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Abstract Cores from 14 peaty lakes in the central
Waikato region, northern North Island, contain a
sequence of 4 1 well-preserved, mainly macro-
scopic, occasionally bedded, ash and lapilli layers
ranging in thickness from c. 2 to 1 10 mm and
interbedded with fine-grained organic lake sedi
ment. The layers, whose field and compositional
properties are described in detail, are distal airfall
tephras that were erupted between c. 17 000 and c.
1 800 14C 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 1 1, and Egmont 15
andesitic.

These sources were distinguished using the
tephras' mineralogical assemblages and glass and
mineral compositions determined by electron
microprobe. The tephras were correlated with

named proximal eruptives using their siratigraphic

relationships and radiometric ages based on

multiple `4C dates on enclosing lake sediment in
combination with the mineralogical and chemical

criteria. The correlated tephras associated with each

source listed youngest to oldest are: Taupo-

Taupo, Mapara, Whakaipo, Hinemaiaia, Opepe;

Oka taina-Whakatane, Mamaku, Rotoma,

Waiohau, Rotorua, Rerewhakaaitu, Okareka;

Maroa-Puketarata; Mayor Island-Tuhua,

uncorrelated; Tongariro-Mangamate ?Te Rato

Lapilli, Okupata 8 informal units Oa-l to Oa-8,

uncorrelated, Rotoaira; and Egmont-15 informal

units Eg-1 to Eg-15.
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In total, thepostc. 15 000year lacustrine tephras
range in thickness from c. 20 cm possibly
equivalent to c. 37 cm on dry land because of
compaction or dissemination in the lakes in the
north of the study area, 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 make up c. 65-95%; andesitic tephras are
more common in the south c. 30-35%, decreasing
markedly to the north c. 10-15% and eastc. 5%.
These different proportions of andesitic to rhyolitic
material may have influenced weathering and
argillisation in the tephra-derived soils in the
Waikato area.

Provisional isopach maps for 1 1 tephras
Whakaipo, Eg-2, Tuhua, Mamaku, Rotoma,
Opepe, Mangamate, Waiohau, Oa-8, Rotorua, and
Rerewhakaaitu 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
using lake sediments for tephra mapping. Most of
the tephras found in theWaikato lakes should persist
well beyond the Waikato area. Extrapolated plots of
isopach thickness against distance from isopach
centre suggest thatc. 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. Co-ignimbrite ash may have
contributed to some oftheresulting 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. 1 100 years; andesitic, 1
per c. 650 years. The tephras, particularly Taupo,
Tuhua, Mamaku, Opepe, Mangamate, Waiohau,
Rotorua, Rerewhakaaitu, and Okareka, are useful as
time-stratigraphic markers in paleoenvironmental
studies on the lakes and catchments.

Keywords stratigraphy; late Quaternary; tephro
stratigraphy; tephrochronology; correlation;
composition; C-14; absolute age; isopach maps;
North Island; volcanoes; Waikato; lakes;
paleolimnology; "Tirau Ash"; "Mairoa Ash"
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Fig. 1 The Waikato area showing thelocations ofthe lakes cored in this study bold. Some otherlakes and peat bogs
are also shown. The dashed line marks the approximate boundary of the two main soil4orming materials described in
early soilsurveys as "MairoaAsh"M and "Tirau Ash" TafterN.Z. SoilBureau 1954. The inset shows the locations
oftephra-producingrhyolitic and andesitic volcanic centres active in thelate QuaternaryperiodafterCole& Naim 1975
and Hogg & McCraw 1983. TVZ = Taupo Volcanic Zone.

INTRODUCTION

The central Waikato region is well to the north and

northwest of the main tephra-producing volcanoes

of central North Island Fig. 1; McCraw 1975.
Consequently, most of the late Quaternary airfall

tephra deposils found there are relatively thin and

have been hard to differentiate. Early reconn

aissance mapping of the iephras, chiefly for soil
survey purposes, separated two main soil-forming

materials which were 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 Gibbs Ct al. 1982.

Tirau Ash, considered to be primarily but not wholly

rhyolitic, formed the parent material of soils in

eastern parts ofthe Waikato; Mairoa Ash, thought to

contain a greater component ofandesitic ash beds of
an intermittent origin, extended westward from the

Tirau Ash boundary to the westcoast Fig. 1. 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 Grange et al. 1939; Tonkin

1967.
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Morerecentstudieson stratigraphic sections and
soil profiles in the Waikato and adjoining districts
Pullar 1967, 1978; Vucetich & Pullar 1969; Pullar
& Birrell 1973a, b; Pullar et al. 1973; Hodder &
Wilson 1976; 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
numberofsites. Theseidentificationswereachieved
either by careful hand-over-hand field methods
e.g., Vucetich & Pullar 1969; Pullar & Birrell
1973b, or by mineralogical and geochemical
methods based on laboratory analyses e.g., Hodder
& Wilson 1976; Lowe 1981a; see also Hogg &
McCraw 1983.

Both these approaches have limitations,
however. Thechiefdifficulties in the fieldarise from
the loss of identifying characteristics as individual
tephras thin away from source towards the Waikato
area, collapsing into composite beds Puilar 1967,
and from the masking effects of postdepositional

erosion, mixing, and weathering in the soil-forming
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 bess

contributed significantly to the surficial deposits in

some parts of the region McCraw 1967; Vucetich
1968; Cowie & Mime 1973. However, this

proposal was largely discounted by Lowe 1981a.

The obtaining of a 3.2 m long sediment core

from LakeMaratoto,a smailpeaty lakenearOhaupo

Fig. 1, 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 Lowe et a!. 1980. 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 Mayorlsland,Tongariro,

and possibly Mt Egmont sources in addition to

Okataina and Taupo Volcanic Centres Fig. 1,

*All ages reported and discussed in the text are

conventional radiocarbon ages based on the Libby old

half-life of 5568 years l-bogg et al. 1987.

inset. The core thus revealed that "Mairoa Ash" in

the Ohaupo area was likely to comprise many more

tephras than had previously been considered
present, and that these were derivedfrom avariety of
North Island volcanic centres Lowe 1981b.

Since this first core was taken from Lake
Maratoto, a further 13 lakes, and several peat bogs,
in the Waikato region have been cored Fig. 1 to
give a wider picture of tephra occurrence and

distribution. The initial findings of Lowe et al.
1980 for Lake Maratoto were partly modified
some tephras were re-identified and further cores
examined in more detail by Green & Lowe 1985.
Some analyses of cores from other Waikato lakes
have been reported by Lowe et al. 1981, Lowe

1986a, b, and Hogg et al. 1987.

The primary aim ofthis paper is to document the

field properties, stratigraphy, chronology, and

composition of the late Quaternary tephras

contained in sediments in cores from thelakes in the

central Waikato region. The lacustrine tephras

described and analysed range in age from c. 1800 to
17 000 years B.P., and were erupted from six

volcanic centres of both rhyolitic and andesitic

composition Fig. 1. The tephras are identified and

correlated with named eruptive units elsewhere by

using their stratigraphic relationships and

radiometric ages in combination with mineralogical

and chemical criteria. New isopach maps are

presented, and the pattern of distribution of the

tephras and theiremplacementmechanisms are also

considered.
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 oftephras yet investigated

in New Zealand lakes or bogs cf. Topping & Kohn

1973; Howorth etal. 1980; McGlone 1983; Lowe &

Hogg 1986. Apart from Iceland e.g., Thorarinsson

1981, studies specifically on tephras in bogs and

lakes elsewhere have also been relatively sparse,

particularly from sites containing more than just a
few tephras, but they are becoming increasingly

important e.g., Borchardt et a!. 1973; Westgate

1977; Davis 1985; Riehle 1985.

WAIKATO LAKES AND BOGS

Mostofthe small, typically peatylakes in the central

Waikato region originated c. 15 000-17 000 years

ago, during the finaistages ofalluvial aggradation of

the Hinuera Formation by the ancestral Waikato
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RiverMcCraw 1967; Green& Lowe 1985; Lowe&
Green 1987. The lakes were formed when

antecedent valleys draining low Pleistocene hills

were blocked by the volcaniclastic Hinuera

deposits, which dammed the valley mouths. The

lakes are shallow <c. 8 m and usually contain c.
3-4 m occasionally 5-6m ofsoft, brownish-black

peaty to olive-grey lacustrine muds or clays

known as dy or gyuja containing the remains of

small lake-dwelling plants and animals Green

1979; Boubéc 1983. They have low sedimentation

rates c. 0.1-0.2 mm/year Green & Lowe 1985.
Occasionally vivianite is found in the sediments.

The subsequent development of many of these

lakes was affected by the massive growth oflarge, c.

10-12mdeep ombrogenouspeatbogson the surface

of the Hinuera sediments Fig. I ; 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. Theyrapidlyexpanded and

deepened afterc. 10 000-12000 years ago, probably
in response to a net increase in rainfall and hence a
rise in regional water tables Green & Lowe 1985.

The record of tephra fallout provided by the
Waikato lakes is more comprehensive than that of

the adjacent peat bogs. Usually only about six
disseminated tephras, chiefly from substantial
rhyolitic eruptions, are detectable in thepeat cores*.

For tephrosiratigraphic purposes, the lakes are
advantageous in that:

1 they are older and 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; and

3 the continuous lake cores provide unequivocal
stratigraphic control.

Nevertheless, the tephrostratigraphy ofthe 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. The results of the peat coring are

excluded from this paper, but some preliminary

findings are given in Green & Lowe 1985 and

Hogg et a!. 1987.

CORING SITES AND METHOD

Locations of the lakes cored in this study are shown

in Fig. 1. Around 80 cores, usually c. 2-4 m in

length, were obtained from the lakes with a hand-

operated, modified Livingstone piston sampler

after Rowley & Dahl 1956. The coring tubes

comprised 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 splitlongitudinally using fine wire. Normally,

several cores were taken from each lake, usually

from thedeepestareas,butoccasionallyfrom sites in

shallower water or at the shoreline.

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

*These include Taupo, Mamaku, Rotoma, Waiohau, and

Rotorua tephras inthe HamiltonBasin and, additionally,

Kaharoa and Whakatane tephras in the Matamata Basin

Lowe 1987.

Notes to Table 1
*Refeces for definitions of Taupo, Okataina, and Maroa derived correlative tephras are: Healy 1964; Vucetich & Pullar 1964,
1969, 1973; Uoyd 1972; Froggatt 1981c, d.

tGroup-Subgroup designations: 1 = Lake Taupo Group, Taupo Subgroup; 2 = Okataina Group, Rotorua Subgroup Iloworth 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.

Some ages interpolated from sedimentation rates see text and Fig. 6.
alnfoimally named Egmont derived tephras.

`Definition of Froggatt 1981c and Lowe 1986a.
CPOS5jbIy Te Rato Lapiiii member symbol Tt Lowe et al. 1980.
dMemrs ofOkupata Tephra Formation informally designated Oa-1 to Oa-8; last is tentatively correlated with the "basal lapilli" unit
of Topping 1973 see text.
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Yellowish fine lapiUi & 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-s mm
Indistinct fme 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, 3-6mm

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, 1-2mm

Indistinct pale yellow free ash, 1-2mm

Olive, greenish-grey fine-coarse ash, 5-45mm

Pale yellowish-brown to orange, fme-coarse ash, 20-SO

mm; usually bedded

Pale yellowish-white fme ash, 3-30mm

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 fme ash, 2-3 mm

Pale grey fine ash, 2-3 mm

Indistinct brownish fme-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
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-S mm; occ. bedded;

age approx.

White mainly coarse ash, 15-110 mm; distinctly

bedded see Fig. 4

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 Js. 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 Fig. 6

Yellowish-white fine ash over coarse ash, 50 mm;

biotite flakes common; age approx.

Table 1 Composite stratigraphic column oflate Quatemary tephras identified in cores fromWaikato lakes. Some
identifications are provisional.

Tephra and symbol

see Fig. 2*
Group-

Source Subgroupf

Age

years B.P.,

old T'/2

General description and approximate thickness range;

comments

Taupo Pumice, Tp

Mapara Tephra, Mp

Egmont-l, Eg_la

Whakaipo Tephra, Wo

Egmont-2, Eg-2

Taupo

Taupo

Egmont

Taupo

Egmont

1

1

-

I

-

1800

2200

2500

2800

3700

Egmont-3, Eg-3

Egmont-4, Eg-4

Egmont-5, Eg-5

Egmont

Egmotit

Egmont

-

-

-

3750

4100

4400

Hinemaiaia Tephrab, Hm

Whakatane Ash, Wk

Taupo

Okatairta

1

2

4500

4800

Egmont-6, Eg-6

Egmont-7, Eg-7

Egmont-8, Eg-8

Tuhua Tephra, Tu

Mamaku Ash, Ma

Egmont

Egmont

Egmont

Mayor Is.

Okataina

-

-

-

3

2

5250

5850

5900

6200

7000

Rotoma Ash, Rm

Opepe Tephra, Op

Okataina

Taupo

2

1

8500

8900

Egmont-9, Eg-9 Egmont - 9300

Egmont-lO, Eg-lO

Mangamate Tephra, MrnC
Egmont

Tongariro

-

4

9600

9950

Okupata Tephra, Oa-l'

Egmont-l1,Eg-11

Okupata Tephra, Oa-2

Okupata Tephra, Oa-3

Okupata Tephra, Oa-4

Egmont-12, Eg-12

Okupata Tephra, Oa-5

Tongariro

Egmorit

Tongariro

Tongariro

Tongariro

Egmont

Tongariro

4

-

4

4

4

-

4

10 100

10100

10500

10 800

1 1 050

11 050

1 1 200

Okupata Tephra, Oa-6 Tongariro 4 1 1 700

Okupata Tephra, Oa-7

Waiohau Ash, Wh

Tongariro

Okataina

-

2,

12 100

12200

Okupata Tephra, Oa_8d Tongariro 4 12700

uncorrelated, un Tongatiro 4 13 100

Rotorua Ash, Ri Okataina 2 13 300

Rotoaira Lapilli, Rt Tongariro 4 13 700

Puketarata Ash, Pk Maroa - 14 000

Egmont-l3, Eg-13

uncorrelated, Un

Egmont

Mayor Is.

-

3

14 500

14 500

Rerewhakaaitu Ash, Rk Okataina 2 14700

Egmont-14,Eg-14

Egmont-15, Eg-15

Okareka Ash, Ok

Egmont

Egrnont

Okataina

-

-

2

15000

15 500

17 000

=: Definitions on facing page
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L. Rotomanuka L. Maratoto L Ngaroto L. Mangakaware L. Mangahia L.Rotoroa L.Rotokauri

S 15/ 1 3661 5* CS1 5/ 129663 Si 5/5831 1 5 Si 5/61 0053 515/668062 Si4/i 06755 Si 4/036802
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colluvium

Okareka
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Fig. 2 Stratigraphy and correlation of late Quaternary tephras in cores from 14 Waikato lakes. Tephra names are

explained in full in Table 1; Eg-1 to Eg-15 = Egmont derived tephras, informally numbered 1-15 with increasing age;

Oa-1 to Oa-8 = informal units, numbered 1-8, of Okupata Tephra Formation; uncorr. = uncorrelated tephra Tg =

Tongariro source; M.I. = Mayor Island source. The chronology of the tephras is given in Fig. 6; additional "C dates

given here Wk- numbers are in years 13.P. The columns depicted are composites of two or more cores from each lake

thence scale is approximate because of differences in sediment thicknesses from core to core, as follows:
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2

131

Wo?

L. Rotomanuka, 14 cores; L. Maratoto, 33 see Green & Lowe 1985; L. Ngaroto, 2; L Mangakaware. 3; L. Mangahia,

3; L. Rotoroa = Hamilton Lake, 2; L. Rotokauri, 2; L. Kainui = Lake D, 2; L. Rotokaraka, 4; Leeson's Pond, 3;

L. Rotongata, 4; L. Okoroire, 3 see Lowe 1986a; L. Tunawhakapekaf drained "Rototuna Lake", 1 ; L. Ohinewai, 2.

*Approxjate grid reference ofcoring site based on the national 1000 m grid ofthe 1:50 000 topographicalmap series

NZMS 260. i-This lake was cored using a motorised Gidding's auger.

L. Kainui L. Rotokaraka Leesons Pond
S14/072892 CS14/166965 S14/287929

L Rotongata
CT 16/380376

L L Ohinewai
S14/1 16853 S13/024097

Change of scale

Ak

0
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laterally continuous and generally follow the lake
basin topography. It is possible that some of the
tephric material derives from co-ignimbrite ashfall

see 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.,

Fig. 3. The sources and identifications of the

tephras given in Fig. 2 and Table 1 arebased on their

mineralogical and chemical composition and their

age, as describedin latersections, together with their
stratigraphic relationships.

Tephra properties

Generally, most of the tephras occurring within the

lake sediment are compact, macroscopic layers

ranging in thickness from c. 2 mm to c. 1 10 mm. The

layers are usually continuous i.e., go right across

the core, butoccasionally they are partly dislocated
orappear as ashy "pods" within the sediment. Upper

contacts are commonly smooth in appearance but

the overlying sediments usually contain indistinct

ash grains disseminated over some millimetres; the
lower contacts are often irregular and wavy but

sharp Fig. 3.
The thick tephras i.e., > c. 5-10 mm are

typically pale coloured white or grey, sometimes
stained yellowish-orange and stand out against the
darker lake sediment Fig. 3. 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 <zc. /16 mm to finelapilli c. 2-4mm,
but commonly comprise medium c. u/1h/2mm or
coarse c. `/-2 mm ash. Normal or multiple graded
bedding occurs frequently e.g., Fig. 4A, 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 thin tephra beds i.e., <c. 5 mm are
commonly darker coloured dark grey, brown,
often speckled and more crystal rich, rather
indistinct, and ofandesitic origin. The dark colour in
some 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-coarse ash and usually show little or no
graded bedding, being well sorted.

Other tephras occuras 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 Fig. 5; Lowe et al.

1981.

Bioturbation and stratigraphic reliability

Many of the tephras have irregular or diffuse

contacts, or are manifest as relatively thin, indistinct

zones within the sediments. Ash-filled burrow ?

channels may extend well below the base of some;

gas-pocket holes may also occur Fig. 4B. 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 chiefbiological mixing agents are

probably chironomids tube formers and other

insect larvae, oligochaete worms, and cmstacea

e.g., cladocerans such as chidorids, which tend to
predominate in the sediments in shallow water near

lake shores Boubdc 1983; J. D. Green pers. comm.

1987. Chironomid larvae can burrow up through

ash layers at least 6 mm thick Edmondson 1984.

The effect of this bioturbation on the

stratigraphic relationships of the tephras has, in
general, been minor, and is usually visible and hence
avoidable in sampling. The rates of sediment
deposition, although relatively 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 ofone another
they may show some intermixing detected by
mineralogical or electron microprobe analysis
described below.

Most tephras in the cores occur as essentially
unmixed and discrete units which systematically
increase in age with increasing depth see
chronology section, and clearly represent, to a large
degree, a faithful stratigraphic record of tephra
deposition cf. Sarna-Wojcicki et al. 1981;
Anderson et al. 1984. It is possible that some of the
tephric material in the lakes was washed or blown in
from thecatchmente.g,, seeThompson etal. 1986,
or reworked by wave action or currents soon after
the main fall event, but any material so reworked
effectively has the same age as the original fallout
tephra Fisher & Schmincke 1984.

Tephra duplication in the cores e.g., Anderson
et al. 1984 does not seem to have occurred-all but
one of the tephra layers identified could be matched
with known eruptions or with known periods of
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Fig. 3 Threelongitudinaily sliced
cores from Lake Rotomanuka
showing prominent, compact, ash-
grade tephralayers preservedwithin
dark, fme-grained organic lake
sediment. The slight upward curva
ture of some of the beds is a function
of the piston-coring technique. The
"Andesitic tephra" in these cores
may comprise two units, from
Tongariro Oa-4 predominant
and Egmont Eg-12, which have
the same `C age see text.

Photo: R. R. Julian

activity from the North Island volcanoes. The

"unknown" rhyolitic layer, found intermittently

between Mamaku Ash and Rotoma Ash in a few

cores Fig. 2, probably resulted from reworking of

one or both of these tephras, either naturally or by a

smearing action brought aboutby the coring method

in its initial period of use Lowe 1987.

Number of eruptives and total thickness

of deposits

Forty one tephras have so far been identified in the

lakes. A few ofthe tephras are microscopic units and

were detected by electron microprobe analysis of

sparseglass shards or titanomagnetitegrains. Not all

of the tephras occur in any one core, nor in one single

Tuhua Tephra
c. 6200 years B.P.

.*
Mamaku Ash
c. 7000 years B,P.

Rotoma Ash
C. 8500 years B.P.

Opepe Ash
C. 8900 years B.P.

Mangamate Tephra
C. 9950 years B.P.

Andesitic tephra
C. 1 1 050 years B.P.

Waiohau Ash
-

C. 1 2 200 years B.P.

. Okupata Tephra basal
c. 12 700 years B.P.

-
Rotorua Ash
c. 13 300 years B.P.

lake. The longest and most detailed record ofall 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.

The total thickness of the visible lacustrine

tephras in the Ohaupo-Hamilton areais, on average,

c. 25 cm Table 2. In the northern Waikato e.g.,

Lakes Rotokaraka, Leeson's Pond the average

thickness is estimated atc. 15-20 cm, and in the east
e.g., Lake Okoroire, c. 40-45 cm. These thick-

nesses are approximate because the irregular

boundaries and diffuse nature of some ofthe tephras

can make measurements imprecise. Also, the

thickness of individual tephras may differ in cores

from the same lake.

cm
o-
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Fig. 4B 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 core

on left, and coarse ash-filled burrow? channels underneath the

tephra. Scale marks are 1 cm apart.

Relationship to thickness ofsubaerial deposits

The very firm, compact nature ofmost of the thicker

lacustrine tephras contrasts with the friability and

low bulk densities c. 0.7-0.9 glcm3 commonly

associated with their subaerial equivalents e.g.,

Gradwell 1982. The lacustrine tephras are coherent
and probably have bulk densities of c. 1 .5 g/cm3,

based on their field properties and measurements
made on tephras in similar settings by Borchardt et

al. 1973 and Anderson et al. 1984. Rai in

Borchardt et a!. 1973 estimated from bulk density

comparisons that onland tephras are about 1.75

times as thick as equivalent bog or lacustrine

tephras. Similarly, Watkins etal. 1978 and Sparks

etal. 1983 converted submarine tephra thicknesses

to equivalent dry-land original thicknesses by

correcting for the effects of compaction and

bioturbation. 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 using the

results of X-radiography. In a short 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. 198 1. Thus, visual measure-

ments 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. These recalculated figures

are generally consistent with thickness

measurementsofsubaerial tephra profiles at various

sites in the Waikato region e.g., Pullar 1967; Pullar

& Birrell 1973b; Lowe 1986b.

CHRONOLOGY OF THE TEPHRAS

Sampling

Lake sediment enclosing the tephras was sampled

for radiocarbon dating to determine the tephras' age

of deposition and thus time of eruption. Stratigra

phic columns showing the sampling positions with

respect to the tephras identified are given in Fig. 6.
The slices of sediment, generally 1-2 cm thick,

were extracted from above and below the tephra

layers using stainless steel cutters. Although the

slices weredeliberately 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

Fig. 4A 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.
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cm
0

5

10

Fig. S Composite X
radiograph of a core from
Lake Mangahia. The
numbered 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, Eg-l; 4,

Whakaipo Tephra; 5,6, uncorrelated; 7, Eg-2; 8, Eg-5 or
Hinemaiaia Tephra; 9, Eg-6?; 10, Tuhua Tephra; 11,

Mamaku Ash. Photo: A. 0. Vallinga

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, 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 commonly were combined 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 ofmost ofthe 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 samples with very low carbon contents, the

slices from above and below the tephra were corn-

bined 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 twoadjacenttephras i.e., "bridging" them

was sampled. The date thus obtained applies equally

to both iephras, giving a maximum age for one and

a minimum age for the other Hogg et al. 1987.

The samples were oven dried, lightly crushed,

and submitted to the University of Waikato

Radiocarbon Dating Laboratory symbol Wk- for
14 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. 6. Ages adopted in this study for the

tephras are summarised in Table 1 . Where a few

specific tephra layers were not dated, their ages of

deposition were interpolated using sedimentation

rates. Ages so obtained are reasonably reliable

because they are well constrained by the dates on

material in adjacent parts of the core.

The ages 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

method of Currie 1981. Some of the dates on the

mainly inorganic basal lake sediments e.g., Wk

240, -504 have large errors that reflect heavy

dilution in the dating procedure because of a low
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Table 2 Total thichiess of tephras younger than and including Rerewhakaaitu Ash in the Waikato area

based on lake core measurements, arid estimated equivalent dry-land thicknesses. Values in millimetres.

Total visible Compaction - Estimated Total equivalent

thickness in corrected dissemination dry-land

cores thickness thickness thickness

Area average visible xl.75 visible xO.1 approx.

Hamilton-Ohaupo 25 44 2.5 47

Whitikahu-Morrinsville 20 35 2.0 37

Okoroire-Tirau 42 74 4.2 78

Tp __ Wk-215

Wo -

-- Wk-836
-
Wk-538

Wk-83?
-

Wk-638

-
Wk-540

*-
Wk-542

- Wk-543
Wk-544

=,
Wk-545
Wk-546

- Wk-547
- Wk-548

2560 t80

2350 8O

2$CO tEO
286O 60

3610 60
3780 70

449070

4470 70

5280 80

5210 tøO
5850 80

5850 t80

7980 ± 150
8030 200

6

1730 ±60

S210 ±70

5600 ±70

U30 ±aO

720 ±80

8170 ±80

7850 ±180

8380 ±100

8370± 90

8870 1 10
9370± 210

8930±100

9700±140

10 120±100

10 000±1 20

10 100±100
11 050±130
11 100±180

12 200±230

12 300± 190

12 500±190

12 480 ±200

12 700 ±200

12 900±150

12 000±310
12 000 ±230

13 460 ±120

14 700 ±220
14 700 ±180

1 6 080 ± 130
10 300 ±250

Eg- 1

Wo

Eg-4
Nm +

Eg-6

Eg-6

Eg-7
Eg-8 -

Tu

Ma

A& amear -

Rm

Op

Mm

Wh

Rr

Rk

Eg-14

Wk-2 14

-Wk_526

Wk-227
-.-

Wk-524
- Wk-228

-
Wk-229

- Wk-523
-

Wk-522
- Wk-521

-+zz Wk-230
Wk-520

-
Wk-231

Wk-2 13

N
Wk-232

Wk-519

Wk-517

_Wk-233
Wk-618

wk-234

Wk-515

``-Wk-514

-<Wk-61
2

Wk-235

`-Wk-236

Wk-51 1

- Wk-237
- Wk-239

-- Wk-510
Wk-239

lu

Ma

Aah amsar
zone

-0

Rm

20
Op

40 Mm

Eu-Il

Oa-4+Eg-12 -
60

Oa-6

wpI

80

Oe-8

-100

Rr

Hinuera

Fm muds

I Ailuvknn_

or tephra

L P1.1st.

tephrlc

colturtum

7

Wk-240 18*00±470

-1Wk-609 16 200'350 -340

-Wk-368 17 090 ±200

-Wk-549 14 750 ±130

Eg-15 - -Wk-550 14 650±240

OK

*sumed to represent airfall material only, with no modification to thickness by postdepositional reworking

or catchment erosion.
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carbon content and a small sample size Hogg et a!.

1987.
To a large extent the dates agree c!osely with

those obtained for the same tephras elsewhere e.g.,

Pul!ar & 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

e.g., Topping 1973; Neal! & Alloway 1986.

Anomalous 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.?. Generally, the dates obtained on the lake

cores forRotomaAsh are younger, and forWaiohau

Ash, older, than those obtained at other sites e.g.,

Pullar& Heine 197 1 ; Nairn 198 1; the differences in

age amount to c. 500-1000 years or so. This

discrepancy is discussed more fully in Green &

Lowe 1985, Lowe & Hogg 1986, and Hoggetal.

1987. Some of the dates on Rotorua Ash are

significantly younger than the normally accepted

age ofc. 13 450 years Naim 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

LAKE KAINUI LAKE OKOROIRE LAKE ROTONGATA

w - -Wk-507 2010±80
Wk-506 3030±70

-Wk-505 5800±90
Tu

-Wk-571 7140±110
Ma _

-Wk-570 7200 ±120

Rm -

op

Mm

=
Wk-575 11 800 230

Wh
-Wk-574 11700±270

-

-Wk-573 12350±210
Rr

-Wk-572 12 650±230

Rk

-Wk-504 15 150+680

-630

Tephra layer

LIII Lake sediment dy gyttla or peat

Wo

Eg-2

Eg-3"+ Wo

Eg-4N Wk-661 3950±90

E - Th - __/Wk-664 3810 ±140
9 - -Wk-863 3510±150

Wk"
=°Wk-e62 4260±140

- .-.
Wk-660 4850 ±80

Ma-{ * Wk-705 7520 ±130
Rm- -Wk-706 7920±130

0p- = ---Wk-707 8700±130

-
Tu

Wh **
-WK-708 10 220±160 Ma

- -Wk-709 11 570±130

Nm }-Wk-711 8000 ±170

Rr * Op }__Wk-713 8990±220

Rk

- - -
_Wk-714 11 840±340

Wh _
-Wk-715 11 990±230

Pr
Ar

?Rk

Alluvium- 2±- -Wk--659 15 850±320

or tephra

Fig. 6 opposite and above Stratigraphic columns showing sampling
positions and `4C dates obtained on tephras in cores from five Waikato lakes
Fig. 1. For discussion see text and Hogg et a!. 1987. Symbols for named
tephras are explained in Table 1 and Fig. 2.
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contained insufficient carbon for normal 14C
laboratory requirements. An age ofc. 17000-18000
years is suggested from approximate sedimentation
rates. This age range is supported by consideration
of the dates obtained for Lake Maratoto sediments,
the oldest ofwhich are 17 050 ± 200 years B.P. Wk
358; Green & Lowe 1985. Because Okareka Ash is
apparenUy absent from the Lake Maratoto
sediments, then it is likely to be older than c. 17 000
years.

Elsewhere, Okareka Ash has not been dated, but
Naim 1981 estimated its age as c. 17 000 years
based on its st.ratigraphic relationship to dated
overlying Rerewhakaaitu and underlying Te
Rere,KawakawatephrasVucetich& 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.

TEPHRA COMPOSITION AND

IDENTIFICATION

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 crystal
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. Sparse 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 p.m 2-4 q size fractions of
the samples of each of the tephras were split into
heavy mineral sp. gr. >2.9 glcm3 and light mineral
sp. gr. <2.9 g/cm3 components using standard
heavy liquid and Frantz electromagnetic methods
Lowe 1981a; Froggatt & Gosson 1982, and their

proportions were determined gravimetrically.

These components were further separated and

prepared as necessary for analysisby petrographical

microscope point count of detrital mounts, X-ray

diffraction XRD powder mounts, scanning

electron microscope SEM unpolished and

polished mounts, and electron microprobe EMP

polished blocks of various constituents Lowe

1981a; Froggatt & Gosson 1982; Hume & Nelson

1982; Froggatt 1983.

Correlations with source volcanoes and

named eruptives

Theanalyticalresults,when considered togetherand
with reference to previous work, permit the
correlation ofeach ofthe distal tephras to one of six
volcanic centres Fig. 1; Lowe in press. The main

diagnostic criteria are summarised in Table 3. 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
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 Marnaku Ash and Rotoma Ash,
respectively, by Green & Lowe 1985. "?Okato
Tephra" is re-identified here as the lowest unitof 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. mm.
and NZ1 189 12 450 ± 340 years B.P. max.
Topping 1973,p.410.Inaddition, the formation is
overlain by Karapiti Tephra and underlain by an
unnamed andesitic tephra and Rotorua Ash
Topping & Kohn 1973; Froggatt & Solloway
1986, and hence ts 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 iransgressive,
with units erupted at various intervals between
C, 10 000 and c. 12 500-13 000 years ago. A
member of Okupata Tephra Formation is dated at c.
10 300 years B.P. in Lowe & Hogg 1986.
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.



Heavy minerals Light minerals

Source

volcano

H.M. in

2-4
%&

Opaques

in H.M.
%*

Dominant

ferrnaq,nesian

minerals

Gino-

pyroxene

composiüoci

Fe-Ti

oxide

compositioc

Glass:

feldspar
ratioc

Glass

composition
mmn%d

Feldspar

composition

P.1.
meane

Taupo 4 ± 5 19 ± 8 Hyp ± Aug - - H Rhyolitic: Si02 76.90 ± 0.52

Ti02 0.20 ± 0.04 FeO 1.66 ± 0. 15

MgO 0.17 ± 0.04 CaO 1.26 ± 0.13

Sodic

plagioclase

olig. - and.

64.0

Okataina 2 ± 2 26 ± 9 Hbe + Hyp -i- Aug

± Cgt ± Bio

- - H Rhyolitic: Si02 78.52 ± 0.32

A. Ti02 0.1 1 ± 0.04 FeO 0.90 ± 0.08

MgO 0.1 1 ± 0.02 CaO 0.78 ± 0.07

B. Ti02 0.21 ± 0.04 FeO 1.30 ± 0.14

MgO 0.21 ± 0.05 CaO 1.26 ± 0.23

Sodic

plagioclase

olig. - and.

64.4

Maroa - - Bio + Hbe ± Hyp - - H Rhyolitic: Si02 78.46 ± 0.49

Ti02 007 ± 0.03 FeO 0.87 ± 0.18

MgO 0.07 ± 0.02 GaO 0.68 ± 0.09

- 67.2

Mayor I. 0.6 ± 0.5 4 ± 4 Aeg ± Aen ± Rie

± Olv

- - H Rhyolitic: Si02 75.35 ± 0.53

Peralkaline [Na20 + KO]/AlO3 >1

AlkalI

sanidine

anorth.

81.4

Tongariro 15 ± S 9 ± 6 Opx i- Cpx

± Olvfo ±Hbe
2

CrO3 0.2-0. 3%

MnO 0.3-0. 5%

L Andesitic: Si02 61.38 ± 2.41

1C2O 1.82 ± 0.43

Calcic plag.

labrad..bytown.

mean an61

71.8

Egmont 22 ± 9 10 ± 6 Cpx + Hbe ± Opx wo45
-

Cr203 <0.05%

MnO 0.4-I. 0%

L Rhyo.-dacitic: Si02 70.46 ± 2.19

KO 4.32 ± 0.76

Calcic. plag.

labrad.-bytown.

mean an57

81.7

HM = heavy minerals Table 4; proportions not likely to be entirely persistent because of eolian fractionation.
bH = hypersthene; Aug = augite; Hbe = hornblende; Cgt cummingtonitedominantinWhakatane and Rotoma tephras; Table 5; Bio = biotitedominantin Rerewhakaaitu and

Okareka tephras; also important in Rotorua Ash; Table 5; Aeg = aegirine; Am = aenigmatite; Rie = riebeckite; Olv = olivine; Cpx = dlinopyroxene; Opx orthopyroxene.
CII =

high glass c. 80% of 2-4 fraction; L = low glass c. 15-45% of 2-4 fraction.
dpj.1jydrs basis; A = Okataina tephras other than Rotorua Ash; B = Rotorua Ash; total Fe as FeO.
CParker Index:

+ 1- 1 x iøø
LNa-Ob Mg-O K-Ob Ca-ObJ

where X = atomic proportion of element X, and X-O.,= bond strength of element X with oxygen Na-O = 0.35; Mg-O = 0.9; K-O = 0.25; Ca-O = 0.7 Parker 1970.

tPuketarata Xsh identification tentative; see text; ferromagnesian assemblage based on Topping & Koim 1973.
- indicates not measured or insufficient data.

Table 3 Summary of mineralogical and compositional criteria characterising tephra sources eruptions since c. 20 000 years ago.

CD

1

0
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Oa-8 is assumedtobeacorrelativeofthebasallapilli

unit of Topping 1973, and has a date of Wk-514

12 700 ± 200 years B.P. Fig. 6. A thin andesitic

tephra is found stratigraphically between this tephra

Oa-8 and the underlying Rotorua Ash Rrin some

lake cores Fig. 2 and, based on its proximity to the

latter tephra, has an estimated age ofc. 13 100 years.

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 from

the heavy and light mineral fractions providing the

basis for these correlations are presented and

discussed below.

Heavy minerals

The 2-4 ` 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 4 and 5. Some samples contained insufficient

heavy minerals for analysis.

Proportions ofheavy and opaque minerals

Although the figures in Table 4 show considerable

variation, some general trends are evident. The

tephras from the rhyolitic Taupo and Okataina

Table 4 Abundances of heavy minerals and opaque

minerals in 2-4i fractions of tephras in Waikato lake

cores. Values are mean ± 1 standard deviation; n

number of samples of tephras analysed for each volcanic

centre.

Heavy Opaque

Volcanic minerals minerals

centre wt.%* n vol.%t n

Taupo 3.6 ± 4.6 10 1 8.9 ± 7.8 24

Okataina 1.7 ± 1.5 26 26.1 ± 9.4 38

Maroa trace 1 0 1

Mayor Island 0.6 ± 0.5 4 4.3 ± 4.2 5

Tongariro 15.2±5.4 15 9.1±5.5 21

Egmont 22. 1 ± 9.3 1 1 10.2 ± 6. 1 25

*Proportion of heavy minerals in 2-4 fractions. Values for

samples containing sparse heavy minerals are liable to have low

precision.

tProportion, by point count, of opaque minerals in the 2-4

heavy mineral fraction see Table 5.

Samples from Lakes Rotomanuka, Maratoto, Kainui, and

Okoroire.

Volcanic Cenires 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 heavy minerals c.

15-25% and relatively low in oxides 10%.

Samples of the pantelleritic Mayor Island derived

tephras are very low in both heavy minerals 1%

and oxides 5%. The unnamed c. 14 500 year old

Mayorlsland tephraconsists solely ofglass, as does

the Maroa derived Puketarata Ash.

These trends in relative abundances are broadly

similar to those ofne.ar-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 are mafic poor but

with variable, sometimes high, Fe-Ti oxide

abundances cf. Clark 1960; Ewart 1963; 3ow

1968;Cole 1970, 1978;Kohn &Neall 1973; Bucket

al. 1981; Neal! et al. 1986. Some of the variations

are likely to be due in part to the effects of eoliari

fractionation e.g., see Fisher & Schminckc 1984;

Juvigné & Porter 1985, as is evidcntparticularly for
the tephras consisting wholly of glass.

Ferrornagnesian mineral assemblages

The ferromagnesian silicate minerals generally

have properties similar to those described in Lowe
1981a. Most of the minerals are euhedral with

glassy rims, and typically contain abundant

inclusions such as apatite, glass, and opaque

minerals.

The ferromagnesian assemblages Table 5 can

be classed into five main groups, each of which
characterises one of the source volcanoes, as

follows:

Group 1 Taupo: Hypersthene± augite. Group
2 Okataina: Homblende+hypcrsthene+augite
±cummingtonite±biotite. Group 3 Tongariro:
Orthopyroxene + clinopyroxene ± olivine ±
hornblende. Group 4 Egmont: Clinopyroxene
+ hornblende ± orthopyroxene. Group 5 Mayor
Island: Aegirinc ± aenigmatite ± rieheckite ±
olivine ± ferro-hedenbergite ± tuhualite.

The only recent eruptive from the Maroa

Volcanic Centre, Puketarat.a Ash, contains mainly
biotite and hornblende ± hypcrsthene near source;
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. The proportions of minerals
within most groups may vary from sample to
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Table S Dominant ferromagnesian minerals in tephras in cores from Waikato lakes and bogs.

Taupo derived tephras Okataina derived tephras

Tp Mp Wo Hm Op Wk Ma Rm Wh Rr Rk Ok

Hyp 81-91 91 70-92 92 62-72 8-21 25-75 4-57 34-73 19_59a 2-13 23-43
Aug 2-17 7 6-23 3 24-33 1-13 3-28 3-37 2-36 4-38 1-34 4-22
Hbe 2- 6 2 1- 7 3 2- 5 5-12 17-47 4-14 5-38 30-34 18-21 16-32
Cgt 0-1? - - 2 0- tr 56-84 0-1? 10-86 0- tr 0- tr - 1- 5
Bio - - 0- 1 - - 0- ir - 0- 6 0- 3 3-12 32-79 15-40
OPA 20-35 14 16-23 23 11-30 16-20 19-45 8-25 16-42 6-29 4-13 22-31
n 3 1 3 1 4 3 7 6 6 3 2 3

Tongariro derived tephras

Mm Oa-1 Oa-2 Oa-3 Oa-4 Oa-5 Oa-6 Oa-7 Oa-8 un Rt

Opx 43-44 35-49 30 56-68 63-65 72 50-82 61 56-67 69-70 37-49
Cpx 22-30 3'I-47 57 29-34 32-34 25 17-44 36 31-42 27-30 39-59
Hbe 0-1 11-16 9 tr-1 tr-2 3 1-4 2 0-i tr-1 3-8
Olv 26-34 1- 4 4 3- 9 2- 3 tr 0-10 1 1- 4 1- 2 0- 8

OPA 6-13 7-32 23 8-20 9-15 9 7-12 7 2- 8 3- 6 4-14

n 3 3 1 2 3 1 3 1 4 2 3

Egmont derived tephras

Eg-1 Eg-2 Eg-3 Eg-4 Eg-5 Eg-6 Eg-7 Eg-8 Eg-9 Eg-lO Eg-13 Eg-14 Eg-15

Opx 0-2 0-2 6 0-2 0-16 2-35 tr-4 7 0-8 9 4-13 2-23 1-7

Cpx 49-57 42-55 49 46-75 43-72 47-64 79-89 54 57-60 54 75-76 53-86 83-93

Hbe 43-49 45-58 43 25-52 28-47 17-34 11-17 39 32-43 37 12-21 12-21 6-12

Olv ir? - - - - - - - - 0-3? -

Ctg - - 2? -
4b1? - - - - - -

OPA 1- 5 1-11 6 4- 9 2-15 3- 4 9-11 18 7-23 12 6- 8 3-22 12-14

n 2 3 1 2 3 2 2 1 2 1 2 3 3

Tuhua Tephra Mayor Island

1 2 3 4

Aeg 40 87 86 28 98

Aen 1 1? 3 2 -

Rie 4 1 3 1 -

Tuh - - tr - -

Olv 3 2 3 1 -

OpXC 6 tr 2 26 1

Cpx' 29 7 3 26 1

Hbe 17 2 - 16 -

OPA 2 7 1 ? 1

Hyp = hypersthene; Aug = augite; Hbe = calcic hornblende; Cgt= cummingtonite; Bio = biotite; Opx = orthopyroxene;

Cpx = cinopyroxene; Aeg = aegirine; Aen = aenigmatite; Rie = riebeckite; Tuh = tuhualite. Values = % range of

ferromagnesian silicateminerals summed to 100%;=trace<1%; ? =uncertain; -=notdetected.OPA=% opaque

minerals in 2-4k heavy mineral fraction by point count, n = number of samples analysed individual analyses for

specified lakes or bogs are given in Lowe 1987. Tephra abbreviations are given in Table 1.
alncludes ferrohypersthene.
bcgt suggests Whakatane Ash Wk may be present.
cMainly hypersthene; anal. 1 includes ferrohedenbergite.
dExciudes aegirine; mainly augite.

Samples from Mayor I.: 1, L. Rotomanuka; 2, L. Kainui; 3, L. Maratoto; 4, L. Mangaliia; 5, L. Okoroire.




