms 
in preference to allophane. There is some evidence that Al-humus 
complexing also favours the formation of secondary silica as cristobalite 
(Lowe 1981) or opaline silica (Wada and Higashi 1976; Shoji and Saigusa 
1978) in that it inhibits co-precipitation of active Al and Si. The 
silica dissolves from glass (or from biogenic opal) and precipitates 
through seasonal concentration (by dehydration) coupled with Al-humus 
complexing. A possible method of crystal growth is by the uniting of 
tetrahedra and elimination of water (Jones and Segnit 1972, p. 419): 

(Si02)n + 2nH 20 ~ nSi(OH) 4 (1) 
I I I I 

- Si - OH+ HO - Si - ➔ - Si - 0 - Si - + H20 (2) 
I I I I 

The role of living plants in determining monosilicic acid concentration, 
and biogenic opal formation, is discussed by Wilding and Drees (1971), 
Parfitt (1975), Wilding et al. (1977), Claridge and Weatherhead (1978), 
and Parfitt et al. (1983). Depending on conditions, uptake by plant 
cells of Si in solution to form biogenic opal and the drying and 
oxidising effect of plant roots may help formation of allophane 
(Al :Si~2.0) and gibbsite (as root pseudomorphs , for example; Hogg 
1974). Alternatively,biogenic opal may be dissolved (under humid 
conditions) and either leached or precipitated with available Al to 

form allophane (Parfitt 1975), or the redissolved silica may form another 
polymorph such as cristobalite, as discussed above (equations 1 and 
2; Lowe 1981). 
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The morphological forms of halloysite (i.e., as spheres or tubes, 
etc.) are possibly directly related to primary mineralogy; spherical 
halloysite may originate from glass, tubular halloysite from feldspar 
(e.g., studies by Parham 1969; Ngasawa and Miyazaki 1976; Violante and 
Violante 1977; Tazaki 1979; Kirkman and Pullar 1978; Kirkman 1981). 

Various mechanisms have been proposed to account for the different 
forms (e.g., see Dixon and McKee 1974; Kirkman 1977, 1981, 1981a; 
Sudo and Yotsumoto 1977; Kohyama et al. 1978; Wada et al. 1977; 
Salter 1979). 

The occurrences and transformations of iron oxide minerals are 

summarised in Schwertmann and Taylor (1977) and Schwertmann (1979). 

493 
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PART 2 : METHODS OF ANALYSIS OF CLAY FRACTIONS 

Normally, no one technique is adequate alone to determine the 
clay mineralogy of tephric deposits, especially in quantitative studies 
of samples containing both crystalline and short range order materials. 
Hence several methods must be applied. The most useful method, at 
least initially, is X-ray diffraction (XRO). This has quantitative 
limitations in tephra studies because of their often high proportion 
of short range order (hence X-ray amorphous) clays, with widely varying 

chemical compositions. 
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Methods used in addition to XRD in tephra clay mineral studies 
include thermal analyses (differential (OTA) or thermogravimetric), 
electron microscopy (scanning (SEM) and transmission (TEM)), electron 
diffraction, infrared (IR) and Mossbauer spectroscopy, chemical analyses, 

dissolution analyses, sodium fluoride (NaF) reactivities, phosphate 
and chloride adsorption, X-ray fluorescence (XRF) spectroscopy, 
electric charge characterisation, gas chromatography, electron para­
magnetic analysis, and surface area and porosity measurements. Several 
of these methods are highly specialised and are not discussed further 
in this report (see instead, e.g., Fripiat 1982). The methods described 
below are those most commonly used at the University of Waikato. 

General sample preparation and selection of analytical methods 

It is particularly important that whole tephra samples are not 
air dried prior to analysis. They should be maintained in field-moist 
condition until analysis is under way. This is especially important 
if particle-size determinations are being carried out in conjunction 
with the clay separation. Storage at 4°C in sealed plastic bags 
minimises irreversible alteration of the clay components. 

Dry grinding procedures should be minimised because of various 
effects on the structure and properties of clay minerals. Henmi and 
Yoshinaga (1981) report that imogolite, for example, is very susceptible 
to alteration by prolonged grinding (more than a few minutes) which 
causes disruption of Si-0-Al bonds, polymerisation of the Si02 component 
released and loss of structural OH groups, and finally complete structural 
breakdown. 

Sample preparation for most analytical methods usually involves 
suspension in distilled water, dispersion, and fractionation into 

<2µm and/or <lµm size fractions. Which of these (or other) size fractions 

is investigated depends partly on the nature of the project. In a 

general study in which the analysis of the clay fraction is but one part, 
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examination of the <2um fraction is normally sufficient. A more detailed 
study biased towards clay fraction composition in itself would usually 
necessitate examination of at least some selected <lµm fractions for 
comparative purposes. Alternatively, analysis of the <lµm clay fraction 
alone may be advisable as it tends to reflect mainly authigenic 
(secondary) minerals,whereasthe <2µm fraction often contains glass 
(residual) which is difficult to distinguish from allophane or other 
short range order minerals (e.g., see Kirkman 1975; McIntosh 1979). 
Hume and Nelson (1982) have emphasised the importance of size segregation 
of crystalline clay mineral species generally in sedimentary deposits 
from the South Auckland region. 

Complete dispersion of tephric samples is often difficult to 
achieve, but the best method appears to be ultrasonication for 5-10 
min. (see Lowe 1981, p. 372). Chemical treatment to alter the pH of 
the suspension is usually required, but should not be used if chemical 
dissolution studies on specific clay components are envisaged. Unless 
samples contain a very high proportion of organic matter, peroxidation 
with H202 , or deferration by dithionite (CBD) extraction, should not 

be routinely carried out because of degradation and dissolution of 
constituent clay materials (Lowe 1981 ). However, peroxidation or 
deferration may be necessary as an aid in dispersion, and for adequate 
analytical resolution (e.g., Hogg 1974; Salter 1979; Brewster 1980). 

e 
Fractionation can be ach½'ed by sedimentation, filtration, or A 

centrifuging. The easiest method is probably to decant, or extract 
by pipette, then filter the <2µm or <lµm fraction from the appropriate 
top part of a mud suspension in a 1£ cylinder after routine particle 
size analysis (e.g., as in Folk 1968, and various Earth Sciences Department 
handouts on laboratory methods for sedimentology and soils courses; 
a centrifuging method appropriate for University of Waikato equipment 
is given in Lowe 1981, p. 134). Resultant clay-sized suspensions 
are then flocculated and saturated with either a Mg or K salt (such as 
MgC1 2 ). This is because most of the literature reports clay mineralogical 

analyses as either Mg- or K-saturated clay for diagnostic purposes.,,,· 
(Rich and Barnhisel 1977). The saturated clay must be washed several 
times with distilled water, and either refiltrated or re-centrifuged, 

to remove excess salt. 

The fate of the clay separate then depends on the analytical method 

being undertaken, which in turn relates chiefly to the nature of the 
materials under study and to the actual purpose of the study. For 
example, it depends on whether the study is general or specialised, 



Table 5. General guide to selection of methods for analysing particular tephric clay materials based on the rate at which 
numbers of samples are able to be processed and whether results are qualitative or quantitative. The table is a subjective, 
preliminary guide for the non-specialist worker and applies to the general case only. Each of the methods outlined in 
Part 2 of this manual should be consulted, if even briefly, prior to beginning analysis. For the specialist, references 
containing further details of method and application are given under each method section. Examples of the use of the 
table are: A, 4 = the method is fast but usually gives only qualitative results; B, l = the method is moderately fast 
and accurate absolute amounts of the clay constituent under investigation can be determined; and C, 4 = the method 
is relatively time consuming and gives qualitative results only. 

COMPONENTS XRD IR DTA SEM TEM • NaF CHEM. 
DISS.b. S. AREA 

A 11 ophane 
Imogolite 
'Proto-imogolite' allophan~ 
Allophane-like constituents 
Ha 11 oys i te 
Secondary silica polymorphs 

Humus, humus complexes 

Fe and Al oxides, hydroxides 

2:1, 2:1 :1 minerals 
Residual primary minerals 

A,3t 
A,4t 

8,4 tt 

A,4t 

A,3t 

A,2 8,2 
A,2 8,2 
A,2 B,2 
A,4 
A,2 B,2 

A,4 
8,3 

A,4 8,3 

8,4 

A,4 

C,4 
C,2 
C,4 

C,4 

D,4 
D,2 
D,4 

D,4 

0,4 

A,3 
A,3 
A,3 

--

C, l 
C, l 
C, l 
C,4 
C,3 
C,4 
C,2 

C,3 
C,3 

C,3 
C,3 
C,3 

C,3 

-

Abbreviations for analytical techniques: XRD, X-ray diffraction; IR, Infrared; OTA, Differential thermal analysis; 
SEM and TEM, Scanning and Transmission electronmicroscope respectively; NaF, Sodium fluoride reactivity; 
CHEM. DISS., Chemical dissolution; S. AREA, Surface area measurements. 
Capital letters refer to numbers of samples able to be processed: Many----------- Few 

A B C D 
Numbers refer to degree of 'quantification' of results: Quantitative------ Qualitative only 

l 2 3 4 
- = not generally applicable or only in a 'negative' sense {e.g., low NaF reactivity implies a high proportion of 

layer silicate clays due to low Al-OH activity; similarly, XRD of allophane and imoqolite gives a negative result, 
which in itself is often useful, but does not allow distinction between glass and allophane). 

t Degree of quantification depends partly on the proportion of short range order minerals present as these, through 
absorption of X-rays, tend to suppress the peaks of the crystalline minerals (Hume and Nelson 1982). 

tt Method depends on degree of crystallinity of samples, and samples usually require extraordinary pretreatment. 
b. These methods, although reasonable routine, usually require comparison of materials before and after treatments 

using differential IR and XRO methods, hence are ranked C rather than B. 

I 
N 
+'> 
I 

~ 
CD 
0, 
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whether qualitative or quantitative results are required, the number 

of samples to be analysed, and the amount of time available for the 
investigation. A simple, subjective attempt to help guide the non­
specialist novice clay mineralogist determining which methods to use 
is given in Table 5. 

Some of the analytical methods available, such as XRO and IR, 
are relatively rapid and enable a large number of samples (50-100 or 
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so), once prepared, to be run in a routine manner. XRO in particular, 
however, is largely qualitative or at best semi-quantitative for crystalline 
minerals (e.g., see Hume and Nelson 1982) and gives a negative result 
for short range order materials which are X-ray amorphous. Other methods, 
such as OTA and TEM, require more preparation and analytical time per 
sample and hence, in general, considerably fewer and carefully selected 
samples should be analysed. If a study is a specialised one on, say, 
clay mineral morphology, the EM methods are likely to be paramount 
but, because of the interpretative difficulties associated with these 
techniques, additional methods such as XRO or OTA are essential. 
Similarly, an investigation of the chemical structure of clays would 
certainly employ the IR method, while one involving soil genesis and 
mapping might be advised to measure NaF reactivity since this is 
one of the criteria used in some soil classification systems. However, 

it is re-emphasised that any one technique alone is unlikely to provide 
a definitive clay mineralogical analysis of tephric materials. 

Where short range order clays are being examined and semi-quantitative 

results are required, OTA is appropriate for a limited number (say 20 
or so) of selected samples; results necessitating greater 11 accuracy 11 

should utilise chemical dissolution methods, possibly together with IR 

analysis. 

Finally, it should be remembered that the interpretation and 
subsequent presentation of results normally takes at least 2-3 times 
longer than the time to simply prepare and analyse the samples. Clay 

mineralogical analysis and interpretation requires considerable 

judgment at every step of the way. 

X-ray diffraction (XRO) 

Preparation 

A good review account of sample preparation is given in Rich and 

Barnhisel (1977). Oriented paste mounts of the Mg- or K-saturated 
clays are made using the smear-on-glass-slide (SOGS) method (Thiesen 
and Harward 1962; Gibbs 1971; Hume and Nelson 1982) which avoids size-
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segregation (Schoen et al. 1972; Hume 1978). Dropper-on-glass-slide 
(DOGS) mounts containing allophanic materials often crack and peel from 
the slide upon drying. Some cracking of the SOGS paste may occur due 
to the short range order constituents (Cortes and Franzmeier 1972a) 
and/or high Fe content (Hume 1978), but it is usually negligible 
compared with that of DOGS mounts. The mounted specimens may be air 
dried (under cover to avoid dust contamination), usually for about 24h. 
Alternatively, slides may be dried slowly over distilled water (i.e., 
100% r.h.) for 24 to 72h. The latter procedure has been adopted to 

0 
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prevent low temperature dehydration of lOA halloysite (Nagasawa 1969, 
1978b). This is important in some studies (Lowe 1981) as (a) it enables 

determination of the halloysite component in its actual 'field' 
hydration state; and (b) unequivocal distinction between halloysite 
and kaolinite species by XRD is difficult if all the halloysite is 

0 

in the dehydrated (7A) form. The dehydration process is irreversible 
in most cirumstances (Grim 1968; Kirkman and Pullar 1978), hence 

0 0 

rehydration of the 7A halloysite to lOA halloysite during this treatment 

is unlikely. 

Sample mounts should be X-rayed immediately upon drying, since 
prolonged dehydration at ambient temperature reduces the size of the 
first order reflections (Lowe 1981). This effect was noted also by 
Nagasawa and Miyazaki (1976) and Kirkman and Pullar (1978) who overcame 

it by X-raying moist clay mounts. 

Procedure and mineral identification 

Specimens are scanned from 3° to 28°28 at 2°2e min-1, using the 
instrument settings shown in Table 6. Clay minerals are identified 

Table 6. Instrument settings_fo'. XRD analaysis at University of Waikato usinq a Philips X-ray diffraction 
spectrometer system (CuKa rau1at1on, \ = l.5418i). (See also Hume and Nelson-1982). 

kV 
mA 
Time constant 
Attenuation 
Chart speed 
Scanning speed 
Rate meter setting (RMS) 

30 
13 

4 
2 

20 mm. min-1 
2° 2e min- 1 
400 or 1000 cps 

High voltage 
Window level 
Lower level 
Oscillator 
Divergence slit 
Scatter slit 

56% 
L-a 
17% 
High 
10 

l mm 

by the position and movement of mainly their (001) reflections following 
heat and glycolation treatments (Table 7; see also Hume and Nelson 
1982, fig. 8, and Brindley and Brown (1980) for more details). 

Allophane, imogolite, and glass lack diffraction patterns, apart 
from occasional poorly defined background maxima commonly associated 
with X-ray amorphous materials (e.g., Campbell et al. 1977; Okada et al. 
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!~~e,~a\s·. Diagn~stic XRD pea~ positions for identification of oriented Compiled from various sources (after Lowe 1981, p. 178). tephra-derived Mg-clc1ys and associated 

Mg-clay 

Allophane 
(± imogol ite) 

0 

Halloysite (lOA) 

0 

Halloysi te (7A) 
(or Kaolinite) 

Vermiculite2 

Gibbsite3 

All of the 
above 
crystalline 
clays 

Other Minera1s 4 

Quartz 

Feldspars 

Cristobalite5 

Tridymite 

Micas 6 

Air-dried in humid 
atmosphere 24-72h. 

( l 00% r. h.) 

d(OOl) in A 

X-ray 
amorphousl 

9.8-10.2 

7.0-7.3 

14.0-14.2 

4.85 (002) 

(i) 3.5-3.6 
(002, 003 
or 004) 
[Larger peak 
if hall oy­
site present] 
(ii) 4.4 
( 021) 

3.3 
( 101 ) 

3.18-3.2 
(002,202, 
040) 

4.05 
( 101) 

4.08 
( 101) 

10.0 
(001) 

c.28° 

8.8 

12.3 

6.2 

18. 3 

25.0 

19. 9 

26.7 

27.5-
28.4 

21. 9 

21. 7 

8.8 

Glycolated in 
ethylene glycol 

vapour 12h. 

Slight 
expagsion to 
10.6A 

No change 

No change 

No change 

No change 

No change 

No change 

Heated 110°c 
lh. 

Dehydrates 0 

to 7.0-7.3A 

No change; 
i n1;reases if 
lOA halloy­
site present 
before heating 

Partial or 
complete 
dehydration 
from 14A 
to 1011. 
(u~ually 11-
12A) 

No change 
[Peak 
increases if 
halloysite 
present] 

No change 

Persi~ts 
at lOA 

1 Apart from broad background maxima (see text). 
2 Heat treatments may be inconclusive if micas-illites present (see 6 below). 

Heated 550°C 
lh. 

Becomes X-ray 
amorphous 

Becomes X-ray 
amorphous 

0 

All to 1 OA 

Becomes X-ray 
amorphous 

Becomes X-ray 
amorphous 

Pet;sists at 
lOA 

3 Will not be detected unless >5% (or special pretreatments made). 
4 Iron oxide minerals given in Table 4; for other minerals refer to Hume and Nelson (1982) 
5 Positively identified only if primary feldspar peaks 0 are low. 
6 Identification can be uncertain as may have other lOA minerals pre~ent_in sample, both 

untreated (e.g., lOA halloysite) and heat treated (e.g., c:lay-verm1cul1te). See also 
Brindley and Brown (1980) and Hume and Nelson (1982). 
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1975) (Fig. 4a). Crystalline mineral species in tephr~ clay !ractions 
identified relatively easily by XRD reflections are lOA and 7A 
halloysite, clay-vermiculite, cristobalite, tridymite, and quartz. 
Less easily identified components are gibbsite and iron oxides, 
especially when present in low concentrations isee below). Mica may 
be difficult to positively identify if both lOA hal!oysite and clay­
vermiculite are present since the characteristic lOA peak for mica may 
be over-shadowed by peaks from halloysite or vermiculite at various 

stages of treatment. The identification of cristobalite is usually 
at the straightforward because feldspars, which have a secondary peak 

0 

same ct-spacing as cristobalite (4.05A), occur infrequently and in 
very low quantities in clay fractions. 

0 

A potential identification problem may arise where both 7A 
halloysite and kaolinite are suspected to be present together (such 
as in reworked materials). The presence of kaolinite can usually be 

0 0 

discounted where 7A peaks invariably occur in combination with lOA 
0 

halloysite peaks with interstratification. The 7A peak will increase 
in magnitude following heat treatment (ll0°CJ due to loss of interlayer 

0 0 O 

water from the lOA halloysite. Furthermore, if the 7A and 4.4A peaks 
are broad and poorly defined, then an halloysitic nature is generally 
indicated tChurchman and Carr 1975; Brindley 1977; Lowe 1981 ). 
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Churchman et al. (1982) have recently developed a rapid test for distin-
o 

guishing 7A halloysite from kaolinite based on the relative abilities 
of these minerals to intercalate polar organic compounds such as 
formamide and N-methylformamide. Formamide rapidly (<l h.) and 
completely intercalates into dehydrated halloysite which consequently 

0 

then gives a peak at lOA, whereas the intercalation of formamide into 
kaolinite is very much slower (days) and incomplete. 

Kaolinite has not been reported in South Auckland tephra materials 
except for the occurrence of b-axis disordered kaolinite (as relatively 
large "books") in several strongly weathered Kauroa Ash beds(Salter 1979). 

The identification of iron (or aluminium) oxide minerals by XRD 
(Table 4) is often difficult because of their low concentrations, 
the diffuseness of patterns caused by small particle sizes and/or 
poor crystallinity, and the nature of the other minerals present. 
Schwertmann and Taylor (1977) recommend the use of CoK or FeK radiation 
in preference to CuKa radiation to reduce background. aA compa;ison 
of sample traces before and after extraction of the "free" iron oxides 
(e.g., by CBD method) is often helpful. A new method for identifying 
iron oxides by differential XRD is described by Schulze (1981) and this 
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should be consulted if a study is concentrating on the iron oxide 
minerals. 

Application 

Examples of XRD patterns of some Waikato tephra-derived clay 
fractions are given in Fig. 4. A series of examples is given to 
show the range of patterns which are liable to be encountered. More 
often than not, poorly defined peaks and high backgrounds rather 
than sharp and distinct or large peaks are typical. The dominant 
constituents in Fig. 4 are allophane (X-ray amorphous) and halloysite 

0 0 

(peaks at 7A and lOA) with small quantities of clay vermiculite, 
cristobalite, and gibbsite in some samples. 

Quantification of constituent mineral species is difficult 
because peak intensities and areas vary according to composition and 
other factors. However, an approximate estimate (at best ±10%) of 

0 0 

halloysite content from peak height (lOA plus 7A) may be determined 
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from Fig. 5. This graph was derived from comparison of semi-quantitative 
thermal analysis (OTA) data with XRD peak heights using late Quaternary 
tephra samples from the Waikato region and an halloysite standard. 
The amount of short range order material (which may include glass, 
imogolite, and poorly ordered iron oxides and humus complexes, as 
well as allophane) can be roughly estimated by difference. That is, 
the occurrence of only very small peaks of well ordered minerals 
such as halloysite implies that the sample is dominated by short range 

order material. 

The degree of crystallinity of halloysite may be gauged partly 
0 0 

from the sharpness of the 7A and lOA peaks. A broad or only moderately 
defined peak (e.g., Fig. 4d-i) indicates relatively poor crystallinity, 
but also may reflect the effect of partial dehydration of the halloysite. 
Peaks tend to become sharper and better defined, however, with increasing 
age or depth of burial of tephra materials (e.g., Fig. 4a-c,d-l) 

(Kirkman 1975; Lowe 1981). 

The relative stability of interlayer water can be estimated from 

peak height-area relationships (e.g., Nagasawa and Miyazaki 1976; 
Wilke et al. 1978; Lowe 1981). The degree of interstratification 
has been related to climatic conditions by Lowe {1981) in that inter­
stratification implies unstable interlayer water and seasonal dehydration. 
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~- XRD traces of some <2µm Mg-clay fractions from tephras in the Hamilton Basin (see Table l}. 
a, tephras aged <10,000 years; b, Kawakawa Tephra (c. 20,000 years age) from different sites; c, tephras 
aged c.30,000-42,000 years age - bottom curve is Rotoehu Ash, others from Mangaone Lapilli; d-j, composite 
tephras of ~42,000 years age - samples arranged in order of increasing degth below surface; k-1, Hamilton o 
Ash; m, composite tephra sample showing effect of low heat treatment - l0A halloysite peak dehydrates to 7A 
after ll0°C heating for lh.; n, composite tepgra sample showing effects of glycolation and high heat treatment -
glycolated trace shows slight.expansion of l0A halloysite peak, some interstratification between 7-lOA halloysite 
peak~. and ng expansion of 14A vermiculite peak; trace of sample heated to 550°C for lh. shows disappearance o 

of 7A and l0A halloysite peaks (become amorphous) and the dehydration of vermiculite at 14~ to heat-stable 9.BA 
peak (refer also to~Table Z). The diffractograms show that allophane (X-ray amorphous e.g., a traces) and 
halloysite (both l0A and 7A e.g., c, g-ll are the dominant constituents. Small amougts of clay-vermiculite 
(14A e.g., d-g, n), a-cristobalite (4.05A e.g., d-k, n), and possibly gibbsite (4.85A e.g., lowest trace~ of 
a,b; and 1 ,n) also occur. Interstratification between 7-lOA halloysite occurs in some samples (e.g., 
lowest trace of b, traces f-k). For further details see Lowe 1981, Ch. 6. From Lowe (1981, p. 1B0-181). 
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Fig. 5. Relationship between% galloysite as determined from OTA 
with XRD peak heights of 7~ + 1OA halloysite. XRD samples were 
untreated, oriented <2µm Mg-clay fractions run with instrument settings 
as in Table 6 (ratemeter setting 4OOcps). OTA analysis procedures 
were as given in OTA section below and Fig. 8. From Lowe (1981, p. 198). 

Infrared spectroscopy (IR) 

Infrared absorption involves passing a beam of infrared radiation 
(4000-200cm- 1 ) through a specimen and measuring the amount of absorption. 
Energy absorption will occur when the frequency of the incident radiation 
strikes a sample containing a bond between two atoms with a corresponding 
vibration frequency; radiation at other frequencies is not absorbed 
(Brown et al. 1978). 

IR is equally applicable to gases, liquids, and glasses, as well 
as crystalline solids, and hence, together with chemical dissolution 
analyses, is becoming increasingly utilised as a major diagnostic 

504 

70 
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tool in studies of short range order clays from tephras. Quantitative 
determinations can be made, usually by comparing absorption or trans­
mittance intensity with that of a suitable reference (e.g., Fi el des 
et al. 1972; Russell et al. 1981; Parfitt and Henmi 1982). An inherent 
limitation, however, is that the particulate nature of minerals and 

light scattering phenomena (known as the Christiansen effect) affect 

505 

the relationship between the concentration of a given mineral component 
and the infrared radiation (see below; White 1977). A lack of "standard" 
reference minerals having the same structure, particle size distribution, 
composition, and spectral features as the component in the sample 
further limits the instances in which quantitative determinations can 
be accurately made. Nevertheless, reasonable agreement between chemical 
dissolution and IR methods has been achieved for estimates of allophane 
content in tephras (see Table 8, from Parfitt and Henmi 1982). 

Some useful references on infrared studies include Fieldes et al. 
(1972), Farmer (1974), Gieseking (1975), Farmer and Palmieri (1975), 
van der Marel and Beutelspacher (1976), Dixon and Weed (1977), Brown 
et al. (1978), Farmer et al. (1979a), Theng (1980), and Parfitt and 

Henmi (1980). 

Preparation 

One of the major problems encountered in the application of IR 
in earth sciences is the distortion of absorption due to the Christiansen 
effect. The mineral samples must have a particle size less than the 
wavelength of the IR radiation used. The usual wavelength range is from 
2.5 to 50µm (i.e., frequency range of 4000 to 200cm- 1 ), hence the <2µm 

clay fraction is suitable. Coarser fractions need to be reduced in 
size by careful grinding (see White 1977; Henmi and Yoshinaga 1981). 

Several methods of sample preparation exist. At University of 
Waikato alkali halide discs (KBr) or oil mulls have been used. Disc 

preparation is as follows: 

(1) Grind the sample to a particle size that is less than the shortest 

wavelength likely to be examined. For the majority of spectro­

meters this is 2 microns. 
(2) Weigh approximately 200mg of spectrographically pure KBr (or KCl) 

and 1mg of sample. Mix the two intimately and transfer to a 
vacuum die for pressing. Mount inside a paper ring (which should 

not be destroyed later). 
(3) Raise the pressure on the die slightly and maintain while evacuating 

the die. When the die is totally evacuated, increase the pressure 



-34- 506 

on the die to approximately 8 to 9 tons. This pressure is not 

critical, but it is very important never to exceed the maximum 

pressure quoted 
of the polished 

by the die manufacturers as this may cause cracking 

The KBr becomes 
fragments. 

surface or, worse, an explosion of the die 
liquid at these pressures and flows around 

wall. 
the mineral 

(4) After maintaining the pressure for 3 to 5 min. ,release the vacuum 
and then the pressure. Using suitable spacers press out the 
completed disc. Ideally, this disc should be quite clear. If 
it is cloudy, either the KBr or the sample contained moisture, 
or the die was not sufficiently evacuated. The disc can be ground 
and pressed again if necessary. 

(5) The transparent disc thus obtained is brought into the path of 
the beam of the infrared spectral photometer. A tablet of pure KBr 
made by the same method is brought into the other path of the beam. 

Procedure, mineral identification, and application 

The University of Waikato has four infrared spectrometers, the least 
complex being a Perkin-Elmer Infracord which covers the 2.5 to l5µm 
(4000-650cm- 1 ) range. The absorption of the specimen for the infrared 
spectrum is measured by linking the reference filter to a chart 
recorder pen and the prism to the chart drive. The prism is driven 
round slowly so that each wavelength in turn falls on to the detector. 
As the chart paper is linked to the prism the chart moves in synchronisation 
with the changing angle of the prism. The pen records the amount of 
attenuation required to bring the two beams into balance at each wavelength. 
The net result is a chart showing a measure of the absorption against 
wavelength. 

Major absorption bands of allophane and imogolite occur in three 
regions: 2800 to 3800cm- 1 , 1400 to 1800cm-1, and 650 to 1200cm-1 

(Fig. 6; Wada 1977). The absorpotion bands in the first region are due 

to OH stretching vibrations (either structural OH groups or absorbed 
water). In the second region, an absorption band due to the HOH 
deformation vibration of absorbed water appears at 1630 to 1640cm-l. 
There may also appear absorption bands due to the vibrations related 
with COO (1700-1740cm- 1) or COO- (1580 and 1425cm-1) groups (due to 
humic materials or pretreatment decomposition products or anions, 
all of which are strongly retained by allophane and imogolite). The 
absorption bands in the third region are attributed mainly to Si(Al)O 

stretching vibrations and partly to SiOH and AlOH deformation vibrations 
(Wada 1977). The frequency of the Si(Al)O absorption maximum of allophane 
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Fi~. 6. Infr~red spectra of allophane and imogolite showing their 
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~aJor ~bsorpt1on bands. The band a 348cm- 1 is useful for recognising 
1mogol1te structures and has been used for quantitative analysis (see 
text and Table 8). The traces labelled (a)-(i) reflect differing 
analytical conditions in which temperature and evacuation pressures were 
varied. These conditions were: 20°c: a,f; 20°c, 10-2mmHg: b,g; 150°C, 
10-2mmHg: c; 250°C, 10-2mmHg: d; 350°C, 10-2mmHg: e; 300°C, 10-2mmHg: h; 
475°C, 10-2mmHg: i. The weak OH vibration at 3640cm-1 is due to a trace 
of micaceous impurity. Samples were prepared as films. From Brown et al. 

(1978, p. 157). 

is between 940 and 1040cm- 1 , the frequency increasing as the Si02 :Al 203 

ratio increases (Wada 1980). The IR spectrum of imogolite shows two 
absorption maxima at 990 to lOlOcm- 1 and 925 to 935cm- 1 ,and a band at 
348cm- 1is useful for recognising imogolite structures (Fig. 6; Brown 
et al. 1978; Wada 1980; Parfitt and Henmi 1980; Parfitt et al. 1980). 
This last absorbance at 348cm- 1 has been used for estimating the amount 
of allophane (Al :si~2.0) or imogolite in a sample by comparing absorption 
intensity with that of a suitable reference material (Farmer et al. 
1979; Russell et al. 1981; Parfitt and Henmi 1982) (Table 8). Pure 
air-dried allophane (Al :Si~2.0) has a 348cm- 1 absorbance of about 0.17 
and air-dried imogolite has an absorbance of 0.27 (Parfitt and Henmi 

1982). 
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Table 8. Comparison of analyses of clay fractions and% allophane estimated using chemical extraction methods 
and IR spectroscopy (from Parfitt and Henmi, 1982, p. 186). The% allophane (Al :Sh2.0) is estimated using 
the chemical composition of imogolite as a reference where 100% imogolite contains 27.2: Al and 14.1% Si. 
For example, the Egmont sample contains 19.1% oxalate-extracted Al (Alo) which equals, from the proportion 
19.1/27.2, about 70% allophane. Similarly, it contains 10.0% oxalate-extracted Si (Sio) which also equates 
with 70% allophane from the proportion 10.0/14.1. 

Sample 
C 

(½) 

Ohaeawai 8.4 
Papakauri 4. 3 
One Tree Point 5. 3 
Mairoa 7.5 
Patua 9. 7 
Pumice 4.0 
Egmont 4.5 
Addison -• 
Flagstaff -a 

Te Anau 16.0 

a Insufficient sample. 
from ½Alo-½Alp. 

4000 

Oxalate Pyrophosphate Mole ½ Allophane 
extraction b extraction b ratio (AI/Si=2/1) 

Alo-Alp Alo Sio Feo Alp Fep 
(½) (½) (½) (½) (½) Sio Alo• Alo-pd Sio• IR r 

18.8 7.0 5.9 2. I 0.6 2.5 70 60 50 50 
9.0 2.6 6.9 3. 3 2.4 2.3 30 20 20 IO 

24.2 11. 2 0.2 2.5 0.2 2.0 90 80 80 85 
23.0 11. 2 5. 3 4.5 0. 7 I. 7 85 70 80 85 
20.9 8.6 2. 7 4.6 I. 1 2.0 75 60 60 70 
25.6 13. 3 4.0 I. 7 0.2 I. 9 95 90 95 90 
19. I IO. 0 4. I 0. 8 0.2 I. 9 70 65 70 70 
24.2 12. I 2.8 2. 7 0.9 1.8 90 80 85 80 
18.2 6. 7 4.9 5.9 2.5 I. 9 65 45 50 45 
13. 2 2. 5 5.8 8.5 5.0 2.0 50 20 20 30 

b Based on 150°C oven-dry clay. c Calculated from ½ Alo . d Calculated 
• Calculated from 1/o Si o . 

3500 3000 

r Calculated from IR absorbance at 348 cm-1• 

1000 

Frequency (cm-I) 

800 600 -1()() 

A 

B 

C 

D 

E 

200 

Fig. 7. Infrared spectra ?f halloysite and 'proto-imo olite' . 
Sample A 1s largely halloys,te only, sample E 'proto-im~golite•a!~~phane from tephra-der,ved <2um clay fractions. 
mixtures of both. The diagnostic bands for halloysite o t 47 ophane only. lhe other samµles (B-D) contain 
those of 'proto-imogolite' allophane occur at 348 430 ~~~r :go o, (53o), 910, 1035, 3630, 3700cm-l whereas 
th~ transmittance axis is inverted). These sampl;s we; • • 990, and_3500cm-1 (cf. Fig. 6 - note that 
Wa1kato and Taranaki tephras. After Russell et al. (19:l~r~~a~:~)~s KBr discs heated to lsooc, and derive from 
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Examples of <2wm clay samples containing mixtures of mainly 
halloysite and 'proto-imogolite' allophane (which has an imogolite IR 
spectrum) are given in Fig. 7. IR spectra of halloysite and other 
minerals which occur in tephra clays in New Zealand are shown in Hogg 
(1974), Kirkman (1975, 1980a,b), McQueen (1975), Kirkman and Pullar 
(1978), McIntosh (1980), Russell et al. (1981), Theng et al. (1982), 
and Parfitt et al. (1983). 

Diagnostic IR peaks for some iron oxide minerals are listed in 
Table 4, and a table summarising the main absorption bands for some 
other minerals is given in White (1977, p. 857). 

Differential thermal analysis (OTA) 

OTA is a semiquantitative technique which is especially important 
in the study of short range order materials since it is applicable 
irrespective of the degree of crystallinity. The method determines 

509 

the differences in temperature (T) between a sample and reference material 
as the two are heated at a controlled rate. When the sample undergoes 
a transformation, the heat effect causes a difference in temperature 
between the sample and reference materials. The difference in temperature 
(~T) is normally plotted against the temperature at which this difference 

occurs (Fig. 8). 

Reviews of OTA and other related methods such as thermogravimetric 
analysis are contained in Mackenzie (1970), Mackenzie and Caillere 

(1975), and Tan and Hajek (1977). 

Preparation 

Aliquots of Mg-clay (or K-clay) <2µm fractions separated for 
XRD analysis are air dried (this takes several days), lightly ground 
in a mortar (preferably agate if very accurate work is being undertaken) 

and equilibrated to constant humidity (56% r.h.) over saturated 
Mg(N0 3 ) 2 .6H 2 0 for 7 to 14 days. Standards must also be equilibrated. 

In many cases, samples need not be heated above about 700°C 
because: (a) exothermic peaks between 800 and l000°C are markedly 
affected by pH (which varies according to dispersion and peroxidation 
treatments), particle size, and organic matter content (Campbell et al. 
1968); and (b) high temperature peaks are qualitatively ambiguous 
i.e., they can be attributed to several crystalline clays in addition 

to short range order components (Hamblin and Greenland 1972; Fieldes 
and Claridge 1975). In addition, analytical time per sample is 
increased by an hour or more with the higher upper temperature limit, 
mainly because of the increased time required for the apparatus to cool. 
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f_j__g__.__J!_. Idealised OTA curve showinq endothermic and exothennic reaks and the basis for determining peak area 
~ntification and slope ratio of the endo- or exotherm. The theory and nomenclature of the OTA method 
is as follows. Along the baseline AB, 6T is Oas no reaction occurs in the sample. At point B, roughly where 
an endothermic reaction begins, heat is absorbed by the sample which thus cools with respect to the :-eference 
(6T become -ve). 6T increases until the rate of heat inflow into the sample equals the amount of heat absorbed 
by the reaction. This occurs, near the end of the reaction, at point D, after which the curve returns to tne 
baseline at F. An exothermic reaction gives a peak in the opposite direction (i.e., 6T is +ve). 

Point D, peak temperature (although point 8 is actually more critical in terms of physical change 
to the specimen but is often difficult to position accurately); BF, peak width; DG, peak height (amplitude). 
The maximum rate of reaction occurs at about C, the end of the reaction at about E. 

The degree of sy11Hnetry of the peak is given by the slope ratio, tana/tans (=a/b) (Bramao et al. 1952). 
The peak area (stippled) can be calculatr.d from the relatillnship (BFxDG)/2 (or by "counting squares" on the 
chart paper) and is usually denoted in cm 2 .g-l of <2µm clay or whole sample. For example, a 50mg sample of <2µm 
clay giving a peak area of 10cm2 = 0.5cm2 .g- 1 <2pm clay. Diagram after Tan and Hajek (1977, p. 867). 

Because of the long time required to analyse a sample (2 to 3h.), samples 
should be selected with care. It is impractical in most cases to 
analyse more than about 10 to 20 samples for a project, taking into 
account the need to run duplicates as well. 

Procedure and mineral identification 

Analyses at University of Waikato are made with STONE OTA apparatus 
using the following instrumental settings: 



-39-

Heating rate 10°c min- 1 

Thermocouple amplifier 300µV (150 x 2) 
Chart speed 0. l in min- 1 

The thermocouple amplifier setting may be increased or decreased on 
an ad hoc basis. 

Samples must be carefully and accurately weighed for quantitative 
analysis, and packed as uniformly as possible into the sample holder 
for each successive analysis to ensure valid intersample comparisons. 
50 ± 1mg samples are heated to about 1000°C using calcined (preheated) 
Al203 as the dilutent (160mg) and reference (i.e., a 210 ± 1mg sample 
of clay plus Al 2 03 is packed into the sample holder; the reference cell 
contains pure Al 203 and does not need to be replaced for each run). 
They may be heated in air, or in an oxygen or nitrogen atmosphere, which 
is advantageous for pyrolysis of organic matter. 

Relative abundances of the chief constituents are determined from 

the endotherm peak areas, measured according to the criteria shown 
in Fig. 8 and as discussed in Mackenzie and Caillere (1975). Precise 
determination of the base line (tT = 0) position may be difficult because 
of base line drift or displacement, or because of almost concurrent 
exothermic and endothermic peaks (e.g., Fig. 9h-k). In some cases, it 
is easiest to arbitrarily join the reaction peak shoulders (i.e., 
points Band Fin Fig. 8) (see Tan and Hajek 1977, p. 876). Because 
of this potential problem, and for other reasons, experimental procedures 

must be maintained as constant as possible and replicate analyses 

carried out for quantitative work. 

The most common constituents of New Zealand tephra clay materials, 

allophane and halloysite, are readily identified and quantified by 
OTA by comparing peak areas from prepared standards (available in 
Department of Earth Sciences) with those of unknown samples. Other 
minerals may be difficult to detect unless present in relatively large 
quantities or suitable pretreatments have been undertaken (Table 9). 

Allophane (also imogolite) is identified by a low-temperature 

(110-120°C) dehydration endotherm (Fig. 9; Mitchell et al. 1964; 
Bracewell et al. 1970; van Olphen 1971; Fieldes and Claridge 1975), 
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the area of which provides a measure of relative abundance. Water adsorbed 
on most clay-size materials, including organic matter, will contribute 

to this peak, as is evident from the sample comprising around 100% 
halloysite in thermogram n in Fig. 9. Consequently, the amount of 
allophane determined from the peak area is corrected by deducting 
a factor proportional to the amount of halloysite in the sample. The 
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~9. OTA thermograms of some <2\JTlMg-clay fractions from tephras in the Hamilton Basin. a-b, tephras aged 
~00 years; c, Kawakawa Tephra (c. 20,000 years); d-e, tephras aged c. 30,000 years; f-g, Rotoehu Ash 
(c. 42,000 years); h-1, composite tephra~ of ,c.42,000 years age arranged in order of increasing depth; 
m-n, Hamilton Ash. The thermograms illustrate that allophane (endotherms A at 120°C) and halloysite (endotherms 
Hat 500°C) predominate in most samples. Organo-mineral complexes (O.M.), possibly together with some iron 
oxides (1.0.), are evident as strong exotherms in traces a, b, d, h-1. h trace of ?gibbsite (endotherm ?G at 
280°C) may be present in trace e but the small peak may have been largely suppressed by the O.M.-I.0. exotherm. 
The small endotherms at 570°C in curves i and j probably represent silica (S) phase changes. Samples were 
prepared and analysed as outlined in the text. After Lowe (1981, p. 193-194). 
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humidity equilibrium ensures that this remains relatively constant. 
Alternatively, the samples and standards may be glycolated, thereby 
replacing the adsorbed water, and allowing the allophane content to be 
estimated more directly (e.g., Sand and Bates 1953; Lowe 1981). 

Imogolite (and gibbsite - see below) mav display an endotherm 

at 390-420°C (Kanno et al. 1968; Yoshinaga et al. 1973; Dudas and 
Harward 1975a) due to deyhydroxylation. The sample usually has to be 
selectively purified to show this, however, but the peak can be used 

for quantitative estimation. 
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Halloysite is indicated by weak to strong dehydroxylation endothermic 
peaks at about 500°C (Mackenzie 1970). Most late Quaternary tephra 
samples from the Waikato region show peak temperatures of 470-490°C 
(Fig. 9). These temperatures are consistent with those for halloysite 
formed from volcanic ash material elsewhere (e.g., Yoshinaga et al. 
1973; Dudas and Harward 1975a; Kirkman 1975; Kirkman and Pullar 1978) 
and suggest a low degree of crystallinity, partially related to small 
particle size and possibly to the presence of amorphous material (Lowe 
1981). Particle shape may also influence the peak temperature. 

Bramao et al. (1952) suggested that halloysite and kaolinite are 
distinguishable on the basis of endotherm peak symmetry, measured as 
slope ratio (Fig. 8) : halloysite is usually more asymmetric than 
kaolinite because of a low temperature shoulder arising from weakly 
bound hydroxyls in the structure (Churchman and Carr 1975). While the 
technique seemed to apply to Kauroa Ash deposits (Salter 1979), the use 
of slope ratio to distinguish between halloysite and kaolinite is 
not universally applicable because of "overlap" of values in many 
instances (Nagasawa 1969; Mackenzie 1970; Lowe 1981). Thermograms of 

halloysite from Kauroa Ash show a mean slope ratio of 2.24 (Salter 
1979), whereas those of halloysite from late Quaternary tephras 
examined by Lowe (1981) are <2, and often <l. These variations may 
be attributed to differing degrees of crystallinity, particle shape 
or size, or the effect of organo-mineral complexes in the clay fractions 
(Kirkman and Pullar 1978; Lowe 1981 ). 

Gibbsite, if it occurs in sufficient quantity, is characterised 
by an endothermic peak around 300°C (280-330°C) (e.g., Fig. 9d; 
Hsu 1977). This peak overlaps with those of iron oxides which show 
endotherms (Table 4) in the range of 280 to 400°C {y-FeOOH also shows 
exotherms from 370-500°C) (Schwertmann and Taylor 1977). In many cases, 
however, overlapping peaks may be resolved by chemical dissolution 
pre-treatments (Table 9; Mackenzie and Caillere 1975). 
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11 0rgano-mineral 11 or humus-complexes (probably involving Fe or Al 
oxides) are indicated by exotherms between 200 and soo 0 c, or higher 
(Jackson 1969; Satoh 1976); exotherms at about 330°C and 450°C arise 
from complex decarboxylation and oxidation respectively (Schnitzer 
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and Kodama 1977). The humus complexes which occur in tephra materials 
are influenced by the organic cycle in the soil (Lowe 1981), and may have 
an important role in Al-humus formation and the limitation of Al and 
Si coprecipitation (Wada and Higashi 1976; Wada 1977; Lowe 1981). 
The humus complexes appear to be resistant to breakdown (Birrell and 
Fieldes 1968; Wada and Higashi 1976). This is illustrated in Fig. 9 
in which sample h, which was peroxidised with H2 02 , shows only moderate 
reduction in exotherms compared with equivalent sample i which was not 
peroxidised. 

Quartz/crystalline silica a 1- s phase changes (Mackenzie 1970) 
may be identifiable in OTA curves (e.g., Fig. 9i ,j). 

Application 

Some OTA curves of tephra materials are shown in Fig. 9. These 
thermograms illustrate a predominance of allophane (e.g., especially 
curves a,b) and halloysite (curves c-n) together with humus complexes 
and/or iron oxides (e.g., especially curves a,b,h-k) and possible 
traces of ?gibbsite (curves d,g). A variety of traces are shown to 
demonstrate the diversity, particularly of peak size and position, 
which can be expected from tephra samples. 

Electron microscopy 

There are two basic types of electron microscopes and microscopy 
transmission (TEM) and scanning (SEM). Generally, larger particles 
or aggregates are studied by SEM, and dispersions of individual clay-

o 0 

size particles by TEM, which has better resolution (SA cf. 200A) 

(Gard 1971). Electron microscopy must be used in combination with 
other techniques such as XRO and thermal (OTA) or infrared (IR) 
analysis because many clay mineral species show several external shapes 
which are difficult to distinguish. For example, the apparent transi­
tion between allophane and halloysite frequently precludes micrographic 
identification of a given particle belonging to one or the other mineral 
species (Bates 1971). Another constraint is that sample sizes are, 
of necessity, very small and hence possibly 11 unrepresentative 11 • Further, 
because the specimen is exposed to a high intensity electron beam 
it must be analysed in a high vacuum and will be in a dehydrated form, 
although special environmental cells to observe 11 natural" forms have 
been used (e.g., Parsons 1974; Kohyama et al. 1978). Special procedures 
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were operated by Jones and Uehara (1973) to detect "amorphous" coatings 
on mineral surfaces too thin to be resolved by most electron micro­
scopes. A special problem in many analytical techniques which can be 
accentuated in TEM and SEM studies is the formation of artifacts by 
sample preparation methods. Accordingly, considerable care is necessary 

when interpreting EM images. 

Projects involving clay mineralogical analysis should normally 
restrict electron microcope examination to a few carefully selected 
samples only. Both SEM (in the School of Science) and TEM (Meat 
Research Institute, Ruakura), the latter to a lesser extent, are 
available to workers at University of Waikato. 

Transmission electron microscopy (TEM) 

The TEM geometry is similar to that of the optical microscope. 
Electrons are emitted from a hot tungsten filament at the top of an 
evacuated column and are propelled down the column at a constant speed 
by a high electric potential between the filament and the anode. 
The electron beam is focused by an electromagnetic condenser lens on 
to the sample where diffraction and scattering occur. The resultant 
electron beams are focused from an initial image by the objective 
lens (McKee and Brown 1977). 

The penetrating power of the electron beam is low and TEM samples 
must consist of either very thin films of material or very small 
particles supported on thin film substrates. The examination of opaque 
surfaces requires a SEM or the preparation of a TEM thin-film replica 
which duplicates the topography of the original surface. The replica 
is usually made by evaporating a thin film of metal and carbon directly 
onto the sample surface and then dissolving the sample while retaining 

the metal-carbon replica to be viewed by TEM (McKee and Brown 1977). 
Thus in TEM work the surfaces of clay particles are not directly 
observed. 

Advantages of the TEM are the very high resolution and great depth 
of field. The TEM is now capable of showing that allophane consists 
of extremely small hollow spherules with an external diameter of 35 to 

0 

50A and wall thicknesses similar to those of imogolite tubes (~l0-20A), 
the latter usually occurring as threads or bundles of parallel fibre 
pairs (Fig. 10; Henmi and Wada 1976; Jessen 1977; Wada and Wada 1977; 
Parfitt and Henmi 1980). 

An important analytical capability of the TEM is the formation of 
an electron diffraction pattern from a crystalline sample (similar to 
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Fig. 10. High resolution electron micrograph of clay fraction containing imogolite threads and bundles and 
very fine ?allophane particles. The larger dark masses probably represent aggregates of allophane and in 
some cases felsic minerals. Sample is from Waihou silt loam, a freely drained soil derived from admixed 
tephra and tephric alluvium. Bar represents lµm. From Jessen (1977, p. 116). 
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those obtained by XRD) which is useful for identifying particles or 
thin films below the detection limit of XRD (Gard 1971; Andrews et al. 

1971; McKee and Brown 1977; Fripiat 1982). 

Preparation 

A good general review has been written by McKee and Brown (1977). 
At University of Waikato, Jessen (1977) used the following method of 
sample preparation: suspensions of <lµm clay particles are diluted 
to 1% or less with distilled water, then spotted on to collodian films 
("Formvar") which are supported by copper grids. Specimens are then 
shadowed by depositing a thin film of platinum at an angle of 45° to 
the specimen to enhance contrast and 3-dimensional effects. 

Procedure, mineral identification, and application 

Procedure is normally detailed in notes associated with the 
laboratory in which the TEM is operated. Mineral identification is 
based on comparison of images or micrographs with micrographs in the 
literature. TE micrographs of tephra materials from the South Auckland 
region are contained in theses of Hogg (1974), McQueen (1975), Davoren 
(1976), Fry (1977), and Jessen (1977), and in many papers, including 
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Fieldes and Williamson (1955), New Zealand Soil Bureau (1968), Yoshinaga et al. 
(1973), Kirkman (1975; 1976; 1977; 1980a,b; 1981), Kirkman and Pullar 
(1978), McIntosh (1980), Henmi and Parfitt (1980), and Parfitt and 
Henmi (1980). 

General reviews and applications are contained in Beutelspacher 
and van der Marel (1968), Bates (1971), Gard (1971), Gieseking (1975), 
Wenk (1976), Dixon and Weed (1977), Greenland and Hayes (1978), Whalley 
(1978), Sudo and Shimada (1978), Theng (1980), Smart and Tovey (1981), 
and Sudo et al. (1981). 

Scanning electron microscopy (SEM) 

The SEM provides an enlarged, 3-dimensional view of the unmodified 
clay surface with high depth of focus. The SEM forms an image by 
scanning the surface of a sample with a finely focused electron beam 
(about 10-2µm diameter) (McKee and Brown 1977). The high energy beam 
stimulates the emission of secondary electrons, back-scattered electrons, 
X-rays, and sometimes light photons from the sample surface. In the 
normal mode of scanning microscopy, the electrical signal derived from 

the collected secondary or back-scattered electrons is used to form a 
te~evision-type image of the surface under examination. The X-rays 
emitted are characteristic of the elements present in the sample and 
can be collected and analysed (usually with a Li-drifted Si detector) 
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and counted with an energy dispersive multichannel analyser. Hence, 
in addition to particle size and morphological examination, the SEM 
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is capable of determining the chemical identity and spacial distribution 
of the elements in the area under the electron beam. These data can 
be presented as spot mode spectral plots (Fig. 11) or as X-ray 
elemental maps (e.g., McKee and Brown 1977; Salter 1979). Another 
function is fabric study, whereby fracture planes in soil materials, 
for example, may be examined in 3-dimensions (e.g., Rogers 1978; 

Parker 1978; Ross and Walker 1982). 

Fig. 11 . 
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Additional advantages of the SEM are its great depth of field and 

wide range of magnifications which allows correlation of optically 
visible features with features well beyond the resolution of optical 
systems (for example, sand and silt sized grains are very easy to 
study). Another advantage is the ease of sample preparation, and 
generally the lack of problems related with artifacts (McKee and Brown 

1977). 

Preparation 

Prolonged storage of samples may result in the morphological 
alteration of some minerals (especially halloysite), hence preparation 
for analysis should be done as soon as possible after sample collection 
(Lowe 1981). The nature of the study will determine in part the 
preparation technique, but in most cases the sample must be separated, 
suspended and diluted, mounted and coated. (If soil fabric is being 
studied, the samples must be dehydrated to preserve the particle 
arrangement by critical point-drying or rapid freeze-drying (McKee and 
Brown 1977)). Prospective users should consult the SEM operator for 
advice on special preparation methods which may be required to suit 
their particular needs. A method used by Lowe (1981) for clays at 
University of Waikato is as follows: 

(1) 1 to 2cm3 of the <2µm Mg-clay suspension fractionated for XRD 
analysis is diluted with 50cm3 of distilled water and subjected 
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to ultrasonic vibrations, in either a BRANSONIC 52 tank (20-30 min.) 
or with a DAWES SONOPROBE with microtip (3-6 min.), to ensure 
disaggregation. After a settling period of several hours most 
of the very fine colloidal material in suspension is decanted, 
and the coarser residual particles resuspended in ~1ocm3 of 

specially double distilled water; the suspension is briefly (2-3 min.) 
re-ultrasonicated. Aliquots of l to 2cm3 are then successively 

diluted in ~1ocm 3 of water (3-4 times) until the ultimate suspension 
appears virtually clear. 

(2) Several drops of tert.-Butylamine [(CH 3)3C.NH 2 ] are added to a 
similar amount of the dilute clay suspension as a peptiser 
(Beutelspacher and van der Marel 1968), mixed well, and a drop 
of the resultant suspension mounted on a polished brass SEM 

stub. Disposable Pasteur pipettes are used throughout to prevent 
carry-over contamination of samples. 

(3) The suspension is subsequently dried, initially under a heat lamp, 

then in an oven for l to 2 h. at 90°C. This alleviates low image 
quality observed during trial scans and attributed to evaporation 
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of hygroscopic water (Bohor and Hughes 1971) by the electron 
beam. The mounted specimen is almost invisible, appearing at 
most as a slight dullness on the stub surface. 

(4) Samples are coated for 2 min. with 200 to 500A of gold-palladium 
in a diode sputtering system (P0LAR0N E5000). The coating serves 
to prevent a build-up of electrons on the specimen surfaces by 
conducting away static electricity (Bohor and Hughes 1971). 

If flocculation problems occur with the sample mounted on the stub, 
the specimen can alternatively be mounted on a fine-mesh metal grid 
(as for TEM) to aid dispersion of the constituent particles (McKee and 
Brown 1977; C.K. Beltz, pers. comm.). 

Sample stubs must be stored in a dessicator. 

Procedure and mineral identification 

Samples are usually tilted to 45° and subjected to accelerating 
voltages between 10 and 25kV. The University of Waikato SEM is a 

JE0L JSM-35 model. 

Problems potentially likely to be encountered include: 
(1) Charging effects (regions of the image appear excessively bright, 

often as lines or streaks on the micrograph in the direction of 
scan) - this occurs when all portions of the sample do not remain 
at the same electrical potential, and is usually alleviated by 
using lower scanning beam potentials and rapid scan rates (McKee 

and Brown 1977). 
(2) Sample contamination - contaminants have been known to originate 

from distilled water used in sample suspension and dilution (Lowe 

1981), hence the need for an ultra-pure water source. 
(3) Poor image focus and astigmatism difficulties when magnification 

exceeds 15,000 times (Lowe 1981). 
(4) Inadequate resolution of some constituent clay species because 

of particle aggregation (mainly with allophanic materials) and 

with very fine particle sizes. 

Application 
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The SEM has been applied in various studies at University of Waikato 

on tephra materials (e.g., Salter 1979; Phillips 1980; Lowe 1981). 
Most of the papers listed for TEM, plus Borst and Keller (1969), 
Askenasy et al. (1973), Dixon and McKee (1974), Espinoza et al. (1975), 
Keller (1978), Tazaki (1979), Smart and Tovey (1981), and Sudo et al. 

(1981\ illustrate morphological features of tephra-derived clay minerals 
using the SEM. Allophane normally occurs as sponge-like, globular 
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Fig. 12. Scanning electron micrograph showing sponge-like short range orde,:- ma!erial (arrowe~) ~nd '.luffy 
aggregates and globules characteristic of allopha~e. Note that SEMor:sol~t1on 1s unabl: to d1st1ngu1sh 
individual 'structural unit' allophane spheres which are only 35-S0A in diameter (see Figs l and 10). Sample 
1s from Holocene tephra. Magnification 11 ,0O0X. Bar represents 0.9um. Accelerating voltage 12kV. From 
Lowe ( 1981, p. 225). 

b 

Fig. 13. Scanning electron micrographs showing interlaced halloysite tubes or laths which are frequently 
embedded in an "amorphous-gel" matrix (i). The tubes average 0.07um x 0.31,m in size and occasionally appear 
split (ii), probably due to partial unrolling (to give "scl'Olls") or perhaps to interlayer separations 
between packets of layers along halloysite tube c-axes. The fine (0. l-0.15\Jm) semi-spheroidal particles (arrow 
iii) may represent allophane clusters, spheroidal halloysitE or cross-sectional views of halloysite tubes. 
The gel-like platy material (iv) looks similar to the arnorphous coatings in aluminosilicate systems described 
by Jones and Uehara (1973). Sample is from Hamilton Ash. (a) Magnification 12,000X. Bar represents 0.8;.,m. 
23kV accelerating voltage. (b) 22,000X magnification. Bar represents 0.5um. 23kV accelerating voltage. 
From Lowe (1981, p. 229). 
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aggregates (Fig. 12). Halloysite occurs in spherical, tubular 

(Fig. 13), and platy forms. Iron oxide minerals show a variety of 
forms ( Ta bl e 4 ) . 

It must be stressed that the morphology of particles as shown by 
SEM (or TEM) is an aid to their identification, but not necessarily 
definitive. Similarly, relative abundances of species can seldom be 
accurately determined from SEM or TEM alone. 

Sodium fluoride reactivity 

Rapid (field) tests using NaF 

Large OH release takes place when NaF is added to allophanic 
materials, and Fieldes and Perrott (1966) proposed this reaction 
as a rapid field test for allophane. The U.S. Soil Taxonomy system 
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(Soil Survey Staff 1975) also utilises the test for classifying materials 
with an "exchange complex dominated by amorphous materials". Here the 
pH of a suspension containing lg of soil in 50ml of lN NaF is measured 
after 2 min.; a value of 9.4 or greater is taken as indicating an 
appreciable allophane content. Although these tests are not necessarily 
specific for allophane, as the reagent will react with any available 
Al associated with hydroxyls (Brydon and Day 1970; Wada 1977), their 
continuing use, in conjunction with other methods for determining 
allophane content, is generally supported (Rankin and Churchman 1981). 
The tests are used for distinguishing the B2 horizons of podzols (which 
contain 'proto-imogolite' allophane) and other soils as well as in 
tephra-derived soils (Brydon and Day 1970; Loveland and Bullock 

1975; Tait et al. 1978; Farmer 1982). 

Laboratory tests using NaF 

The kinetics of OH- release are not yet clearly understood, but 

the reaction, summarised as M(OH) + 6F- + MF6 3 + OH-, occurs more y y 
slowly for crystalline material because of more stable structural 
hydroxyl groups (Kitagawa 1974), and hence has been used to differentiate 
well and poorly ordered inorganic materials by measurement of OH- release 
at constant pH by titration under standardised conditions (Bracewell 
et al. 1970; Perrott et al. 1976a). Data in Brydon and Day (1970), 
Loveland and Bullock (1975) and Perrott et al. (1976a) demonstrate 
that Al-bonded OH- (hydroxyaluminium) is more readily replaced by F 
than silica- or (free) ferric oxide-bonded OH-. This trend is confirmed 
for synthetic aluminosilicate gels (Perrott et al. 1976b; Salter 1979), 
hence indicating that in general low Al 203 :Si02 ratios result in low 

reactivity values. As a corollary, Perrott et al. (1976b) suggested 
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using the reaction of fluoride to assess the Al :(Al + Si) mole fraction 
indirectly. Also, Shoji and Ono (1978) demonstrated close correlation 
between NaF(l :50) pH values and dithionate-citrate-soluble alumina 

constituents in Japanese tephra-derived soils. 

Preparation 

Samples of either whole soil or clay-size fractions (<2µm or <lµm) 
can be used. The method of preparation and analysis used at the 
University of Waikato is essentially that of Bracewell et al. (1970) 
and Perrott et al. (1976a) as modified by Salter (1979) and Lowe (1981). 

The <2µm or <lµm clay fractions separated previously for XRD 
or OTA are air dried, lightly ground in a mortar, and equilibrated to 
constant humidity over saturated Mg (N0 3 ) 2 .6H2 0 prior to titration. 
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If whole soil samples are used, they must be air dried and ground to 
<lSOµm, then equilibrated (the clay content should be known to enable the 
reactivity of the clay fraction to be calculated later). 

Procedure and mineral identification 

(1) A 100 ± 1mg soil or clay sample is introduced at zero time into 
20ml 0.85M NaF solution maintained at 25 ± 0.5°C, and stirred 
vigorously. 

(2) The OH- released is titrated continuously with O.lM HCi using a 
Radiometer Autoburette ABull and Titrator TTT60 for a 25 min. period, 
so that the pH is maintained constant at 6.8, as monitored by 
a PHM 64 Research pH meter. The titration is best set up in a 
constant temperature room. 

The amount of OH released in 25 min., reported as mmol (meq) 
OH-/lOOg, is taken as the fluoride reactivity (FR) value. All samples 
should be analysed in duplicate or triplicate and the results averaged. 
Under these conditions the technique is very precise; relative deviations 
rarely exceed 3%, and are merely proportional to the magnitude of 
the fluoride reactivity values (Lowe 1981). 

Conversion of the fluoride reactivity values into accurate percentages 
of short range order material is liable to inaccuracy because the 
constituents vary compositionally (e.g., Fieldes and Furkert 1966; 
van Olphen 1971; Henmi 1977), and the reaction with fluoride is 
compositionally dependant (Bracewell et al. 1970; Perrott et al. 1976a}. 

Application 

Kirkman (1975) applied the technique to Holocene and late Pleistocene 
tephras in central North Island and showed that the fluoride reactivity 
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values reflect the gradation from allophane- to halloysite-dominated 
clay (<lum) fractions. The Holocene tephras generally contained 
allophane, and hence highly reactive clay fractions (1000-2000 mmol 
OH:/lOOg clay), whereas the late Pleistocene tephras, with mainly 

(7A) halloysite clay fractions, exhibited much lower reactivity values 
(100-600 mmol OH-/lOOg clay). Similar results are described by Klages 
(1978) for tephras in U.S.A .. 
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Reactivities of <2um clay fractions from late Quaternary tephras 
in the Waikato region (Lowe 1981) range from 185 to 1152 mmol OH-/lOOg 
and generally match those of Kirkman (1975) except that the very high 
values reported for his Holocene tephras do not occur. Comparison 

of the reactivity values with OTA estimates of allophane and halloysite 

content showed good correlation for sites under free-draining weathering 
conditions (Lowe 1981 ). 

For the older halloysite-rich Kauroa Ash beds, Salter (1979) 
reports relatively low reactivity values (95-185 mmol OH-/lOOg), 

consistent with a low content of short range order aluminosilicate 
material. Some of the reactivity in this case was attributed to the 
fine particle size (see also Campbell et al. 1977) and hydrated status 
of the halloysite material. 

Parfitt and Henmi (1980) used NaF reactivity, together with other 
tests, to show that imogolite is more ordered than allophane and has 
fewer defect sites and broken bonds where F can react with Al to break 
up the structure. 

Comparison of the Fieldes and Perrott (1966) field test with the 
laboratory-determined reactivities shows excellent correlation 
(Lowe 1981 ). The field test is as reliable as, though less precise than, 
the laboratory procedure for determining the relative abundance of 
allophane (or rather the presence of active Al-OH groups) in whole 
soil samples under most site conditions. 

Modified versions of the NaF reactivity field test are currently 
under trial in the Department of Soil Science, Lincoln College. 

Chemical dissolution analyses 

Short range order clay minerals have a large specific surface 
area and high chemical reactivity. These materials are thus more 
sensitive to chemical dissolution than crystalline clay minerals and 
dissolve differentially according to their elemental composition 
(Wada 1977). Thus, selective chemical dissolution can be used for 
determination of short range order clay constituents. The dissolution 
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of Al, Fe, and Si in various clay and humus constituents by treatment 
with different reagents is given in Table 9. This shows, for example, 
that allophane is dissolved by treatment with hot 0.5N Na0H or oxalate­
oxalic acid (Tamm's solution) but not with dithionite-citrate or 2% 
Na 2 co 3 solution. However, because dissolution with one reagent only 
has some limitation in the specificity of the reaction, simultaneous 
characterisation of the dissolved material is recommended. This is 
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• l t • t ents and orqani c complexes by treatment with Table 9. Dissolution of Al, re, and_S) inh var,outs ct~Y con~h~d~ can be found in Wada (1977, p. 615; 1978, different reagents. References deta1l1ng t e ex rac ion me 
p. 152). After Wada (1978, p. 152). 

Element in: 
Specified component 
and complex 

Al in: 
Organic complexes 
Hydrous oxides 

Noncrystalline 
Crystalline 

Fe in: 
Organic complexes 
Hydrous oxides 

Noncrystalline 
Crystalline 

Si in: 
Opaline silica 
Crystalline silica 

Al and Si in: 
Allophane-like 
Allophane 
lmogolite 
Layer silicates 

Treatment with: 
0.1 M Dithionite 

-citrate 

good good 

poor good 
none poor 

good good 

poor good 
none good 

none none 
none none 

poor good 
poor poor 
poor poor 
none none 

0.15---0.2 M 0.5 N 
oxalate- NaOH 
oxalic acid 
(pH 3.0-3.5) 

good good good 

good good good 
poor none good 

none good none 

none good none 
none none none 

poor none good 
none none poor 

good good good 
poor good good 
poor good-fair good 
none none poor-fair 

carried out typically by difference infrared spectroscopy (i.e., 

comparison of the IR spectra of the material before and after treatment), 
or from dissolution kinetics, whereby the steady-state portion of the 
dissolution-time curve is taken to indicate a limited attack on 
crystalline material (Wada 1977). Hodges and Zelazny (1980) report 
a procedure based on the loss in weight of a sample after it had been 
selectively dissolved by ammonium oxalate or sodium hydroxide as a 
measure of the non-crystalline material content of the sample. A 
differential XRO method involving selective dissolution treatment for 
identifying some iron oxide minerals is discussed by Schulze (1981) 
and Schwertmann et al . ( 1982). 

Recent studies by Russell et al. (1981) and Parfitt and Henmi 
(1982) have demonstrated that for clays from predominantly andesitic 
tephras the acid-oxalate dissolution and infrared spectroscopy methods 
showed good agreement in determining allophane content where the Al :Si 
ratio of the extract is near 2.0 (Table 8, p.36 ). The methods compared 
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IR absorbance at 348cm- 1 (character,·st,·c of 11 a ophane and imogolite) 
with %Al and %Si extracted by acid-oxalate. 

If the non-crystalline material content of samples is to be 
related to soil systems, Hodges and Zelazny (1980) recommend that 
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whole samples be used for analyses, rather than only the <2µm fractions. 
(See also method-related studies by Hetier et al. (1977) and Higashi and 
Shinagawa (1981)). 

Useful references for dissolution methods and applications include 
Jackson (1969), Wada (1977), Dixon and Weed (1977), Brown et al. (1978), 
Theng (1980), Hodges and Zelazny (1980), and Parfitt et al. (1983), 
and papers cited therein. 

Surface area measurements 

Specific surface areas can be measured for allophanic clays using 
various adsorbates such as glycerol, ethylene glycol monoethylether, 
ethylene glycol, and water (Wada 1977), and low temperature nitrogen 
adsorption (Paterson 1977). 

Specific surface area calculations for allophane range from 800 
0 

to 2210m2/g using 43 and 50A as the inner and external diameters 
of the 11 spherule unit 11 respectively, and a density of 2.6 to 2.65 
g.cm- 3 (Espinoza et al. 1975; Wada 1980; Parfitt and Henmi 1980). Thus 
measurement of surface area can provide an estimate of allophane content. 

Ethylene glycol and water adsorption methods used by Allbrook and 
Codlin (1981) to estimate allophane contents showed good correlation 
with determinations based on Tamm's acid-oxalate dissolution of Al, 
Si, and Fe, and OH- release by titration to pH 6.8 after addition of NaF. 
Another study, by Claridge and Fieldes (1975), applied ethylene glycol 
retention measurements to particle morphology studies of allophane and 

ha 11 oys ite. 
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APPENDIX B 

Comment: 

Lowe, D.J.; Green, J.D. 1987: Origins and development of the lakes. 

Chapter 1 in Viner, A.B. ed. Inland waters of New Zealand. 

Wellington, New Zealand Department of Scientific and Industrial 

Research: p.1-64. 

This chapter was prepared in part for the International Society 

for Theoretical and Applied Limnology (S.I.L.) Congress held in 

Hamilton. New Zealand. in February 1987. The chapter is not 

reproduced here because it is largely peripheral to the thesis. 

However, part of the chapter highlights the role. actual and 

potential, of tephrochronology in studies on New Zealand lakes. It 

also identifies those lakes likely to contain long records of volcanic 

activity in the form of lacustrine tephras. These lakes are therefore 

potentially valuable sites for future coring programmes investigating 

both tephrostratigraphy and palaeolimnology. 

Palaeolimnological studies in New Zealand are briefly reviewed. 

These have begun only in recent years, and most have been done on 

North Island lakes. The studies are implemented by well-dated tephra 

layers that provide a time-stratigraphic framework in the lake 

sediments. 

The assistance of my co-author, Dr J.D. Green, and Ors R.A. 

Pickrill, I.A. Nairn, C.H. Hendy, P.J.J. Kamp, 

preparing the chapter is gratefully acknowledged. 

and A.8. Viner in 
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