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ABSTRACT 

The Otago Peninsula is part of the Dunedin Volcanic Complex and the Dunedin 
Volcanic Group, ofMiocene age. Tephra and a suite of alkali basalt magma began erupting in 
the Sandfly Bay area. 

The Dunedin Volcanic Complex built up on a continental shelf Activity commenced 
with the occasional eruption of basaltic tephra and lava. The earliest pyroclastic deposits are 
accompanied by peperites that formed due to interaction of magma with unconsolidated 
marine sands. These peperites together with pillow lavas, hyaloclastite and turbidites are 
evidence of subaqueous activity. 

Activity from various small vents over several million years has resulted in a complex 
stratigraphy and produced a wide range of pyroclastic deposits, including tephra from 
submarine, emergent, and fully subaerial vents. Most of the small volcanoes on the Otago 
Peninsula seem to represent small short-lived eruption sites but locally there are also eruptive 
centres that were active for quite a substantial time or were reactivated. A new volcanological 
map of the Otago Peninsula shows the distribution of these tephra deposits and the eruption 
sites. 

Rocks of the Dunedin Volcanic Complex rest on Cretaceous and Tertiary sedimentary 
rocks, which are underlain by pre-Cretaceous basement of quartzofeldspathic schist (Haast 
Schist Group). The sedimentary rocks comprise marine sandstones, mudstones and 
limestones, which were deposited on the continental shelf, and a non-marine-marine basal 
unit. 

A loosely constrained stratigraphy is based on relationships of volcanic rocks to these 
marine sedimentary rocks, over- and underlying unit contacts, and correlation with the best 
available global sealevel curve. Documentation and age dating of features, such as correlative 
conformities, in seismic, well-log, and outcrop data, in marine outcrops in different parts of 
the world have led to a new generation of Cenozoic sea level cycle charts with greater event 
resolution than that obtainable from seismic data alone. This sea level curve has been used 
together with other available data (analyses of bedding in tephra, fossil content, pillow la vas 
as indicator for subaqueous environment) to support interpretations of depositional 
environments, and to infer ages of the deposits by correlation to the sea level curve. Such a 
correlation assumes that there has been no or only little uplift or subsidence of the Dunedin 
Volcanic Complex. 

The history of the Otago Peninsula includes six stages of volcanic activity, of which 
four took place in a subaqueous to emergent environment. This result indicates that 
subaqueous volcanic activity took place over quite a long period of time during the early 
history of the Dunedin Volcanic Complex. 

The tephra ranges in composition from basanite and basalt, to phonolite and trachyte, 
typical for intraplate volcanism. Microprobe glass analyses and whole rock XRF analyses 
indicate a process of fractionation crystallisation with fractionation trends resulting from 
processes operating on mantle derived magmas at various levels in the crust. 
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CHAPTER 1 

INTRODUCTION 

1.1 SETTING 

Active volcanism related to subduction is well known in the North Island of New 

Zealand, whereas widespread Cenozoic intra-plate volcanism is also present in New Zealand's 

South Island and an area 

extending south and east to 

SOUTH ISLAND OF NEW ZEALAND 

Figure 1.1. Intraplate volcanic areas of New Zealand's 
South Island, Sub-Antarctica and Chatham Island. 

the Sub-Antarctic and 

Chatham Islands (Fig. 1.1). 

The best known of these 

South Island volcanic areas 

are the Oamaru Volcanics 

and the large Miocene 

volcanic complexes of Banks 

Peninsula and Dunedin. In 

North Otago three periods of 

Cenozoic volcanism have 

been recognised. One is 

known only from the 

presence of Paleocene tuffs 

(65-54 Ma), which were 

drilled off the Otago and 

Canterbury coast (Coombs et 

al., 1986). The Waiareka

Deborah Volcanics (Coombs 

et al., 1986) erupted over a 

period of 12 m.y. (40-32 

Ma) mainly in submarine 

settings on a shallow 

continental shelf. A third and 

final period of Cenozoic 

volcanism occurred in the 

Miocene, represented by the 

Dunedin Volcanic Complex 

and the W aipiata Volcanics 
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Figure 1.2 Outcrops of volcanic rocks belonging to the Dunedin 
Volcanic Group. Mafic rocks are black, phonolites and trachytes 
are stippled. Faults active during the Kaikoura Orogeny are also 
indicated (after McDougall & Coombs 1972). 
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termed by Coombs et 

al. ( 1986) ''Dunedin 

Volcanic Group"(Fig. 

1.2). The Dunedin 

Volcanic Complex is 

deeply incised by the 

Otago Harbour, which 

evenly subdivides the 

volcanic accumulation 

into a western ridge 

and an eastern 

peninsula. 

Many workers 

have investigated the 

petrological evolution 

of the Dunedin 

Volcano (e.g. 

Marshall, 1906; 

Coombs and 

Wilkinson, 1969; Price 

and Chappell, 1975; 

Coombs et al., 1986) 

and associated 

monogenetic 

volcanism of the 

Dunedin Volcanic 

Group (defined by 

Coombs et al., 1986), 

and it has played a role in development of general models for alkaline volcanism (Turner and 

Verhoogen, 1960; Muir and Tilley, 1961). However, the volcaniclastic rocks of the Otago 

Peninsula have not previously been the focus of an integrated study. The structural evolution of 

large and/or long-lived volcanoes may involve episodes of both edifice inflation by shallow 

intrusive activity and edifice collapse, as well as accumulation of lava flows and pyroclastic 

deposits (Fisher and Schmincke, 1984). Failure and intrusion are likely to be linked via edifice 

oversteepening, fluid overpressuring, crack propagation, and related processes (McGuire, 

1996). Both, failure and intrusion, are controlled by the original constructional components of 

volcanism, particularly the proportions and distribution of coherent lava flows and domes 

versus volcaniclastic accumulations (Fisher and Schmincke, 1984; Houghton and Hackett, 
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1984)). It is therefore important to study the volcaniclastic deposits of the Otago Peninsula to 

provide detailed information on a new geological and volcanological map and for reconstruction 

of the early history. The great variety of primary volcaniclastic rocks at the Otago Peninsula also 

provides an opportunity to study different eruption processes, including magmatic, 

hydromagmatic and phreatomagmatic ones as well as a variety of mass-flow depositional 

processes. 

1.2 SCOPE 
The primary aims of the thesis are to; (1) present an evaluation of the eruptive history of 

the Otago Peninsula (part 1); (2) give models and interpretations of eruption style and 

depositional processes for the early history of the Dunedin Volcanic Complex, focusing mainly 

on the volcaniclastic rocks of the Otago Peninsula (part 1); (3) present a new geological map of 

the Otago Peninsula; ( 4) present a volcanological map which identifies eruptive centres and their 

major products. 

A subsequent part (part 2) of the thesis focuses on geochemical analysis of glass and 

whole-rock samples. The petrological data provides additional support for the models of the 

volcano evolution and eruptive processes presented in the thesis. 

1.3 ORGANIZATION 
There are three parts to this thesis. The geological framework is laid out in part I (chaps. 

1-8), part II (chap. 9) comprises the geochemical investigations, and the results of part I and II 

are discussed in part m (chap. 10). 

Chapter 1 (this chapter) provides background information, and in chapter 2 the 

occurrences of pre-volcanic sedimentary rocks are described. Chapter 3 evaluates the date of 

onset for volcanic activity in the Dunedin district. Chapter 4 is an introduction to the geological 

map. Each mapped area is named after a locality. 

There is a great variety of peperites at the Peninsula which are, because of their 

importance in establishing contemporaneity of volcanism and sedimentation and interpreting the 

nature of subaqueous and sub-surface volcanism (Kano, 1989), discussed in a separate chapter 

(chap. 5). 

Each of the chapters 6-8 in part I gives a brief description of mapped units on parts of 

the Peninsula with detailed studies, interpretation and models of the central part of the Peninsula 

in the area around Mount Charles (chap. 6). 

1.4 TECTONIC SETTING 
Gondwana, which included New Zealand, existed from the Perrnian to the Cretaceous 

(Bradshaw, 1989). Along a convergent margin at the edge of Gondwana a complex series of 
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terranes were accreted. Today these fault-bounded terranes comprise the eastern province of 
New Zealand (Bishop et al., 1985). During the early Jurassic intensive compression led to 
metamorphism of greywacke to schist (Haast Schist). In the mid-Cretaceous compression was 
replace by extension, associated with the rifting of New Zealand from Gondwana. 
Contemporaneous with and following rifting, New Zealand's South Island experienced normal 
faulting (Norris et al., 1978). Post-rifting cooling and subsidence resulted in marine 
transgression. During late Eocene widespread submarine volcanism (Foveau-Oamaru
Canterbury volcanics) and faulting on reactivated basement faults occurred (Carter and Norris, 
1976; Norris et al., 1978). The Alpine Fault, a transform fault, was initiated in the Oligocene
early Miocene when an eastward propagating Indian Ocean Ridge linked with a mid-Pacific 
Ocean Ridge (Norris et al., 1978). Around 21 Ma the Alpine Fault began to experience minor 
compressional strain, and at about 10 Ma compression drastically increased (Norris et al., 
1978). Coincident with uplift in the west during the Miocene there was regression of the sea 
eastwards. 

Eruption of the Dunedin Volcanic Complex took place in an intra-continental setting that 
appears to have been mildly extensional, and has been associated with Campbell Plateau 
volcanism (Farrar and Dixon, 1984). Coombs et al. (1986) pointed out that the Dunedin 
Volcano is situated at the northern end of a graben-like tectonic depression, the Taieri Plains. 
However, only the Titri Fault shows evidence for normal movements and that was in the 
Cretaceous. Carter (1988) discussed the eastern South Island of New Zealand, and recognised a 
mid-Miocene phase of rifting and intrusion. This included the eruption of the Otago Peninsula 
alkalic volcanic complex, followed by reverse faulting associated with the Kaikoura Orogeny, 
which began in the South Island about 10 Ma ago (Benson, 1941b; Price, 1974; Carter, 1988). 
Coombs et al. ( 1986) suggested that volcanism in East Otago may have been associated with 
large-scale reverse fault blocks, but convincing evidence is lacking. The major fault set in the 
Dunedin area trends NE (e.g. Akatore Fault), but NW trending faults are also present, e.g 
TuapekaFaultZone, Waihemo Fault Zone, (Price, 1974). Mutch & Wilson (1952) suggest an 
earlier normal phase of movement for the Titri Fault, and Bishop & Laird (1976) for the 
W aihemo Fault. 

1.5 CENOZOIC CYCLES OF SEA LEVEL CHANGE 
Eustatic sea-level low-stands are well recorded (as unconformities) in New Zealand and 

for most of the early Cenozoic until middle Oligocene (ea. 30Ma) New Zealand was generally 
subsiding (Loutit and Kennett, 1981). Loutit & Kennett (1981) have investigated New Zealand 
and Australian Cenozoic sedimentary cycles and global sea-level changes. They attempted to 
correlate New Zealand stage boundaries with the sea-level cycles ofVail et al. (1977) and found 
that 16 out of 18 New Zealand Cenozoic stage boundaries could be correlated exactly or to 
within a few thousand years of global sea-level changes dated by V ail & Hardenbol (1979) and 
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Vail (1981). Figs. 1.3a & 1.3b show global cycles of relative sea-level changes during the 

Cenozoic and correlation of New Zealand Tertiary stages with the global sea-level cycles of Haq 

et al. (1988), which has been reproduced unti11995. A newer sealevel curve from Hardenbol et 

al. (1998) is essentially in agreement with the Haq et al. (1988) curve. Sequence stratigraphic 

concepts have been widely applied in recent years in a broad variety of physiographic and 

tectonic settings (e.g. Einsele et al., 1991; Macdonald, 1993; Posamentier et al., 1993). In this 

thesis the Haq et al. (1988) sea level curve has been used together with other available data 

(analyses of the deposits, fossil content, pillows as indicator for subaqueous environment ect.) 

to support interpretations of depositional environments, and to infer ages of the deposits by 

correlation to the sea level curve. This section therefore provides an overview of the concept 

and construction of the sea level curve. 

Sequence-stratigraphy is based on the identification of genetically related strata and their 

bounding regional unconformities, or their correlative conformities, in seismic, well-log, and 

outcrop data (Haq et al. 1988). Documentation and age dating of these features in marine 

outcrops in different parts of the world have led to a new generation of Cenozoic sea level cycle 

charts with greater event resolution than that obtainable from seismic data alone (Haq et al., 

1988; Vail, 1981; Vail and Hardenbol, 1979). The interpretation from marine outcrops of sea

level changes has been facilitated by the development of sequence stratigraphic concepts. A 

sequence is interpreted to have been deposited during a complete cycle of sea level change, 

which includes two relative falls of sea level and extends from the inflection point of maximum 

rate of sea level fall to the subsequent rise, followed by the next fall (Haq et al., 1988). 

Sedimentary patterns along continental margins are controlled by sediment supply, rate of 

subsidence, and sea level change. The combined effects of regional tectonics and eustasy 

determine the accommodation potential for sediments and the distribution of facies within the 

genetically related packages (e.g. Posamentier et al., 1993). The rate of relative sea level fall 

determines the type of sequence boundary that will terminate the sequence. If the rate of eustatic 

fall exceeds the rate of subsidence at the depositional shoreline break, the entire shelf may be 

exposed, and a type 1 unconformity-bounded sequence boundary will result (Haq et al., 1988; 

V an Wagone, 1988). When the rate of relative sea level fall is less than the rate of subsidence at 

the depositional shoreline break, the shelf seaward of the depositional shoreline break will not 

be exposed, and a type 2 sequence boundary will result (Haq et al., 1988). When the rate of 

regional subsidence begins to exceed the rate of eustatic fall, relative sea level begins to rise. 

During the course of a complete cycle of sea level change, lowstand, transgressive, and 

highstand deposits are all well defined, although lowstand and highstand facies are generally 

represented by relatively thicker sections, and transgression facies by thinner sections (Haq et 

al., 1988). The chronology of sea level fluctuations in the Cenozoic is shown in fig. 1.3 (after 

Haq et al., 1988). The cycle chart combines the linear time scale (in Ma) with 
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Figure 13 a Chronology and correlation of New Zealand Tertiary stages with global sea-level 
cycles of Haq et al. (1988). 
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magnetochronostratigraphy, standard chronostratigraphy (based on radiometric dates), 

biostratigraphy, and sequence chronostratigraphy. Posamentier & Alien (1993) pointed out that 

the basic parameters that control stratal architecture in depositional sequences are sediment flux, 

rate of sediment accommodation (i.e. eustasy and sea floor subsidence) and physiography. Of 

these parameters only the eustatic component associated with the generation of sediment 

accommodation is globally significant. Local factors can, however, play a relative dominant role 

in individual sites, and the extent to which relative sea level changes varies between basins will 

be the extent to which local sea-floor subsidence or uplift varies from place to place 

(Posamentier et al., 1993). However, all basin margins, regardless of their structural 

framework, are characterised by relative sea level change occurring at varying times 

(Posamentier et al., 1993). 

1.6 GEOLOGICAL SETTING 
The Dunedin Volcanic Complex is a several hundred metre thick accumulation of alkalic 

volcanic rocks erupted in Middle Miocene over a period of at least 3 million years (Coombs et 

al., 1986). The eruptive products range from basanite and basalt through intermediate 

composition to phonolite and trachyte. 

The first petrographic information on the rocks of the Dunedin district was provided by 

Hutton (1875) and Ulrich (1891). Ulrich emphasised the alkalic character of the Dunedin 

district rocks. 

Early this century work by Marshall led to a series of publications concerning the 

volcanic rocks of the Dunedin district [Marshal!, 1904; Marshal!, 1906; Marshal!, 1914; 

Marshal!, 1929; Marshal!, 1947). His paper of 1906 represents the frrst attempt at a systematic 

study of the Dunedin Volcano. He prepared a general map, provided systematic petrographic 

descriptions and tabulated chemical analyses. Marshall also identified the Dunedin Volcano as 

an eroded complex volcano and explained the present morphology in terms of fluvial erosion. 

Coombs ( 1965) introduced the term "Dunedin Volcanic Group" and included in the 

group all volcanic rocks in Central Otago, as well as those in the Dunedin region. He also gave 

in his paper a more general account of the geology of the Dunedin Volcano and stressed that the 

volcano was not a single cone of rapid growth. 

Investigations on the geochemistry of the volcanic rocks from the Dunedin Volcano 

were undertaken by Price (1974) in his PhD thesis on "Geochemical Investigations of the 

Alkalic Rocks of the Dunedin Volcano, as well as by Price & Chappel (1975), Price & 

Compston (1973), Price & Coombs (1975), and Price & Taylor (1980). Coombs & Wilkinson 

(1969) attempted to relate the various alkalic rocks of eastern Otago to each other, and 

established a petrogenetic scheme for their evolution. Geochemical investigations, focusing 

mainly on the eastern side of the Dunedin Volcanic Complex, showed initial eruption of 

trachytic volcanics followed by eruptions ranging in composition from basalt through to 
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phonolite and feldspathoidal trachyte. In these studies a subaerial environment was postulated 

for most of the history of the Dunedin volcanic complex. 

Coombs et al. ( 1986) summarised much of the previous research on the Dunedin 

Volcano, including previous work on coarse-grained xenoliths found in various units including 

the Port Chalmers Breccia. They estimated the total volume of volcanic rocks forming the 

Dunedin Volcano as 78-150 km3. 

Alien (1974) presented detailed research on the Port Chalmers Breccia and adjacent early 

lava flows. He concluded that the breccia is a vent-filling breccia and that gas-eruptions in the 

vent caused a thorough intermingling of subvolcanic material (including schist), which derived 

from shallow crusta! depths. 

Price and Coombs (1975) concluded that the Leith Valley fault zone displaced the north
west margin of the Dunedin volcanic massif, but that outward dips of lava flows on the 

northern, eastern, and southern flanks indicate that the massif is essentially the dissected 

remnant of a shield volcano. 

A gravity map of Dunedin at a scale of 1 : 250000 was published by W .I. Reilly ( 1971) 

as part of the New Zealand gravity map series. Reilly's map delineated an almost circular 
positive isostatic anomaly centred near Portobello with a radius of 6.8 km and a maximum value 
of approximately 43 mGals. Reilly modelled the observed anomaly as a vertical cylinder 

extending from sea level to a depth of 1 Okm; he concluded that the underlying volume of buried 

intrusive rock is about 60Qkm3, at least four times that of the erupted rocks. 

The Dunedin Volcanic Complex rests on early to middle Tertiary transgressive marine 

sediments overlying a pre-Cretaceous basement of quartzofeldspathic schist interlayered with 

micaceous meta-argillite and greenschist horizons (Haast Schist Group). Metamorphism to 
greenschist facies occurred during the Jurassic, and rocks of textural zone 4, strongly foliated 

and laminated, are exposed over much of Central and Eastern Otago (Coombs et al., 1986). 

Schist blocks and clasts of textural zone 4 are common in the volcaniclastic rocks of the 

Dunedin Volcanic Complex. During the Cretaceous, regional uplift and erosion brought the 

textural zone 4 schist to the surface, and an extensive low-relief erosion surface was produced. 

This erosion surface provided a low-relief basement for the deposition of Tertiary sediments. 

After the middle Oligocene the region began to be uplifted as result of tectonic 

movements, with a climax in the latest Cenozoic (late Pliocene-Quaternary), thus exposing a 

nearly complete marine Cenozoic sequence (Loutit and Kennett, 1981). Some of the 

sedimentary units are exposed within the Dunedin Volcanic Complex, either interbedded with 

early-erupted tuffs, or uplifted by dome-intrusions. Sikumbang (1978) presented a M.Sc. 

Thesis on Miocene regressive strata in the Dunedin district. He provided useful information on 

depositional environments of the regressive strata and their age relations to the Dunedin 

volcanics. Toha (1993) presented a M.Sc. Thesis on stratigraphy and sedimentation of the 
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Caversham Sandstone. He defined a reference section complete with description of its facies 

succession, redefined the upper level of the Caversham Sandstone (late middle Altonian) and 

proposed to use Caversham Formation instead of Caversham Sandstone. 

A brief summary of the pre-volcanic sedimentary strata (fig. 1.4) is given below, 

following Benson (1959), Benson (1968) Suggate (1978) and Carter (1988). 

H(m) 

DUNEDIN STRATIGRAPHY 

Forma.Uon a.nd Lithology 

Caversham Sandstone, yellow-grey, massive, calcareous 
glauconitic sst. 

Green Island Sand, bedded to massive, well sorted quartz 
sand, locally clay interbedded 

Abbolsford Fonnation, massive glauconitic dark mudstone 
with sandy layers 

Saddle Hill Siltstone, glauconitic siltstone 

Age 

Taratu Fonnation,massive to bedded conglomerates quartz sand 
and mudstone and Henley Breccia 

Basement of Haast Schist, metamorphosed greywacke, 

Figure 1.4 Pre-volcanic Dunedin stratigraphy 
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1. Henley Breccia: This mid- Cretaceous terrestrial breccia is part of the coastal hills 

along the east side of the Taieri Plain south of Dunedin. The formation of the breccia was due to 

normal faulting along the Titri Fault (part of a regional rifting event, Carter, 1988). The lowest 

beds are discontinuous lenses of greywacke (up to 130m thick), conglomerate and 

carbonaceous mudstone with coal streaks. These are overlain by nearly 1000m of schist-cobble 

conglomerate and breccia, coarsening upward and often red in colour (Benson, 1968). This 

formation is probably not older than 90 Ma, as indicated by angiosperm leaves found near the 

base. 

2. Taratu Formation: The mid-Cretaceous Taratu Formation around Dunedin rests 

unconformably on the peneplained schists. The low relief erosion surface in New Zealand 

represents a long interval of tectonic stability and erosional levelling during the time it was 

formed LeMasurier & Landis 1998). The Taratu formation consists mainly of non-marine 

quartzose conglomerates and coal seams. Plant fossils indicate Upper Senonian age ( -85 Ma). 

The thickness of this formation varies but has a maximum of 50 m. 

3. Brighton Limestone: The pebbly, shelly limestone (upper Cretaceous) has its type 

locality at Brighton, where it rests on the Taratu Formation. The Taratu conglomerates grade 

upward into the Brighton Limestone, which is covered disconformably by the Abbotsford 

Mudstone. The 15 - 20 m thick limestone contains the Haumurian belemnite Dimitobelus hectori 

among other Haumurian fauna including ostracodes, gastropods and the only known Otago 

Cretaceous ammonites, Diplomoceras and Kossmaticeras (Benson, 1968). 

4. Abbotsford Mudstone: This mudstone (Cretaceous- late Eocene) sits disconformably 

on the Brighton Limestone and unconformably on the Taratu Formation. Its thickness varies 

between 150 m - 230 m. It consists mainly of glauconitic mudstone but also contains 

calcareous, glauconite-rich concretions. 

5. Green Island Loose Sand: This loose sand contains at least 95% silica and is either 

latest Dannevirke or early Arnold in age. In general the underlying Abbotsford Mudstone grades 

into the Green Island Loose Sand, but the Green Island Loose Sand is represented by a 

disconformity in several regions (Benson, 1968). Up to 60 m thick, with very rare 

carbonaceous bands up to 10 cm, it is composed mainly of fine- medium- grained incoherent 

sand. In one locality, rounded quartz pebbles occur up to 20mm in size. 

6. Bumside Mudstone: The Burnside Mudstone sits disconformably on the mid- Eocene 

Green Island Sand and comprises a smaller portion of glauconite than the previous formations, 

12 m of upper Bortonian mudstone and a further greensand. The Burnside Mudstone is not 

present further south towards Scroggs Hill-Brighton due to the disconformable relationship to 

the Green Island Loose Sand. The main mudstone is light grey and contains about 10-20% 

calcite, as small organic fragments, in places. 

7. Concord Greensand: A disconformity separates the Burnside Mudstone from the 

overlying Waitakian beds (Concord Greensand) at Burnside, and must merge westward into an 
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unconformity between the sandy limestone and overlying beds at Scroggs Hill. The glauconite 

granules are larger than those in the Abbotsford Mudstone, less regular in form, and deeper in 

colour. In most places the Concord Greensand is less than 30 m thick and contain granular 

calcite and small, irregular, dark green phosphatic concretions. 

8. Caversham Sandstone: This white or greyish, yellowish upper Oligocene- lower 

Miocene sequence forms high cliffs in Caversham and on the Karitane Peninsula. The dominant 

quartz sand varies in grain-size and calcite content (40%-abnormally 68%) (Benson, 1968). It is 

230-250 m thick, the thickest sequence of almost uniform lower Miocene (Toha, 1993) beds in 

New Zealand; it is also rich in up to 220 species of foraminifers, as well as ostracods, corals, 

bryozoa, echinoderms, gastropods, and shark teeth. 

9. Goodwood Limestone: The Goodwood Limestone comprises alternating beds of 

impure dark-grey sandy limestone and soft dark-grey sandy calcareous mudstone. It 

unconformably overlies the Caversham Sandstone. 

10. School Creek Formation: (new unit defined by Sikumbang, 1978) This uppermost 

Altonian formation consists of bentonite with tuff horizons, planktonic foraminifers, 

subfeldspathic arenite and clay-flake and muscovite bearing subfeldspathic arenite (Sikumbang, 

1978). 

11. Waipuna Bay Formation: Coombs et al. (1960a) introduced this formation and 

subdivided it into different members as it appears at Waipuna Bay; (1) micaceous sandstones; 

(2) shallow- water limestones (Dowling Bay Limestone), (3) calcareous and tuffaceous 

sandstone, siltstone and tuff. 

The relation of the W aipuna Bay Formation to older beds is not known, but it grades up 

into the volcanic rocks of Benson's (1959; 1969) "initial" eruptive phase of the Dunedin 

Volcanic Complex. 

Upper Miocene to Lower Pleistocene deposits are absent in the Dunedin district, which 

may reflect tectonic uplift and tilting associated with volcanic activity and the Kaikoura Orogeny 

(Carter, 1988). 

1. 7 BENSON'S SYNTHESIS 
One geologist in particular, W.N. Benson, produced many papers on the Dunedin 

Volcanic Complex (Benson, 1939; 1941b; 1959). Benson's work is best summarised in the 

1968 posthumous publication of the W.N. Benson Geological Map of the Dunedin District. As 

well as giving his interpretation of the structures of the Dunedin Volcano, Benson produced two 

hand-coloured maps at a scale of 1 : 32000, which are retained in the Geology Department 

library of the Otago University. These maps were compiled into a 1 : 50000-scale geological 

map by B.L. Wood, of the N.Z. Geological Survey who also produced an abbreviated version 

of Benson's unpublished manuscript. 
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A number of useful unpublished field mapping projects (third year projects) were 

uhdertaken by students at Otago on the Dunedin volcanics, held in the Otago University 

Geology Department collection. 

The geological map of Benson (1968) is based on intricate stratigraphy that includes 

distinct subvolcanic and inter-volcanic sedimentary horizons of the Dunedin district (floodplain 

conglomerates, see below). 

Eruptive activity was postulated by Benson (1968) to have commenced in the late 

Miocene, and four principal eruptive phases were recognised. He inferred that the eruptive 

centre of the Dunedin Volcanic Complex lay in the Port Chalmers area, occupied by the Port 

Chalmers Breccia (see below). The division into eruptive phases is based not only on 

stratigraphic relationships with the floodplain conglomerates but also on distinct petrographic 

sequences. The four eruptive phases, older floodplain conglomerates and the Port Chalmers 

Breccia are summarised below (after Benson, 1959; 1968). 

1. 7.1 Initial eruptive phase 

During the effusive and explosive vent-opening phase almost purely feldspathic 

trachytic lavas and fragmental rocks were erupted. It has been suggested that those trachytes are 

the result of extreme crystallisation-differentiation (Coombs and Wilkinson, 1969; Price, 1974; 

Price and Chappell, 1975). 

Later work by Coombs et al. (1960a) however, established that the first indication of 

volcanism in the sediments beneath the lavas at Waipuna Bay and Blanket Bay is about 0.6m of 

basaltic tuff interbedded with sedimentary rocks of the W aipuna Bay Formation, also confirmed 

by Allan (1974). 

1. 7.2 First eruptive phase 

Rocks of this phase rest on the trachytic unit. They are inferred to be differentiation 

products of a parental basaltic magma, and comprise basalts and kaiwekite (Marshal!, 1914). 

Kaiwekite is a variety of trachyte that usually carries anorthoclase and Ti-augite phenocrysts. 

The name is only locally used and named after Kaiweke (Long Beach) (Le Maitre et al., 1989). 

This phase closed with the explosive eruption of tuffs (feldspar-rich late products of magmatic 

differentiation) and the deposition of floodplain conglomerates. 

1. 7.3 Older flood plain conglomerates 

Benson's (1959) and Benson's (1968) investigations of the Dunedin Volcano resulted 

in a subdivision of the stratigraphy, with four "main" eruptive phases, inferred to be separated 

by periods of erosion and "floodplain" deposits of volcaniclastics. The first phase closed with 

explosive eruptions of richly feldspathic products of magmatic differentiation that accumulated 
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to form extensive alluvial deposits in shallow valleys. Benson called these deposits the "Older 

Floodplain Conglomerates"(OFC). 

1. 7.4 Second eruptive phase 

This phase comprised more lava flows, which are widely distributed in terms of 

distance to the vent and derived from at least three successive magmatic differentiation 

sequences. Basalt effusions were followed by more feldspathic and alkaline ones and the phase 

of eruption closed with phonolites. Erosion and weathering products formed widespread 

floodplain conglomerates (Younger Floodplain Conglomerates) which were deposited in a 

broad valley. Sparse plant remains indicate a middle or late Pliocene age. 

1. 7.5 Third eruptive phase 

This phase is represented mainly on the NW side of Otago Harbour, comprising an 

earlier cossyrite (aenigmatite)-bearing lava, followed by more basic phonolitic lava, richer in 

pyroxene and olivine. 

1. 7.6 Port Chalmers Breccia 

The description of the Port Chalmers Breccia is based on the paper of Alien (1974). He 

described the Port Chalmers breccia as vent-filling breccia, being massive and unsorted. Clasts 

vary in size from ash to blocks up to 2m. The large blocks are more abundant in the upper part 

of the breccia. The rock fragments have thin bleached rims of uniform thickness around each 

block, and the breccia is cemented by calcite and kaolinite. 

The bedded part in the centre of the proposed vent is finer grained than the massive part 

and loosely cemented. It consists of alternating sandy and pebbly layers, from 2 cm to 1 m in 

thickness. Sedimentological features such as cross-stratification and grading have not been 

observed. Beds dip about 16-35 degrees west. Composition of fragments ranges from basalt 

and basanite to trachy-andesite, phonolite and trachyte, with phonolite representing the major 

component. Other clasts, deriving from greater depth, are medium to coarse-grained igneous 

and metamorphic rocks. They include syenites and gabbro, as well as schist and siltstones; 

schist is a ubiquitous component. The size of the schist fragments is usually small compared to 

that of the volcanic clasts, but locally the schist fragments are up to 30 cm. 

Hydrothermally altered phonolite underlying the breccia does not crop out at the surface 

but is exposed in a railway tunnel west of Koputai. It is pale green, with mafic minerals and 

nepheline is replaced by a green montmorillonite, carbonate, and white mica. This inferred 

hydrothermal alteration has not affected the overlying breccia, which in fact excludes an 

assumption that the phonolite may be a mega-clast beloning to the breccia, otherwise also the 

breccia would show singns of hydrothermal alteration. 
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It was suggested by Alien (1974) that the breccia lies conformably on the phonolite, 

rather than being intruded by it but the conformable contact is inconsistent with an intra-vent 

setting. 

It has been inferred that the breccia was formed by explosive gas eruptions. The 

volcanic clasts, mainly phonolite, may have formed by mass-wasting collapse of lava that 

surrounded the upper part of the vent, or, they may represent lava plugging the vent that was 

fragmented during eruption. 

The Port Chalmers Breccia according to Alien (1974), fills a number of vent pipes 

which are roughly orientated NW -SE through the centre of the Dunedin Volcano. The breccia 

cropping out on the Otago Peninsula is located within the mapped area of this study and will be 

discussed in chapter 7. 
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CHAPTER 2 

PRE-VOLCANIC TERTIARY MARINE SEDIMENTARY ROCKS 

2.1 INTRODUCTION 

The volcanic strata of the Dunedin Volcano area are underlain by a Tertiary marine 

sedimentary sequence (see chap. 3), which overlies terrestrial sequence of late Cretaceous age 

(fig. 1.3). The 

17 20 23 26 29 32 35 

Figure 2.1 Locality map; numbers at the side refer to New Zealand 
Map Grid Projection from topographic map 260 144 & J44 
Dunedin. Grey-shaded area shows seawater. 

pre-volcanic 

Tertiary 

sequence is 

exposed at four 

places within 

the mapped 

area: 

Sandymount, 

V arleys Hill, 

Lovers Leap, 

Turnbulls Bay, 

Camproad and 

Lamach Castle 

(fig. 2.1), 

usually adjacent 

to igneous 

intrusions. 

Special attention 

is given in this 

chapter to 

stratigraphic 

relationships of 

the upper Tertiary sedimentary successions to the Dunedin Volcanic Complex. Sedimentological 

features and outcrops of the Tertiary successions are described briefly. 

2.2 SANDYMOUNT 

At Sandymount there are outcrops of marine sedimentary rocks adjacent to a phonolite 

dome (Dicks Hill). The youngest sedimentary rocks, the Waipuna Bay Formation, and the 

unconformably underlying Burnside Mudstone are well exposed. The upper section of the 
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W aipuna Bay Formation includes thin tuff horizons that represent early eruption products of the 

Dunedin Volcanic Complex. The Dicks Hill phonolite has intruded the Bumside Mudstone with 

resulting homfels facies contact metamorphism. The mudstone is in its present elevation 

because of uplift above the dome intrusion. The Bumside Mudstone mainly consists of well 

bedded to massive, grey layers and is locally interbedded with marlstones. The rocks are 

generally very hard but some intercalated layers in the lower part are less resistant to erosion. 

The top of the Bumside mudstone is bioturbated and has an undulating surface. It also contains 

abundant foraminifers, mica, quartz and feldspar. Benson (1969) regarded the thin bioturbated 

layer as lowest part of the Caversham Formation. Carter & Landis (1972) proposed a possible 

Marshal! Paraconformity break between Waipuna Bay Formation and Bumside mudstone, 

representing late Eocene to upper Oligocene. They argued that the sequence of the Bumside 

Mudstone Formation is abruptly terminated and marked by intensely bioturbated and irregular 

beds, which is typical of this disconformity. The maximum exposed thickness of the mudstone 

is about 1 Om. 

The W aipuna Bay Formation at Sandymount consists of calcareous quartz sandstone 

(about 4 m thick) and fossiliferous calcarenites (estimated thickness about 20 m). The latter is 

distinct due to its brownish colour in comparison with the pale yellowish brown of the 

calcareous sandstones. Locally in the upper horizon the units are interbedded with tuff layers. 

2.3 VARLEYS HILL 
At V arleys Hill the outcrops of marine sedimentary rocks are adjacent to an intrusive 

cryptodome (nepheline 

Equal Area 

N (faults)= 6 
N (dykes) =5 

Figure 2.2 Stereo-plot showing great circles (solid line = 
faults, dashed= dykes) and poles (* dykes, • faults) of fault 
planes and dykes at V arleys Hill. 

syenite porphyry). Their 

present elevation is most 

likely related to the dome 

intrusion. Dykes appear 

throughout the area in a 

radial pattern from the 

dome (figs. 2.2, 2.3). The 

area is less well exposed 

than the Sandymount 

region and is quite 

complicated structurally. 

Reconstruction therefore is 

difficult due to intense 

faulting, coupled with 

dykes. Great circles and 

poles to the 
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Figure 2.4 Sedimentologicallog of newly discovered outcrop at V arleys Hill. 
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dykes and faults have been plotted on an equal area net (fig. 2.2). Faults as well as the dykes 

are distributed around the syenite dome, which suggest a relationship of dome-intrusion dyking 

and faulting. An overview of the geology is given in fig. 2.3. Two major outcrops show 

different facies. The first one northwest from V arleys Hill is the dominant facies and consists of 

thickly bedded calcarenite. The exposed thickness is about 15 m. Detailed descriptions are given 

by Sikumbang (1978). 

The second, newly discovered, outcrop (GR 292 815) is located about 300 m east of the 

previous outcrop (fig. 2.4) and comprises alternating units of brown limonitised calcareous 

sandstone greyish rudstone and black limestone (plate la, classification after Dunham, 1962). 

The rudstone comprises a large proportion of brachiopod and other shells and can be correlated 

with the coral-molluscan calcirudite (named by Sikumbang, 1978) of the Dowling Bay 

Limestone, which belongs to the lower facies of the Dowling Bay Limestone. The abundance of 

brachiopods suggests that the sediments were deposited in water of normal salinity but usually 

not deeper than 300m water depth (Fuechtbauer, 1988), most likely between 100 and 200m 

water depth (D. Lee. pers. comm. 1999). The calcareous sandstone is also exposed north of the 

large calcarenite outcrop (see above). Sandstones and calcarenites there are also interbedded 

with a yellow tuff. Often the contact is faulted but in an outcrop NW ofVarleys Hill (fig. 2.3) a 

concordant contact between the calcarenite and the overlying tuff is exposed. This relation is 

important because it proves that volcanic activity in this region started during Lillburnian time 

(15,5-13 MA) with the eruption of phonolitic/trachytic (see chap. 9) tuffs. 

A few small outcrops of mudstone are located near the Hoopers Inlet Hall (figs. 2.3, 

plate 1 b) and on Allans Beach Road about 100 m south of the Hall. The mudstone usually 

underlies a yellowish tuff but the contact is strongly sheared and many small-scale faults are 

present. 

2.4 LOVERS LEAP 
At Lover Leap below Sandymount (GR 300 540; fig. 2.1) there is a small outcrop of 

fme-grained mica-rich silt and sandstone. It is a 5 m thick (exposed thickness) unit of 

moderately sorted, well-bedded and cross-bedded limonitised silt and sandstone (plate lc&d). 

Beds are usually between 5 and 10 cm thick, normally graded and locally show wavy bedding 

with mica. In thin-section the sandstone looks similar to a sandstone from Blanket Bay (fig. 

2.1) belonging to the W aipuna Bay Formation (plate 1 e-g) which consists of subangular quartz 

grains, a large amount of mica, and a few feldspar crystals (see chap. 2). At the base of the unit 

a sill formed peperite along contacts with the sand and siltstone which at that time was 

unconsolidated (see chap. 5). The margin of the sillis irregular and strongly chilled. The upper 

contact is not exposed. 
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The sand and siltstone also crops out at an elevation of about 50 to 60 m. Bedding is 

preserved in the lower part of the upper outcrop. Beds are between 1 and 15 cm thick, normally 

graded with locally scour filling structures and cross laminations. The major outcrop shows 

pillow-like basaltic boulders in the sand and siltstone where original bedding is destroyed (plate 

1 h). The sand and siltstone samples from this location usually contain in addition to quartz, 

mica and feldspars, also sideromelane glass shards probably from interaction of the basalt with 

the wet sand. 

This unit has been correlated with sandstones of the Waipuna Bay Formation (see chap. 

3), based on petrographical and sedimentological features. The apparent lack of foraminifers 

(especially Loxostonum truncatum, estimated depth of deposition 40-75 m, Hoskin 1978 cited 

in Scott, 1991) may be an indicator of deposition in somewhat deeper water. Deposition from 

turbidity currents is indicated by laterally continuous bedding, normal grading, and cross

bedding (Tb-c), within shallow water environment (Fuechtbauer, 1988) but below wave-base. 

Turbidites are generally regarded as deep-water deposits. The turbidity current process can 

operate in any depth, but to preserve the deposits as turbidites, they must not be reworked into 

different-looking deposits by other currents. This places turbidites below wave base, implying 

minimum depths of200 m (Walker, 1992) However, Fenton & Wilson (1985) described thin

bedded turbidites that have been reworked by intermittent water traction currents, destroying 

grading and developing ripples. These beds are believed to have been deposited in a water depth 

< 200 m (Fenton and Wilson, 1985). 

2.5 LARNACH CASTLE 
An outcrop of pre-volcanic marine sedimentary rocks lies north of Larnach Castle (fig. 

2.1). The section comprises alternating well-sorted brown sand- and siltstone beds that are 

typically strongly limonitised. As in the section at Lovers Leap, the sand and siltstone of this 

unit consists mainly of quartz, mica and feldspars. The sandstone layers contain usually less 

mica than the siltstone layers. Locally scour-filling structures, flute marks, and cross 

stratification are present. Medium-grained, up to 1 m thick, sandstones are massive, whereas 

silt layers are normally graded to laminated. The fine-grained layers generally containabundant 

organic material. A collection of Seaboume Rust (at present MSc student at the Otago 

University) shows a variety of leaves (beech tree, Nothofagus) and wood remnants. 

In the Bouma terminology for turbidites these beds would be described as BC beds. 

Duke (1990) suggested that the parallel lamination may be formed by oscillatory currents, and 

that ripples are combined flow ripples. A sharp base would reflect scouring of the muddy shelf 

floor during the rising phase of a storm, followed by the emplacement of sand as the storm 

waned. The present of the organic material suggests near-shore deposition, probably in an 

estuary. 



Figure 2.13 

A polygonal mudcracks filled with ironstained silty material 

B wavegenerated structures in the sandstone unit 

C bedding and cross stratification in the sandstone unit 

D herringbone cross stratification 

E overview of the sandstone unit 
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coarse_tjJ 
Fig. 2.13 Sedimentary log of sandstone section alondg the present shore-line of Tumbuls Bay. 
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2.6 TURNBULLS BAY AND CAMP ROAD 

The last outcrops of pre-volcanic marine sedimentary rocks lie on the shore line of Turnbulls 

Bay and the corner of Camp Road and Portobello Road (fig. 2.1 ). The section at Turn bulls Bay 

comprises alternating well-sorted brown sand- and siltstone beds that are typically strongly 

limonitised. Characteristic is the well-bedded appearance of the sandstones with subhorizontal 

beds ranging in thickness between 1 and 5 cm. At Turnbulls Bay the sandstone show 

commonly scour-filling structures, medium scale cross stratification and wavy bedding 

including flaser bedding, climbing ripples, symmetrical ripples and locally herringbone cross 

stratification (Fig. 2.6). Typically cross-stratification and flat bedding alternate repeatedly on a 

scale of a few centimetres to few tens of centimetres. The sandstone locally contains bivalves 

and commonly foraminifers. Of interest are polygonal mudcracks, filled with ironstained silty 

material, with polygon diameter of 10 to 15 cm. 

At Camp Road the section comprises a structureless to normally graded base of bout 70 

cm (exposed thickness) and a thin bedded upper part (about 40 cm exposed thickness). The 

sandstone crops out about 5-7 m above present sea level. Beds in both units, at Tumbulls Bay 

and Camp Road, are normally graded. Exposed thickness ranges from 1 to 3 m. The sand and 

siltstones at Tumbulls Bay and Camp Road consist mainly of quartz, mica and feldspars. The 

sandstone layers contain generally less mica than the siltstone layers. 

This unit, as the units described above, also has been correlated with sandstones of the 

Waipuna Bay Formation (see chap. 3). The features of the deposits strongly suggest deposition 

in a very shallow marine tide-influenced environment. The flat bedded intervals are suggestive 

of maximum tidal flow velocities, and the ripple cross stratification developed during 

accelerating and/or waning flow conditions (Alien, 1982; Kreisa and Moiola, 1986). These 

together with the mudcracks implies intermittent wet and dry conditions with probable 

deposition in an intertidal to supratidal environment (Ehlers and Chan, 1999). 
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Handspecimen of rudstone from newly discovered outcrop at Varleys 

Hill 

Varleys Hill overview 

Handspecimen of sand/siltstone from Lovers Leap 

LeapSand/siltstone beds at Lovers Leap 
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Formation) 
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Pillow-shaped boulders in the sandstone unit forming peperites 
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CHAPTER 3 

DATING THE DUNEDIN VOLCANIC COMPLEX 

3.1 AGE OF THE DUNEDIN VOLCANIC COMPLEX 

The deposition of the youngest formations of the marine Tertiary sequence in the 

Dunedin district was interrupted and followed by volcanic activity forming the Dunedin 

Volcanic Complex, and to date the onset of volcanic activity it is necessary to determine the age 

of the interbedded sediments. Three formations (Caversham Sandstone, Waipuna Bay 

Formation, School Creek Formation) are important to determine age relations between volcanic 

activity and sedimentation. Stage boundaries are adapted from Berggren (1995) and Morgans 

(1996). 

3.2 CAVERSHAM SANDSTONE FORMATION 

The Caversham Sandstone Formation is the basal unit of the regressive sequence in the 

Dunedin district and was deposited from outer to inner shelf, following gradual shallowing of 

the sea during deposition (Sikumbang, 1978). It is characteristically a uniform greyish-white, 

mixed carbonate-siliciclastic rock, which is yellow, when weathered, and in which bioclastic 

and quartz grains are dominant. The carbonate content ranges from 27-77% (Toha, 1993). This 

formation is widespread and was deposited from Upper Oligocene (Waitakian, 22.4 Ma) to 

Lower Miocene (Upper Middle Altonian, 17 Ma) (fig. 1.4 ,Toha, 1993). It overlies the 

Bumside Mudstone (fig. 1.4). The contact is characterised by a thin bed of greensand (Concord 

Greensand) containing mud clasts and phosphatised pebbles indicative of a period of erosion 

(Carter and Landis, 1972; Ongley, 1939)). Sikumbang (1978) described the Caversham 

Sandstone as coarsening-upward shelf sediment (variations in grain size, calcite and 

foraminiferal variations), reflecting a regressive episode, in which a sedimentary basin perhaps 

was bordered by an estuary, similar in some respects to the present Waikouaiti estuary. The 

depositional environment of the lower member of the formation is interpreted by Sikumbang 

(1978) to have been open marine shelf. Variations up section in the Caversham Sandstone 

reflect gradual shallowing of the sea, with deposition from outer-shelf to inner-shelf depths. 

Average sedimentation rate of the Caversham Sandstone has been calculated at 915 cm/Ma 

(Sikumbang, 1978). 

3.3 WAIPUNA BAY FORMATION 

This formation is composed of Lower-Middle Miocene regressive deposits, and is 

restricted to the Otago Harbour and the Otago Peninsula. The formation was introduced by 
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Coombs et al. (1960a), who proposed the name Waipuna Bay Formation and discussed its 

stratigraphy, including lateral and vertical relations. They described the formation as medium to 

dark grey limestone (Dowling Bay member see below), and massive and laminated muscovite

quartz-feldspathic sandstone/siltstone (Pulling Point member, Sikumbang, 1978), and 

interbedded tuffs. 

Coombs et al. (1960a) considered the formation to be Waiauan or early Tongaporutuan 

(fig. 1.3, tab. 3.1), both at Dowling Bay and Waipuna Bay, and they correlated it with 

calcareous terrigenous sandstone, basaltic tuff, and micaceous sands tones at Blanket Bay. 

Sikumbang (1978), however, dated the Waipuna Bay Formation as Lillburnian. 

3.3.1 Dowling Bay Formation 
Petrographically this unit consists of three different members (Sikumbang, 197 8). ( 1) A 

greyish impure limestone; (2) calcareous sandstone; (3) coarse-grained bioclastic sandstone 

interbedded with calcareous sandstone. The limestone contains thin irregular interbedded 

mudstone layers at Dowling Bay, Hoopers Inlet and Sandymount first referred to by Blair 

(1879). It contains 69-91% CaC03 and 5-22% of matter insoluble in HCL. Lithologically 

similar limestone occurs at a water depth of ea. 180 m at 29-22 km NE and SE of Taiaroa Head 

at the mouth of Otago Harbour (Benson, 1959). The formation of the limestones may indicate a 

rising sea level, but the upper members of the W aipuna Bay Formation are deposited within the 

inner shelf and near shore in shallow water (Sikumbang, 1978). 

Mollusca of Altonian age (Lower Miocene) have been found within the Dowling Bay 

Formation, with which Finlay & McDowall (1923) correlated the formation. Finlay & Marwick 

( 1948) indicated that most of the 93 species of foraminifers in the Goodwood Limestone are 

also in the Dowling Bay Limestone, which is consistent with Altonian age. Benson (1941b, 

1942 #942) considered the Dowling Bay Limestone to be of Waiauan age (Upper Middle 

Miocene) and to be overlain unconformably by the volcanic sequence. 

However, tuffaceous beds containing foraminifers of Altonian age underlie the Dowling 

Bay Member, indicating onset of volcanic activity during Altonian. 

3.4 SCHOOL CREEK FORMATION 

Sikumbang (1978) identified regressive deposits near Dowling Bay, which he called 

School Creek Formation. This formation underlies the Dowling Bay Member. After deposition 

of the School Creek Formation was completed, the sea covered the area and the transgressive 

unit formed (carbonates of the Waipuna Bay Formation). This formation is important because it 

redefines the onset of volcanic activity in the Dunedin area. Sediments comprising this unit are 

derived from volcanic and low-grade metamorphic rock. An interbedded bentonite bed 

constitutes the lowest part of the formation and implies an early episode of volcanism, which 
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predates the carbonate deposition of the overlying Waipuna Bay Formation. This suggests 

Altonian age for the onset of volcanic activity. 

Sikumbang (1978) also pointed out that composition and formation of the Pulling Point 

member of the W aipuna Bay Formation is very similar to the clay-flake muscovite sandstone of 

the School Creek Formation. The similarity of the two sandstones has also been reported by 

Coombs et al. (1960a). Thus the muscovite-rich sandstones at Lovers Leap and elsewhere may 

be correlated to the upper members of the School Creek Formation, which suggest that this 

sandstones are more likely Lillburnian age or even pre-Lillbumian. It may also suggest that 

sand sedimentation occurred over a long period. The apparent lack of foraminifers (especially 

Loxostonum truncatum that defines the boundary Lillbumian!W aiauan, Scott, 1991) in addition 

may be an indicator of deposition during Lillbumian or even pre-Lillbumian age. 

3.5 AGE RELATIONS 

Age relations of the Dunedin Volcanic Complex given by Coombs et al. (1960a, 1960b) 

are based on outcrops of the marine inliers at Dowling Bay, Waipuna Bay and Blanket Bay on 

the northern shore of the Otago Harbour. They postulated Waiauan or early Tongaporutuan age 

for the Waipuna Bay Formation and demonstrated a Waiauan or possible Tongaporutuan age 

(late Middle or early Upper Miocene) for the initiation of volcanic activity in that area. The 

sedimentary rocks in those areas comprise massive and laminated micaceous sandstones, 

calcareous sands tones and fetid limestones (Dowling Bay Limestone). The foraminifers present 

indicate shelf depositional environment. 

Coombs & Reay (1986) reported that there is evidence from an ash bed at Dowling Bay 

that there may have been volcanic activity in the region as early as the Altonian stage (20-16 Ma 

approx.). This foraminiferal evidence is based on the identification of pelagic Orbulina suturalis 

(Clifdenian upwards) and Rectobolivina maoria (top Altonian upwards) (Homibrook pers. 

comm. cited in Coombs et al., 1960b). Specimens of foraminifers, which have been found in 
the sample, may be of Loxostonum truncatum, which are index fossils for the W aiauan stage 

(Homibrook pers. comm., cited in Coombs et al., 1960a), but Homibrook mentioned that there 

is a possibility of confusing this species with a long-ranging undescribed species of Bolivina. 

Finlay and McDowall (1923) also showed that sandstones overlie the limestone, and 

state that another sandstone, correlated with the Caversham Sandstone, underlies the limestone. 

At Waipuna Bay the supposed Caversham Sandstone is shown as being directly overlain by 

volcanic sequence which overlaps westwards on to the upper sandstone (Finlay and McDowall, 

1923). However Coombs et al. (1960b) consider that the lithology is very different from that of 

Caversham Sandstone. In sandstone beds interbedded with tuff beds at Blanket Bay other 

foraminifers have been discovered (Coombs et al., 1960b). Those include Textularia gladizea 

Finlay, Notorotalia wilsoni Homibrook, Laxostof__um truncatum?, and Notorotalia n.sp. as in 
the Southland Series (Homibrook pers. comm. in Coombs et al., 1960a) Clifdenian (16.2 Ma-
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15.1). These taxa are consistent with an Upper Southland Lillbumian (15 .1 Ma-13 Ma), but 

could also be Waiauan-age (13 Ma-11.3 Ma). 

Molluscan determinations from the Waipuna Bay Collection (by Anne Scott: in Coombs 

et al., 1960b) give age ranges from Upper Tongaporutuan to Lower Tongaporutuan (6.5 Ma

l 0.5 Ma) and Southland series. 

At V arleys Hill near Hoopers Inlet, fossiliferous limestones, sandstones and rudstones 

can be correlated with the Dowling Bay Member (coarse-grained bioclastic sandstone). Tuff 

beds intercalated with those sedimentary rocks at Varleys Hill indicate that volcanic activity 

started during Upper Middle Miocene (Finlay and Marwick, 1948). Sikumbang (1978) suggest 

Lillburnian age for the W aipuna Bay Formation which indicates also Lillbumian age for the 

onset of volcanism at V arleys Hill. 

The sandstone in newly recognised peperites at Sandfly Bay (see chap. 5 and appendix 

1), is petrologically more similar to the Caversham Sandstone (Late Oligocene to Early 

Miocene) than to the sandstones of the Waipuna Bay Formation (Landis pers. comm. 1998); it 

consists of mainly subangular quartz grains, lacks mica, and has only minor calcite cement and 

abundant glauconite grains, unlike the sandstones belonging to the overlying Waipuna Bay 

Formation or the sandstone of the School Creek Formation (both mica-rich quartz

sandlsiltstones). 

To have formed peperites with intruding magma, the sediments at Sandfly Bay must 

have been wet and unconsolidated (see chap. 4). This would suggest that either; (1) the 

sandstones at Sandfly Bay belong to the Caversham Sandstone and volcanic activity started 

much earlier than generally accepted or; (2) the sandstones at Sandfly Bay are a different facies 

of theW aipuna Bay Formation similar to the Caversham Sandstone, which would question the 

significance of the separation into two formations. 

Nine rocks from the Dunedin Volcanic Complex have been dated with the potassium

argon method (McDougall and Coombs, 1973). The ages range from 13.1+/- 0.1 Ma (initial 

eruptive phase trachyte of Benson (1968)) to 10.1 +/- 0.2 Ma (third eruptive phase phonolites of 

Benson (1968)). All the samples comprise lava flow rocks from the western side of the volcanic 

complex. No samples from the Peninsula have been studied. (Curtis in Coombs, 1965)) 

reported an age of 11.1 Ma for a phonolite of Benson's third eruptive phase (in good agreement 

with results from McDougall and Coombs, 1973) and an age of 15.0 Ma for an aegirine

fayalite trachyte. The latter result is from a rock from the same locality as those dated by 

McDougall & Coombs (1973), with a result of 13.0 Ma. 

Coombs et al. (1960b) stated that microfloral evidence is inconclusive but is suggestive of (1) a 

W aiauan to Opoitian age for collections correlated with the Older Flood plain Conglomerates 

(Benson, 1969) or an earlier volcanic horizon; (2) a W aiauan to Opoitian age for the flora 

correlated with the Younger Flood plain Conglomerates (Benson, 1969). 
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Table 3.1 Summary of age determinations of relevant marine sequences, floodplain 
conglomerates and lava rocks from the Dunedin district. 

Fmrution Methcrl FffiSil~ Raiometri.c ~ Rdfrenre 

(Ma) 

CaveJsha:n Smd>tore :&dliqxrl> Watadm-Avvancm* 25-16.2 Ongley 1939 

CaveJsha:n Smd;tore FrnrniniJi:ls J..oMr Watrtilln ~ Sikumlmg 1978 

Altonim 25.0-18.5 

Ib\wng Bey Fcm:J£tion Moll.ts:m Avvancm* 18.5-16.2 Fmley & McfiM.ill1923 

Ibwiing Bey Fatniiion FrnrniniJi:ls waa.m 13.0-11.3 Fmley &Mmvi<k 1948 

lli\Wng Bey Fatniiion FrnrniniJi:ls Jn>S!bleAltonim 18.5-16.2 Coomb> &~ 1986 

lli\Wng Bey Fatniiion FrnrniniJi:ls Clifulim er waa.m 16.2-15.1 H:m:nl:rook rm. am. in: 

13.0-11.3 Coomb> ct: a. 1900 

lli\WngBey FrnrniniJi:ls waa.m 13.0-11.3 :&nson 1940, 1942 

Fmrution, l.lt¥XJI1finn 

with melying volania; 

Wzip.maBey Fatniiion FrnrniniJi:ls Waamerealy 13.0-11.3 Coomb> ct: a. 19ffil 

Tong<p:ru~Ual er10.1 

Wzip.maBey Fatniiion I..illl:unim er waa.m 15.1-13 Coomb> ct: a. 19ffh 

13.0-11.3 

Wzip.maBey Fatniiion FrnrniniJi:ls I..illl:unim-waa.m 15.1-13 Sikumlmg 1978 

13.0-11.3 

Wzip.maBey Fatniiion Moll.ts:m Waamer 13.0-11.3 Srott. in: Coomb> ct: a. 
FrnrniniJi:ls Tong<p:ru~Ual 11.3-6.6 19ffil 

OldrFlcxxp!rm miaofiaa waa.m -Q:x>itim 13.0-3.6 Coomb> a a. 19ffh 

ConglCJJ.lltlllis 

younger Flcxxp!rm miaofiaa wrmm -Q:x>itim 13.0-3.6 Coomb> ct: a. 19ffh 

ConglCJJ.lltlllis 

SdXJOl Oak :ti:xmtion :lbtm1irlOOs )Jl& I..illl:unim pl&15.1 Sikumlmg 1978 

p:oWiy Altonim 18.5-16.2 

Initiall'rujlivepha;e )JClla'isium-agon 13.1 +1-0.1 McD:JUgaJ. & Cooo:J.b;; 

tJahytes 1973 

Thin:ll'rujlive pha;e )JClla'isium-agon 10.1 +/-0.2 McD:JUgaJ. & Coomb> 

pl:molites 1973 

* Avvancm is a:Knner NZ Tertiay ~ \\hich WcS a:mbintrltogeth:rwithHutchinsonial miAltonim to ii:nn a single~ 1:ha is now ailtrl 

''Altonim ~·. 
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3.6 CONCLUSION 

The deposition of Miocene marine strata in the Dunedin district was interrupted and 

followed by volcanism. The presence of bentonite beneath the Waipuna Bay Formation (Middle 

Miocene; Lillburnian) at Dowling Bay (Sikumbang, 1978) indicates that volcanic activity 

commenced in Lower Miocene (Upper Altonian) time. This would mean volcanic activity 

started much earlier that previously understood by Benson (1968) and time equivalence to 

volcanic activity at the Karitane Peninsula (Sikumbang, 1978). This also would support the 

assumption of Coombs and Reay ( 1986) that volcanic activity started as early as Altonian (20-

16.5 Ma). 

Muscovite-rich sands tones on the Peninsula (e.g. at Lovers Leap, Cape Saunders, 

Puddingstone Rock) may be correlated to with upper members of the School Creek Formation 

or to the Pulling Point member of the W aipuna Bay Formation. This suggests that ( 1) the 

sandstones of the W aipuna Bay Formation and the sands tones of the School Creek Formation 

belong to the same unit, which would question the significance of the separation into the two 

formations and (2) the lower boundary of the Waipuna Bay Formation is even pre-Lillburnian 

unlike Sikumbang (1978) has suggested. In this thesis, however, no separation has been made 

and the sandstones are always called sandstones of the Waipuna Bay Formation. Thus a 

possible age of these sandstones ranges from Clifdenian to W aiauan. However often 

Lillburnian age has been inferred for the sandstones in the preceding chapters based on 

correlation with the Haq et al. ( 1988) sea level curve and the absence of shallow marine fossils 

(see chapt. 2). 

Due to radiometric age deterrninations on lava flow rocks the upper level of 10 Ma could 

remain. This would indicate a total volcanic activity of at least 6.5 Ma, a considerable long 

period for the proposed shield volcano. Tab. 3.1 summarises the methods of age deterrninations 

performed on rocks of the Dunedin district. 
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CHAPTER 4 

INTRODUCTION TO VOLCANOLOGICAL MAP 

4.1 VOLCANOLOGICAL MAP OF THE OTAGO PENINSULA 

During his term as Professor of Geology at the Otago University, from 1916-1949, 

W.M. Benson produced a hand-coloured geological map of Dunedin and outlying districts, 

including the Otago Peninsula. This manuscript was used as the basis for a published geological 

map of the Dunedin district in 1968. Beside the 1:250000 geological map, no other map has 

been published since this time and it remains the most detailed geological map available in terms 

of differentiation of lava rocks, whereas volcaniclastic rocks are usually summarised as 

agglomerate and tuff. 

In order to reconstruct the early history of the Otago Peninsula it is essential to revise the 

geological map and distinguish different volcaniclastic units. The new volcanological map 

presented in this thesis (see back of the thesis) shows in detail different primary volcaniclastic 

deposits that have been mapped within the so-called "agglomerates". Mapping with this greater 

precision has helped to support the interpretative aims of this thesis in finding different eruptive 

centres (see volcanological map in back pocket) and relative timing of eruptions. 

Table 4.1 Granulometric classification of pyroclasts 

Clast size Pyroclast Pyroclastic deposit 

Mainly unconsolidated: Mainly consolidated: 
tephra pyroclastic rock 

Block, bomb Agglomerate, bed of Agglomerate, 
blocks or bombs pyroclastic breccia 
or 
block or bomb tephra 

64mm 
La pill us Layer, bed of lapilli Lapillistone 

or 
lapilli tephra 

2mm 
Coarse ash grain Coarse ash Coarse (ash) tuff 

1/16 mm 
Fine ash grain Fine ash (dust) Fine (ash) tuff 

(dust grain) (dust tuft) 
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64-2mm 
Lopilli 
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Blocks and bombs 
>64mm 

0,100 

Tuff- breccio 

Lopilli-tuff 

Figure 4.1 Mixture terms and end-member rock 
terms for pyroclastic fragments 

4-2 

Most of the lava 

flow units of Benson's have 

been adapted to the new map 

but the different 

volcaniclastic rock -types are 

grouped using the 

classification-scheme of 

Fisher & Schmincke (1984) 

and Fisher (1984). Table 4.1 

and fig. 4.1 show the 

summary of these schemes. 

After Fisher & Schmincke 

(1984) and Fisher (1984) 

ash particles are <2 mm in 

diameter and volcanic ash is 

composed of vitric, crystal 

or lithic particles (of juvenile, 

cognate or accidental origin) of various proportions. Tuff is the consolidated equivalent of ash. 

Further classification is made according to environment of deposition (lacustrine tuff, 

submarine tuff, subaerial tuff) or manner of transport (fallout tuff, ash flow tuff). Reworked 

ash (or tuff) may be named according to the transport agent (fluvial tuff, aeolian tuff). After 

Fisher & Schmincke (1984) and Fisher (1984) lapilli are fragments 2 mm to 64 mm in diameter. 

Lapilli-size particles may be juvenile, cognate or accidental. Lithified accumulations with more 

than 75% lapilli are termed lapillistone. Lapilli-tuff applies to lithified mixtures of ash and 

lapilli, where ash-size particles are 25-75% of the pyroclastic mixture. Lapilli are commonly 

angular to sub-rounded. Subrounded forms are commonly of juvenile origin, but explosively 

broken cognate and accidental fragments may become rounded by repeated extrusion and 

fallback into a vent before final ejection. Accretionary lapilli are special kinds of lapilli-size 

particles that form as moist aggregates of ash in eruption clouds, by rain that falls through dry 

eruption clouds or by electrostatic attraction (Schumacher and Schmincke, 1990). Armoured 

lapilli form when wet ash becomes plastered around a solid nucleus such as crystal, pumice or 

lithic fragments during a hydrovolcanic eruption. After Fisher & Schmincke (1984) and Fisher 

(1984) bombs or blocks are >64 mm._Blocks are angular to sub-angular fragments of juvenile, 

cognate and accidental origin derived from extrusion of lava such as in domes, or from the 

edifice of the volcano or from its basement. Pyroclastic breccia is a consolidated aggregate of 

blocks containing less than 25% lapilli and ash (Fisher, 1984; Fisher and Schmincke, 1984). 

Bombs are thrown from vents in a partly molten condition and solidify during flight or shortly 

after they land. Bombs are therefore almost exclusively juvenile. Drag forces during flight 
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shape molten clots, and if still plastic, their shape can be modified by impact when they hit the 

ground (Fisher, 1984; Fisher and Schmincke, 1984). Bombs are named according to shape, 

including ribbon bombs, spindle bombs (with twisted ends), cow-dung bombs, spheroidal 

bombs and so on. Bread crust pattern on surfaces of bombs are caused by stretching of the 

solidified outer shell by expansion of gas within the still-plastic core to produce bread-crust 

bombs. They are most commonly produced from magma of intermediate and silicic 

compositions (Fisher, 1984; Fisher and Schmincke, 1984). Cauliflower bombs have 

cauliflower shapes with dense to vesicular interiors because of quick quenching in aqueous 

environments. They are formed in hydrovolcanic eruptions (Fisher, 1984; Fisher and 

Schmincke, 1984). Agglomerate is a commonly non-welded aggregate consisting 

predominantly of bombs. It contains less than 25% by volume of lapilli and ash. Three common 

names of pyroclasts that depend in part on their degree of vesicularity are pumice, scoria and 

cinders. Spatter applies to bombs, usually basaltic, formed from lava blebs that readily weld 

(agglutinate) upon impact and contrasts with scoria that do not stick together. Scoria (or cinder) 

cones, for example, are composed largely of loose particles; spatter cones are composed mainly 

of agglutinated blebs or larger isolated lava tongues (Fisher, 1984; Fisher and Schmincke, 

1984). 

Terms, which are new or debated in the literature or with an ambiguous meaning, are 

defined where they are used in the text. 

Structures in general (e.g.sedimentary, tectonic) were measured with a Freiberg 

compass and numbers given in the text refer to dip and dip-direction of the measured structure. 

Explosive eruptions of several small volcanoes produced a great diversity of tephra 

beds, erupted from different eruptive centres. The products range in composition from basanite 

to basalt, trachyte and phonolite (chap. 9). The stratigraphy is classified in order of appearance 

of intercalated sediments from underlying strata and overlying or underlying unit contacts. The 

oldest units are those which are interbedded with marine sedimentary rocks or which show 

peperitic structures or contain clastic dykes filled with underlying sandstones (Caversham 

Sandstone, Waipuna Bay Formation). 

Brief attention is given to the occurrence of pre-volcanic sedimentary rocks that appear 

on the Otago Peninsula. They are outlined in chapter 2. 

Chapters 6-8 give a brief description of the different units outlined in the geological map 

with interpretations and models for eruption and depositional processes. 

The description of the rocks is essentially non-quantitative. The reasons for this are the 

age, induration and cementation of the rocks, which prevents disaggregation of the samples. 

Therefore an exact quantification of particle size, sorting etc. could not be carried out. 
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CHAPTER 5 

PEPERITES 

5.1 INTRODUCTION 

Peperites are special rock types formed by mixing of magma with wet sediment (Fisher, 

1961, Williams and McBirney, 1979; McPhie et al., 1993)). They form when magma intrudes 

wet unconsolidated sediment (Busby-Spera and White, 1987; Yamamoto, 1987; Hanson and 

Wilson, 1993; Maas, 1992). Peperites form from almost every kind of magma (McPhie et al., 

1993). The host can be a normal clastic sediment or a volcaniclastic one. If the host-sediment is 

wet the intruding dyke will be chilled (Einsele, 1986; Summer and Ayalon, 1995) and under 

some circumstances melting (Jaeger, 1959) and recrystallization occurs in the host. Peperites 

commonly develop along intrusive bodies (Hanson and Schweickert, 1982; Hanson and 

Wilson, 1993) and where lava flows advance into water-rich sedimentary environments (Jones 

17 20 23 26 29 32 35 

Figure 5.1 Locality map; numbers at the side refer to New 
Zealand Map Grid Projection from topographic map 260 144 & 
144 Dunedin.Grey-shaded area shows sea water. 

and Nelson, 1970; 

Schmincke, 1967; Bull 

and Cas, 1989). The 

phase change of host

sediment pore water to 

vapour can be either 

very rapid or slow. 

Rapid heat transfer 

causes small-scale 

phreatomagmatic or 

phreatic explosions 

(Kokelaar, 1982; 

Kokelaar, 1986). and 

commonly fluidisation 

plays an important role 

in forming peperite 

structures. Busby

Spera & White ( 1987) 

were able to distinguish 

two different kinds of 

end member peperite textures (blocky and globular peperites). Blocky peperite consists of 

angular magmatic fragments in a sedimentary matrix (Busby-Spera and White, 1987), with 

common jigsaw-fit structure among mainly large magmatic clasts. Busby-Spera and White 
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(1987) describe this kind of peperite as a remnant of "frozen fuel-coolant interaction". When a 

lava flow propagates into water-saturated sediments (e.g. a swampy area), the foot zone of the 

lava flow will show typical peperite structures such as pillowed fragments in a lava-sediment 

matrix (Jones and Nelson, 1970). These studies suggest that these interactive phenomena occur 

very commonly under a wide range of physical conditions. Study of these phenomena allows 

recognition of contemporaneous volcanism and sedimentation and clarification of the nature of 

subaqueous and sub-surface volcanism (Kano, 1989). Host grain size, permeability and 

porosity are important determinants of peperite properties (Busby-Spera and White, 1987). 

Material properties of the host-sediment gain control aspects of the host-sediment's heat-transfer 

response, such as grain softening or remoulding and/or recrystallization. 

Tab. 5.1 Types of peperites and localities at The Otago Peninsula. 

locatton host-sediment magma peperi te-type 

Boulder Beach quartz-sand basalt 1 

lapilh tephra basalt 3 

Sandfly Bay quartz-sand basalt 1 

vitnc tephra basalt 2 

Lovers Leap quartz-sand basalt 1 

Allans Beach lap1lli tephra basalt 4 

hne-gramed tephra basalt 5 

purmce tephra phonolite 6 

Cape Saunders quartz-sand basalt 1 

v1tric tephra basalt 2 

Puddingstone Rock quartz-sand basalt 1 

lapilh-tephra basalt 4 

Papanm Inlet quartz-sand basalt 1 

Papanm Beach quartz-sand basalt 1 

Ryans Beach quartz-sand basalt 1 

Wellers Rock quartz-sand basalt l 

v1tnc tephra basalt 2 

On the Otago Peninsula a wide variety of peperites occurs (fig. 5.1), which were 

formed both by quartz-sand-magma and/or tephra-magma interactions. An interesting and 

unusual peperite involving host-sediment fusion occurs at Allans Beach. This special peperite is 

discussed in a separate paper (appendix 1). Remarkably well-exposed peperites occur at Allans 

Beach, Sandfly Bay, Boulder Beach, Lovers Leap, Cape Saunders, Puddingstone Rock, 

Papanui Inlet, Papanui Beach, Ryans Beach and Wellers Rock (fig. 5.1). Host sediment 

composition and grain-size group them in different types (tab. 5.1). 
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5.2 MAGMA - QUARTZ SAND INTERACTION 

One group of peperites on the Otago Peninsula (type 1) formed due to interaction of 

magma and wet quartz sand. These peperites occur at Sandfly Bay, Boulder Beach, Cape 

Saunders, Puddingstone Rock, Papanui Inlet, Papanui Beach and Ryans Beach (Fig. 1, Tab. 

5.1). 

5.2.1 Host sediment 

The quartzose sandstone in each case (representing the host sediments) comprises a 

coarse- to fine- grained sand/silt. At Sandfly Bay the sandstone (tab. 5.2) has been correlated 

with the Caversham Sandstone (descriptions see chaps. 1 and 2), whereas all the other hosts 

most closely resemble the sandstone from the Waipuna Bay Formation (descriptions see chaps. 

1 and 2). Correlation of the sandstones is based on microscopic and macroscopic features 

specifically the amount of mica, grain-size, sorting and glauconite content. 

Tab. 5.2 Localities of peperites type 1 and associated host-sediments 

location host-sediment mica glauconite formation 

Boulder Beach quartz-sand present none WBF 
Sandfly Bay quartz-sand none abundant CS 

Lovers Leap quartz-sand/silt abundant none WBF 

Cape Saunders quartz-sand/slit abundant none WBF 

Puddmgstone quartz-sand/ silt abundant none WBF 
Rock 

Papanm Inlet quartz-sand present none WBF 

Ryans Beach quartz-sand abundant none WBF 

5.2.2 Dykes, sills lava flows 

The basaltic magma that formed peperites appears either as dykes, sills or lava flows 

(tab. 5.3). They are either fine-grained without any conspicuous phenocrysts, coarse-grained, 

or coarsely porphyritic. Phenocrysts comprise idiomorphic pyroxenes, feldspars and corroded 

olivines 3-8 mm in size. Preserved olivines commonly show zoning with a homogeneous core 

surrounded by normal-zoned mantle, but most are pseudomorphed by calcite. The pyroxenes 

( augite or titanaugite) vary in colour from brown to green and sometimes appear as scattered 

glomerocrysts. They can be strongly zoned. The plagioclases are also usually zoned. Some of 

the coarsely porphyritic basalts contain only plagioclase as a phenocryst phase. The aphanitic 

fine-grained lavas have a glassy groundmass, flow banding defined by very fine plagioclase 

crystallites, and commonly contain abundant amygdales ftlled with calcite or zeolites. The 

basaltic dykes occasionally contain quartz xenoliths, which were picked up from the schist 
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basement or underlying sediments. The basaltic lavas, whether they appear as dykes, sills or 

lava flows, commonly are strongly vesiculated at the margins. 

Tab. 5.3 Different dykes, sills or lava flows forming different types of peperites on the Otago 
Peninsula. 

Locatwn compos1tton Texture phenocrysts 

Allans Beach basalt coarse-gramed px, ol, fsp 

basalt fme-gramed 

basalt fine-gramed px, fsp 

phonolite fine-grained few fsp 

Boulder Beach basalt fme-gramed px, fsp 

Sandfly Bay basalt tme-gramed px, ol, fsp 

Lovers Leap basalt fine-gramed px, fsp 

Cape Saunders basalt coarse-gramed fsp, px, ol, ne 

Puddingstone Rock basalt tme-gramed px, fsp 

Papanm Inlet basalt fme-gramed px, fsp 

Ryans Beach basalt fme-gramed px, ol, fsp 

5 .2.3 Peperites 

5.2.3.1 Description 

Peperites within this group are usually blocky (Busby-Spera and White, 1987), but 

globular (Busby-Spera and White, 1987) ones also occur. They are best exposed along sea 

cliffs and commonly form the lowest exposed stratigraphic units of the successions. They 

appear as irregular intrusions of basalt, mixed in the form of irregular pods, with unbedded 

sandstone (plate 2a-f). Weathering caused apparent stratification in some clasts (plate 2a & d). 

Sedimentary bodies reach a size up to 0.5 m. Sometimes they are captured within the lava, 

forming roll-up structures (Sandfly Bay, see chapt. 7). The lava is strongly chilled with up to 2-

mm thick glassy rims. Sand grains and chilled basaltic (sideromelane) basaltic fragments are 

mixed (plate 2e). 

The only peperite outcrop with adjacent undisturbed host sandstone is exposed at 

Lovers Leap (see chap. 7) near the present sea level and at an elevation of about 20 m, where 

large (up to 1m) pillow-like boulders are locally supported in a fine-grained sandstone (for more 

details on the sandstone see chap. 2 and tab. 5.1). The original bedding of the sandstone 

(W aipuna Bay Formation) is clearly visible in the lower part of the upper outcrop at Lovers 

Leap, whereas the upper part with the pillow-like boulders does not show any bedding (see 

plate 1, chap. 2). 
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The lower outcrop (near to the present sea level) at Lovers Leap exposes an irregular 
shaped dyke in a sandstone of the Waipuna Bay Formation (see chap. 2). At the margin of the 

dyke sandstone and basalt-fragments are intimately mixed and the sedimentary bodies, near the 

margin of the dyke, are not oriented in any way. The basaltic fragments are strongly chilled 
shown as glassy (sideromelane) groundmass. Large pyroxene and plagioclase phenocrysts are 

within the glassy groundmass of the basaltic clasts. 

At all localities the sediment grains and the basaltic fragments are chaotically dispersed 

over wide areas (distance from the dyke is up to 2 m). In places, parts of the lava bodies (up to 
0.5 m) are detached from the main body, but commonly mixing occurs on a smaller scale. 
Peperites on the Otago Peninsula are commonly associated with pillows, pillow breccias and 
hyaloclastite (plate 3a, chaps. 6, 7, 8). 

5.2.3.2 Interpretation 

Magma commonly forms tabular shaped intrusions when filling fractures in lithified rocks 
orientated to the prevailing stress field. In poorly consolidated sediments, the effect of the 
regional stress field weakens and crack propagation is inhibited. The intrusions become 
irregular (Kano, 1989). Under these conditions, magma can be considered to intrude a viscous 
liquid (Pollard et al., 1975). On the basis of numerical models (Pollard et al., 1975) the viscous 
flow for the initiation of fingers of magma at the periphery of a sill intruding unconsolidated 
sediment can be calculated with the assumption that the bulk density of the host sediment is 
similar to that of the intruding magma (more details see separate paper appendix 1 ). Detachment 
of pods of magma and the development of globular peperite is facilitated by fluidisation of the 
host sediment (Kokelaar, 1982). Fluidisation involving pore water and unconsolidated sediment 
is driven by expansion of intensely heated pore fluid, which may entrain material away from the 
contact (McPhie et al., 1993). This results in destruction of original bedding in the sediment. 
The sediment away from the contact is usually undisturbed, as observed at Lovers Leap. The 
formation of blocky peperites accompanying globular ones can result from rapid expansion of 
entrapped pore fluid by flashing, resulting in explosive disruption of sediment and lava (Busby
Spera and White, 1987). Sandstone clasts in the peperites at the Otago Peninsula more 

commonly have bulbous outlines rather than angular blocky shapes. This most readily can be 
explained by the fact that the sand was unconsolidated which makes it difficult to form angular 

shapes. The dominance of blocky peperite over globular peperite can be explained by the 
properties of the host sediment, which was probably already closely packed, hindering the 
fluids (steam or pore water) flowing through (Busby-Spera and White, 1987). The magma may 

also be disrupted by quench fragmentation in contact with wet sediment (Kokelaar, 1982; 

Wohletz, 1986; Hanson, 1991), which led to the fragmentation to clast sizes in millimetre and 
micron range next to coarse mixing and intermingling. This is the most likely reason for the 

occurrence of hyaloclastite with the peperites of this type at the Otago Peninsula. Pillow-shaped 
lava, an indicator for subaqueous non-explosive eruptions (Fisher and Schmincke, 1984 ), is 
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also a very common feature related to peperites (Sandfly Bay, Cape Saunders, Puddingstone 

Rock). 

5.3 MAGMA-VOLCANICLASTIC SEDIMENT INTERACTION 

This group of peperites is found at Allans Beach, Boulder Beach, Cape Saunders and 

Sandfly Bay (fig. 5.1), and three different types of peperites can be distinguished. The 

peperites belonging to this group are of types 2, 3 and 4 (tab. 5.1). They are grouped in order 

of host-sediment grain-size and host-sediment composition. Below they are listed in order of 

locality. Interaction of vitric tephra (mainly hyaloclastite) and magma (tab. 5.1) formed type 2 

peperites, whereas type 3 peperites were formed by interaction oflapilli tephra and magma (tab. 

5.1). These two types have been separated because of different composition and grain-size of 

the host sediment. This section is an attempt to show any differences in the peperite forming 

process of type 2, 3 and 4. 

5.3.1 Cape Saunders (type 2) 

5.3.1.1 Description 

At Cape Saunders peperites of type 1 are accompanied by peperites of type 2 (plate 

3a&b). This second type formed due to interaction of magma and hyaloclastite (fig. 5.11). The 

hyaloclastite comprises mainly sideromelane glass shards (plate 3c & d) and locally, isolated 

large (up to 0.5 cm), pyroxene crystals, which have been separated from the magma during 

fragmentation. The glass shards are mainly blocky with abundant microlites of plagioclase and 

pyroxenes (for a more detailed description of the hyaloclastite see chap. 6). Perlitic cracks are 

common within the glass shards. Extensive alteration obscures sedimentary features in the 

hyaloclastiteH however, sorting appears to be poor based on thin sections, which show glass 

shards in a wide range of sizes. 

The coarse-grained dyke (tab. 5.3) is strongly chilled with a 1 to 2 mm thick glassy 

margin. The thickness of the dykes and sills reaches 20 to 50 cm. 

The dykes or sills show irregular margins and pods (mainly from the sills) of basalt that 

are commonly detached (plate 3d). These isolated pods reach a size up to 0.5 m in length and 

are locally aligned. Isolated pillow shaped pods (mainly from the dykes) reach a size up to 40 

cm. Idiomorphic phenocrysts of plagioclase, pyroxene and locally nepheline from the dykes are 

dispersed through the peperite. 

5.3.1.2 Interpretation 

Two host sediments were present at the time dykes and sills intruded to form the 

peperite. The first host-sediment was a quartz sand (see sect. 5.2) and the second one, which 

led to the formation of type 2 peperite, was a hyaloclastite. The peperite was formed by coarse 
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mixing of magma pods and pillows at a scale of centimetres to metres. Isolated pods of the sills 

and isolated pillows from the dykes are interpreted as intrusive pillow lavas, formed like 

globular peperites (Busby-Spera and White, 1987), due to fluidisation in the host sediment. 

The irregular form of the dykes and sills suggest that they intruded into the sediment 

while it was still unconsolidated and water-saturated (Busby-Spera and White, 1987; Kano, 

1989; McPhie, 1993), and the presence of pillow shaped basalt indicates a subaqueous or 

water-saturated environment (Williams and McBimey, 1979). The thermal properties, sorting 

and densities of the host-sediment are quite different compared to those of the quartz sand of 

type 1 peperite, but the peperite forming process in the large scale is the same as for type 1 

peperite. In the type 2 peperite at Cape Saunders fine mixing by thermal fragmentation to small 

clast sizes is lacking, which distinguishes type 2 peperite from type 1. Isolated pods and 

pillows may easier form if magma viscosity is low and temperature of the magma is high. The 

formation of a stable vapour film (White, 1996) supported by the large size (up to 0.5 m) of the 

basaltic pods (retaining heat longer than small ones) may have prevented an explosive 

interaction and fragmentation in a small scale. A stable vapour film may form when magma 

intrudes very loosely packed sediments, where vapour can occupy the space between the 

particles easier than in closely packed sediments. 

5.3.2 Sandfly Bay (type 2) 

Peperites of type 2 at Sandfly Bay are similar to those at Cape Saunders with a 

hyaloclastite as host sediment. Peperites at Sandfly Bay constitute an upper vent-filling and 

formed when magma intruded into wet unconsolidated tephra. They are described in more detail 

in chapt. 7. 

5.3.3 Boulder Beach (type 3) 

5.3.3.1 Description 

At Boulder Beach a third type of peperite is recognised. It was formed by interaction of 

magma with coarse-grained volcaniclastic sediment. The differences between this type and type 

2 peperites is in the grain-size and the composition of the host-sediment. The host tephra 

(forming a vent-fill) is very poorly sorted, coarse-grained and strongly hydrothermally altered 

in comparrison to the hostsediment of type 2 peperites, which are fine-grained and better sorted. 

The host sediment comprises volcanic clasts (trachyte), pumice, rounded and "spindle-form" 

bombs, and rare sedimentary clasts from underlying strata with a size range from millimetres to 

tens of centimetres. Blocks and clasts show strongly chilled margins that now have been altered 

to zeolites (for a more detailed description of the host sediment see chap. 7). 

Basaltic dykes with very irregular margins (plate 3e) invaded the vent at Boulder Beach (fig. 

5.1, 5.2) and formed spindle-bombs (for more details see chap. 7), which are less abundant in 



Chapter 5 Peperites 5-8 

the lower part of the vent. A peperite-forrning basaltic dyke that intruded the vent is about 0.5 m 
thick and fine-grained (tab. 5.3), and is strongly hydrothermally altered to a brown iron-stained 

colour. The dyke shows locally fluidal 

BOULDER BEACH VENT REGION 

Figure 5.2 Overview of Boulder Beach vent. 
Note the irregularly formed dykes intruding the 
vent Overview of Boulder Beach vent. Note the 
irregularly formed dykes intruding the vent. 
SB=spindlebombs; ID=intruding dykes; 
P=peperite 

margins as a result of fluid-fluid 

mingling of magma and fluidised or 

liquefied sediment. Abundant detached 

blocks and clasts locally (plate 3f) form 

blocky peperites (Busby-Spera and 

White, 1987). 

5.3.3.2 Interpretation 

Processes that led to the 

formation of type 3 peperites at Boulder 

Beach are similar to the ones that formed 

peperites of type 1 and 2. The host 

sediment is coarser and composition 

differs from the one associated with type 

2 peperites. The peperites indicate 

interaction of the dyke with wet 

sediment (vent-filling slurry, fig. 5.2), 

and the coarse-grained character led to 

the formation of mainly blocky 

peperites, which often occur next to 

large lava-bodies (Busby-Spera and 

White, 1987). Abundant small pumice 

clasts supported the formation of 

globular peperite in combination with 

fluidisation processes. The result is that 

fragmentation processes were dominated 

by coarse mixing of host and magma 
and fluidisation processes in comparison to peperite type 1 (dominated by small scale mixing of 
host and magma) and peperite type 2 (coarse mixing with host sediment). 

5.3.4 Allans Beach 1 (type 3) 

5.3.4.1 Description 

At Allans Beach several peperite types occur (fig. 5.3), one of which is of type 3. It was 
formed by interaction of magma with coarse-grained volcaniclastic sediment (unit A see chap. 



Chapter ·s Peperites 5-9 

6). The host sediment, a green-brown to grey-blue lapilli-tuff, consists mainly of basaltic lava 
fragments but also commonly includes scoria, augite, feldspars, few schist fragments and rare 
epiclastic sedimentary clasts; alllapilli have an average size of about 2 cm. Bedding and sorting 
is poor (see chap. 6 for more detailed description). 

A fine-grained cross-cutting dyke with very irregular sinuous margms and detached 

Fi g. 5.3 Overview-photo of Allans Beach cove (peperite type 3 and 4). Figure numbers show 
locati on of close-up photos 

Beachsand 
Sanddunes 

10 m 

Grass -cover 

Beachsancl 

Otuff LT Dpum1ce 8 peperi te 1ZJ peperi te vent breccia 
deposits type 5 type 3 

coarsely 
D base surge D quarternary 1_ small dykes porphyritic phonoli te deposits basalt 

Fig. 5.3 Map of Allans Beach cove, showing di fferent units and peperites and their relation to each other. 
Note that dykes and clasts forming peperite are not to scale 
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clasts in the lapilli tuff forms peperitic structures. Abundant detached blocks and clasts form 

blocky peperites (Busby-Spera and White, 1987) similar to the one at Boulder Beach (sect. 

5.3.4). 

5.3.4.2 terpretation 

Processes that led to the formation of type 3 peperites at Allans Beach are interpreted to 

be the same as the ones that formed peperites of type 3 at Boulder Beach (sect. 5.3.3). This is 

based on the grain-size and composition of the host sediment. 

5.3.5 Allans Beach 2 (type 3) 

5.3.5.1 Description 

This dark rock, near the smaller vent MV (vent breccia on fig. 5.3, see also chap. 6), 

consists of a host composed of dark fine-grained volcanic lithic fragments and schist-fragments, 

and enclosing large irregular bodies of coarsely porphyritic basaltic rock (plate 4a & 3g). The 

host sediment with the schist fragments most closely resembles basaltic, schist-rich base surge 

deposits A2 (for more details see chap. 6). The clastic host is volumetrically predominant in the 

lower part of the outcrop (plate 4a & 3g). No direct contact between sediment and coherent 

basalt is exposed, but it is inferred that the irregular basalt bodies were parts of a magma body 

(dyke, sill or lava flow) that intruded the sediment. The peperite is very hard and the boundary 

between the host sediment and the porphyritic basalt is not sharp in outcrop, which suggest a 

strong hydrothermal cementation. 

5.3.5.2 Interpretation 

Processes that led to the formation of type 3 peperites at Allans Beach are the same as 

the ones that formed peperites of type 3 at Boulder Beach (also based on grain-size and 

composition of the host; see sects. 5.3.3 and 5.3.4 although magma volume is different). The 

voluminous predominance of the host sediment in comparison to other type 3 peperite may be 

explained by the near-vent position, where the tuff ring is much thicker than at the distal 

position; and intruded dykes might have been much thinner. 

This peperite shows irregularly formed pods of coarsely porphyritic basalt clasts mixed 

with schist-rich sediment. It is inferred that the isolated irregular basalt bodies were parts of a 

magma body (dyke, sill or lava flow) that intruded the sediment. The dyke clasts show locally 

fluidal margins as a result of fluid-fluid mingling of magma and fluidised or liquefied sediment. 

5.3.6 Puddingstone Rock (type 4) 

5.3.6.1 Description 

The second occurrence of peperite (next to type 1) at Puddingstone Rock is of type 4, 

formed by a dyke that intruded into wet unconsolidated lapilli tephra. The tephra grains 



Chapter 5 Peperites 5-11 

comprise mainly pumice, augite and feldspar crystals, sideromelane glass shards, basalt, and a 

few sandstone clasts from underlying strata. Clasts are as large as 2 cm. Sorting is moderate to 

good. The Puddingstone Rock lapilli tuff is described in detail in chapter 6. 

The dyke shows sinuous irregular margins (amplitude is about 5 - 10 cm) and locally 

forms lobes intruded along the bedding planes of the lapilli tuff from the main dyke (plate 4c). 

The 30-cm thick dyke consists of fine-grained basalt without any conspicuous phenocrysts. 

Mixing of few detached glassy (sideromelane) dyke fragments with the host occurs only in cm 

scale next to the dyke. 

5.3.6.2 Interpretation 

The peperite forming process of this type is similar to the type 3. However, the better 

sorting of the host sediment, in comparison to the host forming type 3 peperites, is distinctive. 

The coarse-grained character of the host sediment favoured the formation of blocky peperites 

(Busby-Spera and White, 1987) but the efficiency of the process (grade of mixing) was much 

lower that the one for type 3 peperites. One reason for this might be that the host sediment was 

more consolidated and availability of water was restricted, but the irregular sinuous form of the 

dyke forming the peperite suggests that the lapilli tephra behaved plastically during intrusion, 

and the detached glassy dyke clasts indicate interaction of basalt with water or water-saturated 

sediment during emplacement. 
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5.4 MAGMA-TEPHRA INTERACTION WITH FUSING 

This group of peperite is found only at Allans Beach (fig. 5.1) and comprises two types 
of peperite (type 5 & 6). Both involve fusing and two different types of peperites can be 
distinguished. The peperites belonging to this group are of type 5 and 6 (tab. 5.1). They are 
grouped in order of host-sediment grain-size and host-sediment composition. Type 5 peperites 
were formed by interaction of vitric tephra (fine-grained vitric tuff BT at Allans Beach see 
chapt.6) and magma (tab. 5.1), whereas type 6 peperites were formed by interaction of pumice 
tephra (see appendix 2) and magma (tab. 5.1). Theses two types have been separated because 
of different composition and grain-size of the host sediment. This section is an attempt to show 
any differences in the peperite forming process of type 5 and 6. 

5.4.1 Allans Beach 1 (type 5) 
At Allans Beach several different types of peperite occur within a very small area (fig. 

5.3). A peperitic rock of type 5 consists of coarsely porphyritic basalt enclosing irregular bodies 
of finer-grained trachytic tuff. The original sediment is a well bedded, fine-grained unit. It 
consists of shattered plagioclase crystals in an opaque matrix; it is identical in thin section to 
trachytic tuffBT at Allans Beach (plate 4d & e; for more details on BT see chap. 6). The host 
tuff sediment within the peperite shows flow banding and is generally black (plate 4f). 
Occasionally there are remnants of the original bedded tuff BT within the black host (plate 4f). 

The coarsely porphyritic basalt contains large pyroxene, olivine and plagioclase 
phenocrysts in a fine-grained groundmass composed of clinopyroxene and plagioclase 
microliths (plate 4). 

The contact of the dyke with the sediment is diffuse and irregular, but 5 m away from 
the contact the sediment is undisturbed (fig. 5.3 & plate 4). Commonly dyke and host cannot be 
distinguished macroscopically but locally larger clasts (about 5 to 10 cm) are visible in the 
sediment-basalt mixture. Outlines of the dyke are only visible at the margin where the dyke 
intruded the host (plate 4e). 

5.4.1.1 Interpretation 

This type 5 peperite is different to the other types described above. Type 5 peperite 
involves fusing and recrystallization. Welding and recrystallization are not typical for peperites 
but have been reported to occur (Schmincke, 1967; Einsele, 1986; Summer and Ayalon, 1995). 
The hot basalt is inferred to have intruded unconsolidated, water-saturated trachytic tuff, 
reheating and mingling with it. The peperite appears to have been formed by wholesale 
intermingling at a scale of several tens of centimetres between the trachytic tuff and the 
ankararnitic dyke. The original vitric fragments have been reheated and cooled to form black 
tachylitic glass, with only remnants of the original tuff BT. The glass shards often appear to 
have been molten completely since the major part of the background is formed by tachylite and 
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only locally are there sideromelane remnants (plate 4). Molten glass from the host and the 

magma from the dykes mixed and formed a hybrid melt. 

Sea water may have promoted fusing of the glass (for more details on fusing see 

separate paper appendix 1) as a result of dissolved salts in seawater having entered the glass 

structure and increased its softening (Sparks et al., 1980). Melting could have been promoted 

by continuous conversion any incorporated seawater to steam, which may have aided welding. 

It has been reported that melting (Jaeger, 1959) and recrystallization can occur if the host

sediment is wet. 

5.4.2 Allans Beach (type 6, separate paper) 
Here just a brief introduction of this type of peperite is given (for details see appendix 1) 

During a shallow subaqueous eruption, a mound of bedded, phonolitic, pumice lapilli ash 

(subunit C, see chapt. 6) was deposited on the marine shelf, which formed a peperite along a 

set of basaltic dykes. 

The contacts of all dykes forming peperite are sinuous and irregular. The margins are 

marked by black glassy material lying along the contact between the irregular basaltic dykes and 

the pumice. Locally (e.g. site d, f) the dykes extend as meters-long apophyses into the pumice 
(fig. 7, 8), but in other places lobes are less well developed. Common along all contacts is a 

gradational contact zone in which dyke rock and pumice are mingled together. These contact 
zones are dark and show flow-banding in thin section as a result of shearing and reshaping of 

the glassy pumice. Mixing of dyke material and host material occurs at all sites along the dyke, 
and pumice clasts enclosed in the dyke exhibit flow foliation defined by feldspar laths. The 

magma-sediment interaction began with weak steam driven mixing, with fluidization at the 
contact zone. This produced a metres-broad zone in which bulbous tongues of the dykes extend 

into, and locally engulf, host sediment. The irregular, sinuous contact of the dyke with the 

pumice, marked by black, glassy material, records melting, shearing and remoulding of the 

glassy pumice. Remoulding of the pumice is not a typical peperite feature but the irregular form 

and fluidal margins are typical of fluid magma entering wet and very poorly consolidated 

sediments. 

Temperature, water vapour, load pressure and time as well as initial temperature control 

the welding of glass-shards. The cooling of the intruding basalt must have been minimal, 

because of continuous feeding of the dyke, to cause the extensive melting of the glass. The 

sea water may have promoted softening and remoulding of the pumice. The sea water (especially 

the dissolved salts) may have decreased the melting point of the glass dramatically and reduced 

the viscosity of the glass, if partially dissolved in the glass. The melting could have occurred by 

continuously converting any incorporated seawater to steam, which must have aided the 

welding. For more details see appendix 1. 
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PLATE2 

Example from Puddingstone Rock (peperite type 1 ). Note large 

sandstone clasts (SST) in the basalt (B) 

Example from Cape Saunders (peperite type 1 ). B = basalt; SST = 

sandstone 

Example from Sandfly Bay (peperite type 1 ). B=basalt; 

SST=sandstone 

Second example from Puddingstone Rock (peperite type 1 ). Note the 

wide dispersion of the sandstone clasts (sst) within the basalt (B) 

Photomicrograph from type 1 peperite at Sandfly Bay. Note the 

mixture of quartz-grains (Q) and the blocky sideromelane glass shards 

(S) 
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PLATE3 

Irregular dyke (D) within hyaloclastite at Cape Saunders forming 

peperite type 2. Coin in the centre of the photo is about 2 cm 

Cape Saunders hyaloclastite unit, an overview 

Photomicrograph from Cape Saunders hyaloclastite. Note the blocky 

sideromelane glass shards (S) 

Photomicrograph from Cape Saunders peperite type 2 with blocky 

sideromelane glass-shards (S). Black areas are iron minerals. Note the 

crystalites (white) in the sideromelane glass (S) 

Peperite type 3 (P) from Boulder Beach. Note the wide dispersed pods 

of basalt (IP) and the irregularly fonned dyke (D) 

Peperite type 2 from Allans Beach ) intruding a volcaniclastic 

sediment. Note the irregular margins of the dyke (D). Coin in the 

centre of the photo is about 2 cm 

Photo and line drawing of peperite type 3 (P) at Allans Beach. Note the 

irregularly shaped dyke (IR) cutting trough the unit. The lower part of 

the photo shows the clast-rich part of the peperite. Blue backpack is 

about 50 cm. Per is the clast-rich part of the peperite. 
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PLATE4 

Close-up of peperite type 3 with large schist clasts (LC) in the coarse

grained basalt (CB) 

Photomicrograph of the basalt forming the peperite type 3 at Allans 

Beach showing overall texture and composition. Plagioclase (Plag), 

olivine (01) 

Peperite (P) at Puddingstone Rock. Note the lobes of the basaltic dyke 

(D) that invaded the sediment 

Lithofacies LT at Allans Beach. Host sediment ofpeperite type 5. Note 

the faults (stippled lines) 

Peperite type 5 (P) at Allans Beach. A phonolite dyke (D) intruded the 

phonolitic/trachytic host sediment. Note the irregularly shaped dyke 

(IR) cutting trough the unit 

Photomicrograph of peperite type 5. Recrystallized tachylite is black, 

feldspars are white. Note tuff relict (SR), which is not fused 
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5.5 SUMMARY 

On the Otago Peninsula different types of peperites have been identified. They are 

grouped according to the properties (thermal properties, which are defined in appendix 1, grain

size, sorting, composition, packing and grade of consolidation) of their host sediment. On this 

basis 6 types of peperite have been established. The first type of peperites on the Otago 

Peninsula (type 1) formed due to interaction of magma and wet quartz-sand. Type 2, 3 and 4 

formed by interaction of magma with wet volcaniclastic sediments. The difference between 

them is in sorting and grain-sizes. The last two types (type 5&6) are composed of peperites that 

formed by interaction of wet tephra and magma and involves fusing. 

As demonstrated the peperite forming process is strongly dependent on the properties of 

the host sediment and the volume (and temperature) of the magma. If the host is well-sorted 

quartz sand, mainly blocky peperites occur (type 1). 

Type 2 peperites are characterised by isolated pods and pillows coarsely mixed with the 

host sediment. The formation of a stable vapour film (White, 1996) around the large blocks 

prevented an explosive interaction and fragmentation on a small scale. The host sediment may 

have been very loosely packed and moderately to well sorted. 

Peperite type 3 ranges between type 1 and type 2 peperites in combining both processes 

that formed type 1 and 2 peperites. The unsorted character of the host sediment and the loose 

packing of the host sediment may have promoted the formation of type 3 peperite. 

The process forming peperites of type 4 is similar to the type 3. The coarse-grained 

character of the host sediment favoured the formation of globular peperites (Busby-Spera and 

White, 1987) and coarse mingling of host and magma but the efficiency of the process was 

much lower that the one for type 3 peperites. One reason for this might be that the host sediment 

was more consolidated and availability of water was restricted, but the irregular sinuous form of 

the dyke forming the peperite suggest that the lapilli tephra behaved plastically during intrusion, 

and the detached glassy dyke clasts indicate interaction of basalt with water or water-saturated 

sediment during emplacement. 

Unusual peperites comprise two types (type 5 and 6). Type 5 peperite is different to the 

other types, because peperite-forming process involves fusing, recrystallization and intensive 

mixing of hybrid melts. Intensive mixing may be promoted by a predominant intrusive magma 

body with very high temperature. 

Basaltic dykes that intruded an unconsolidated pumice unit at Allans Beach form the last 

type 6 peperite. Fusing plays an important role for this type but mixing of host and dyke is less 

compared to type 5 peperites. Less intensive mixing over a wide range may be the result of 

thinner intrusive bodies. 
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Tab. 5.4 Summary of host sediment properties and kind of peperites peperites at the Otago 
Peninsula. 

Type Host Magma Magma globular blocky 
composition 

1 quartz sand basalt minor no yes 

2 v1tnc tephra basalt mm or yes no 

3 lapilh tephra basalt mm or yes yes 

4 coarse-gramed tephra basalt mm or yes no 

5 fme-gramed tephra basalt dommant yes (fused) no 

6 pumice basalt/phonohte mm or yes (fused) no 

5.6 CONCLUSION 

The abundance of dykes, sills and lava flows emplaced into poorly consolidated, wet 
sediments on the Otago Peninsula highlights the importance of distinguishing peperites from 
other lava and sediment associations. Peperites demonstrate penecontemporaneity of volcanism 
(e.g. Hanson and Schweickert, 1982; Einsele, 1986; Kano, 1989; Maas, 1992; Summer and 
Ayalon, 1995; Hunns and McPhie, 1999) and sedimentation and their properties illuminate the 
nature of subaqueous and sub-surface volcanism (Kano, 1989). Especially for the Otago 
Peninsula, the recognition of peperites helps to establish the depositional and . eruptive 
environments for many sites, as discussed in the preceding chapters. 

The dominance of fluidal peperites or blocky peperites reflects the influence of the host 
sediment on the mixing process. Usually fine-grained sediments favour the formation of fluidal 
peperites (Busby-Spera and White, 1987), because mixing involves expansion of heated pore 
water, formation of vapour films at the sediment-magma interface, and sediment fluidisation, 
with the result of fluidally shaped clasts. This is true for most clastic sediments, but not for all. 
As demonstrated coarse-grained sediments can also produce peperites with fluidally shaped 
clasts if the host itself is fused to a sub-homogeneous plastic melt. Both globular and blocky 
peperites (type 3 peperite) mainly form by interaction of magma with poorly sorted host 

sediments, which at the time of intrusion were probably loosely packed. However it seems that 
volcaniclastic host sediments favour the formation of globular peperites probably because of 
their properties (grain-size, composition, sorting and thermal properties) compared to quartz 

sand. 

In summary the formation of peperites is dependent on the magma composition, volume 
of the magma that is involved in the process, magma flux, temperature and viscosity of the 

magma as well as the host sediment type and properties (e.g. grain size, composition, grade of 
consolidation, permeability). How much influence each of these properties has on the process is 
not know yet and experimental studies are necessary to solve these problems. 
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CHAPTER 6 

CENTRAL PART OF THE OTAGO PENINSULA 

This chapter gives a description of the geology and volcanology of the central part of the 

Otago Peninsula. In addition to the description, it addresses eruption and depositional processes 

of the volcaniclastic units. The chapter is subdivided according to different localities (fig. 6.1 ). 

88 

85 

79 

76 

17 20 23 26 29 32 35 

Figure 6.1 Locality map; numbers at the side refer to New Zealand Map Grid Projection 
from topographic map 260 144 & 144 Dunedin. Grey-shaded area shows sea water. 

Sections 6.1 and 6.2 outline criteria used to identify eruptive centres and infer eruptive 

and depositional environments. They provide a general background for this and the following 

two chapters (chaps. 7 & 8). 
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6.1 CRITERIA USED TO IDENTIFY ERUPTIVE CENTRES 
During an explosive volcanic eruption, rocks above a magma chamber are intersected, 

eroded from the vent walls or spalled from the conduit and magma chamber walls during 
periods of decreased eruptive pressures (Bogaard and Schmincke, 1984). As a result, wall rock 
is incorporated into erupted tephra and deposited as accidental clasts. The specific population of 
wall-rock clast compositions provides information about the depth of fragmentation and the 
conduit (Valentine and Groves, 1996). Accidentallithics fragments have also been used to infer 
the composition and stratigraphy of the crust below vents and the lithological environment of 
partially emptied magma chambers (Eichelberger et al., 1988; Woemer et al., 1982). 

In many cases tephra beds increase in thickness, or grain-size increases, towards a vent 
and systematic changes can be used to locate buried vents (e.g. Walker, 1981). 

In this study the location of vents has been established by using transport directions 
from ballistically transported bombs, which form asymmetric impact sags, as well as cross 
bedding directions and dip directions of beds (e.g. Crowe and Fisher, 1973; Fisher and 
Schmincke, 1984; Cas and Wright, 1988). Other important criteria are the general morphology 
of suspected vent sites, contact relationships between inferred explosion breccias and adjacent 
units (steeply dipping contacts), and radial or concentric faults and post-explosive· intrusions 
such as lava domes. 

6.2 CRITERIA TO RECOGNISE DEPOSITS OF SUBAQUEOUS ERUPTIONS 
Primary pyroclastic deposits of subaqueous eruptions have been recognised by their 

sedimentary lithofacies associations, by interbedded or overlying pillow or hyaloclastite units, 
or by their association with fossiliferous sediments, (e.g. Fiske and Matsuda, 1964; Niem, 
1977; Howells et al., 1986; Yamada, 1984). It is important that underlying, overlying and/or 
laterally equivalent strata are demonstrably subaqueous and that a contact to a vent can be 
shown. 

Also important is any known relationship to the water level elevation. In addition, a 
comparison to global eustatic sea level curves (Haq et al., 1988) is useful. 

The deposits of some subaqueous eruptions comprise a massive to poorly bedded and 
poorly sorted lower part and a thinly bedded upper part (Fiske and Matsuda, 1964; Fisher, 
1984). The two-division sequence is interpreted in terms of waning of initially voluminous 
underwater eruptions, showing doubly graded beds in the upper division. This has been 
interpreted as signifying contemporaneous waning of a subaqueous eruption with deposition 
from a series of dilute and high density turbidity currents following deposition of massive beds 
(Fiske and Matsuda, 1964). Deposits of such eruptions may show the entire range of 
sedimentary structures exhibited by high- and low-concentration turbidites (e.g. scours, clast 
imbrication, cross-stratification) and a differentiation from products of immediately post
eruptive redeposition may not always be possible (White, in press). Eruption-fed turbidites 
consist entirely of material derived from eruption itself (White, in press) and clasts show 
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minimal or no abrasion. If the original edifice morphology is partly or completely preserved 

much of the subaqueous succession is likely to have formed as eruption-fed deposits rather than 

by "reworking". 

6.3 ALLANS BEACH 

Mapping and analysis at Allans Beach shows remnants of small submarine-erupted 

volcanoes. In terms of regional and local paleogeographical setting, a subaqueous setting is 

indicated by the presence of overlying pillow basalts, peperites, hyaloclastites (see Cape 

Saunders section 6.5). Miocene marine sediments on the Peninsula (Scott, 1991) give evidence 

of a submarine setting for the early phases of the volcanic activity. In addition, several features 

of the deposits suggest a subaqueous setting, which are discussed below. 

Radial dips measured within pumiceous deposits (fig. 6.2) and the appearance of vent 

breccias suggest that the main eruption was from a western vent (WV; fig. 6.3). The deposits 

record several subaqueous and subaerial phases of eruption. Phonolitic pumice deposits are the 

dominant facies in the Allans Beach succession. Allans Beach also shows two different 

basanitic mass-flow deposits, several generations of peperites, vent breccias and areas of 

magma mingling, as well as multiple generations of dykes. 

Two erupting vents formed the volcanic sequence at Allans Beach, one at the western 

end of the outcrop and another one in the centre (Fig. 6.2). The Si02 contents of the rocks from 

this sequence shows bimodal distribution (see chap. 9 for more details); one batch ranges from 

about 46% to 49%, the other from about 57% to 63%. Dykes cutting through the sequence 

range from 45% to 60% Si02. The pumice deposits are described in a separate paper (see 

appendix 1). Fig. 6.2 and 6.3 give an overall overview of the geology and volcanology of the 

area. Description of the units follows below. 

6.3.1 Pyroclastic breccias (PyB) 

A poorly sorted and poorly bedded breccia unit having steep cross-cutting contacts with 

adjacent units appears in a three small areas; (1) on the western side of the area; (2) in the central 

part of the studied area and (3) on the island Wharekakahu. The breccia at the western side of 

the area (figs. 6.2, 6.3) contains boulders up to 1 m in size (plate Sa). These basaltic boulders 

are subrounded to well rounded. Some of them exhibit abundant, irregular vesicles, and some 

have cauliflower-textured margins. Vesicles are commonly filled with chalcedony and vary 

generally in size between 0.2 and 2 cm, and are very irregular in shape. The boulders 

sometimes have a vesiculated core with radiating vesicles, similar to those described by Mueller 

and White (1992). Non-vesicular blocks and clasts show strongly chilled glassy margins. The 

non-vesiculated blocks resemble the inner parts of blocks that are vesicular only at their margin. 

The glassy margins commonly reach several millimetres. The breccia also includes lapilli tuff 

Figure 6.2 
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fragments, pumice or scoria, rare schist and sedimentary clasts (mainly glauconitic sandstone 

from the Caversham Sandstone, see chaps. 1, 2) from underlying strata. These clasts tend to be 

smaller in size than the volcanic clasts. In addition to small-sized sandstone clasts there are also 

sandstone globules only visible in thin-section. These cannot be correlated with any of the 

underlying sedimentary rocks due to their small size. Mica, which is abundant in the sandstones 

of the Waipuna Bay Formation (see chaps. 1, 2), is lacking, but glauconite grains occur locally. 

Large blocks within the breccia are supported in a lapilli tuff matrix comprising vesicular scoria, 

clasts of the same composition as the large fragments and feldspar crystals. Glass shards 

forming the matrix are strongly altered to indeterminate brown patches. Some of the volcanic 

fragments in the matrix are coated by black iron oxide; others contain abundant red iron oxides. 

The breccia in the central part of the area contains a greater compositional variety of 

volcanic clasts (plate 5b), including fragments with a higher Si02 content (trachyte, phonolite, 

and tuff clasts from unit BT). 

The breccia exposed on the little island (Wharekakahu) is compositionally similar to the 

western breccia. 

6.3.1.1 Interpretation 

The breccia-unit described above appears in three places (fig. 6.2); (1) on the western 

side of the area; (2) in the central part of the studied area and (3) on the island (Wharekakahu). 

These breccias represent small infilled vents (fig. 6.2). This interpretation is based on cross

cuuting relations to the other units, the clasts composition and their distinct round outcrop 

pattern. 

The limited amount of schist and epiclastic sedimentary xenoliths in the breccia indicates 

that there was no significant quarrying of the pre-volcanic substrate. However, the presence of 

large volcanic boulders is consistent with vent opening in the initial stage of eruption (e.g. 

Barberi et al., 1989; Cas and Wright, 1988)). The starting material that is involved in the initial 

stage of eruption may contain juvenile basaltic clasts and wall rock clasts that defme the vent 

and the conduit (White and Hough ton, 2000). The presence of both subrounded and subangular 

basaltic clasts suggests a certain amount of recycling in the vent. Deposits at Surtla, a satellite 

vent of Surtsey, contain blocks similar to the ones described above. These are thought to be 

disrupted dyke material from the feeding conduits, or blocks of lava flows (Kokelaar, 1983). A 

few of the large sandstone clasts are composed of glaucony-rich Caversham Sandstone (see 

chaps. 1, 2). Schist and sedimentary clasts may have been picked up from pre-volcanic strata. 

The proportion of those clasts is too small to interpret an explosion locus in the basement or 

lower sediments. Notable clasts of W aipuna Bay Formation are lacking in the breccia, 

suggesting eruption prior to deposition of Waipuna Bay Formation. The explosion locus was 

probably in the Caversham Sandstone. Intense fragmentation (indicated by micro-globules of 

sandstone) suggests lack of consolidation at the time of eruption. However, the presence of 

both, large clasts of sandstones and small globules, indicates variable degrees of consolidation. 
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This may be interpreted in terms of depth (Fuechtbauer, 1988), which means the clast derived 

from more consolidated sandstones in depth, where as the globules derived from less 

consolidated sand. 

The main western vent (WV) was the source of the lapilli tuff breccia!lapilli tuff (unit 

A1/B), probably the mass-flow deposits (unit A, see following paragraphs) and the pumice 

deposits (unit C, appendix 2), which is based on the radial dip direction of these units, clasts 

composition and contact realtions. 

The central vent (MV) was the source of a second lapilli tuff (unit A2, see following 

paragraphs), which is also based on the radial dip direction of these units, clasts composition 

and contact realtions 

The other major outcrop of breccia appears on Wharekakahu. It is unclear whether this 

breccia represents another vent, or it has been displaced by a fault. Dangerous access prevented 

close examination of the sequence on Wharekakahu. 

6.3.2 Lapilli tuff 2 (A) 

The poorly bedded lapilli tuff (A) is exposed at the beach and further east (fig. 6.2). The 

unit is poorly sorted with particles ranging in size from a few mm up to 20 cm. Average size is 

about 2 cm (plate 5 e&d). Contacts with the adjacent pumice are sharp, steep and commonly 

occupied by a dyke (plate 5 e&f). The sharp and steep (900) contacts with the adjacent pumice 

deposits and the channel-like outcrop (plate 5e) are distinctive. The base is not exposed. This 

green-brown to grey-blue lapilli tuff consists mainly of basaltic lava fragments but also includes 

sideromelane glass shards, augite, feldspars, very few schist fragments and epiclastic 

sedimentary clasts. Crystals of augite and feldspar are usually idiomorphic and up to 1 cm in 

size. The basaltic lava fragments are coarse-grained and porphyritic, with augite, olivine and 

feldspar phenocrysts. Clasts up to 5 cm with cauliflower textured margins are common, having 

a vesicular interior and a non-vesicular margin. Locally cauliflower-textured margins show 

brown iron-stained rims and thermal contraction cracks. Sideromelane shards occasionally 

show bubble-wall structure, are blocky and non-vesiculated to strongly vesiculated. The glass 

shards contain large augite and feldspar crystals. Vesicles in the shards vary in size, and are 

often filled with zeolites. Occasionally larger basaltic fragments up to 20 cm occur, which are 

isolated in the dense matrix without any bomb sags or deformation in the host tephra (plate 5c). 

The unsorted fragments forming the lapilli tuff are subangular ( epiclastic sedimentary clasts 

<5%) to angular (basalts). Differences in angularity of the clasts may be related to rock 

hardness and/or the degree of consolidation of the epiclastic fragments. Clasts are supported in 

a vitric tuff matrix. Formerly sideromelane shards are often altered to palagonite, but with shard 

and vesicle outlines preserved (plate 5g). Microprobe analysis of locally preserved glass shards 

indicates a basaltic composition (see chap. 9). 

Of interest is a cross cutting plagioclase trachy-basalt dyke with very irregular margins 

and detached clasts in the lapilli tuff forming peperitic structures (for more details on the 
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peperite see chap. 5). The dyke has the same composition as the dykes that intruded into the 

pumice with planar contacts (3rd generation, see appendix 1 ). 

6. 3. 2.1 Interpretation 

The unit is marked by large amounts of volcanic and a few sedimentary fragments 

supported in vitric tuff matrix. The poor bedding and the isolated large fragments in the matrix 

suggest deposition from high concentration mass flows (Leeder, 1982; Fuechtbauer, 1988; 

McPhie, 1993). Due to the lack of clayey material, the mass flows (debris flows) are inferred to 

have been cohesionless, with intergranular dispersive pressure acting as the main supporting 

mechanism (Bagnold, 1954; Lowe, 1976; Alien, 1982; Alien, 1985). The support of the larger 

clasts is interpreted as partial grain segregation along an upward moving rheologic interface by 

progressive freezing of the lower traction carpet (Postma et al., 1988; Sohn, 1995). 

The non-vesiculated blocky sideromelane glass shards suggest hydroclastic 

fragmentation (Houghton and Wilson, 1989). In contrast the vesiculated nature of other glass 

shards and the bubble-wall shards give evidence for significant vesiculation prior to 

fragmentation (McPhie et al., 1993). These shards are apparently formed by quenching of 

vesiculating magma with water or steam . Deposits made of such shards - which may show all 

transitions from blocky, through slightly vesicular with scalloped edges, to highly vesicular -

are characteristic of shallow water eruptions (Fisher and Schmincke, 1984). They may be the 

most common type of ash produced under water and typically occur in seamounts and in the 

transition from seamount to oceanic island (Fisher and Schmincke, 1984). Larger clasts with 

cauliflower-textured margins, characterised by irregular shapes, chilled margins with thermal

contraction cracks and a vesicular interior indicate interaction with water during fragmentation 

(Lorenz, 1974a; Nakamura and Kraemer, 1970). Evidence for subaerial environment and/or for 

hot emplacement, e.g. welding, columnar jointing or degassing pipes (Kano et al., 1994; 

Schneider et al., 1992) is lacking, which supports the interpretation that deposition occurred via 

subaqueous volcaniclastic debris flows (cf. Dolozi and Ayres, 1991). 

Hydromagmatic eruptions, caused by mixing of ascending magma and ground or 

surface water, result in expulsion of juvenile as well as pre-existing lithic material (Heiken, 

1971; Wohletz and Sheridan, 1983; Fisher and Schmincke, 1984; Cas and Wright, 1987 ), and 

their eruption columns range from cool, relatively dense, clouds to well inflated clouds, 

depending on the amount and temperature of steam in the eruption column (Sheridan and 

Wohletz, 1983). In the Allans Beach example the eruption column may have been cool because 

of the high concentration of the mass flow deposit and lack of hot emplacement. Water and 

steam combined with volcaniclastic material (Walker, 1979) formed a viscous slurry from 

which deposition of unit A at Allans Beach occurred. 

The source of this tephra eruption is unclear but proximity to a source is suggested by 

debris flow characteristics, e.g. absence of grading and poor sorting. One possible eruptive 

centre is the western vent (WV). Sharp and steep (900) contacts with the adjacent pumice 
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deposits may suggest deposition in a channel. On the other hand the presence of the phonolite 

dyke may suggest that faulting, which shifted the lapilli tuff into the present elevation, occurred 

during the history of the Allans Beach area. The first interpretation is favoured because 

peperites that formed by the intrusion of a plagioclase trachy-basalt dyke may have intruded at 

the same time as the plagioclase trachy-basalt dykes intruded into the pumice unit C. This would 

show that the pumice unit C was already consolidated whereas the lapilli tuff unit A was still 

unconsolidated, inferred from the irregular margins and detached clasts. That would mean that 

the pumice unit C is older than the lapilli tuff unit A. 

6.3.3 Lapilli tuff breccia (A1) 

The lapilli tuff breccia forms the base of the succession near the western vent (WV). The 

visible part of the unit is about 10 m thick. The lower contact is not exposed. Near the western 

vent beds are crudely developed and defined by clast size and beds dip about 25° towards the 

vent, while further away beds dip gently (15 O) away from the vent (Figs. 6.2, 6.3; plate 6a). 

The lapilli tuff breccia grades into a well-stratified unit. The wedge-shaped, very coarse-grained 

part of unit A1 near the vent, comprises large rounded blocks of basalt up to 50 cm with 

strongly chilled margins. Some large boulders are strongly vesiculated, with vesicles dimishing 

in size and abundance away from the centre. The large irregular vesicles up to 2-cm are usually 

filled with calcite, chalcedony or zeolites. Clast composition is similar to that of the vent breccia 

but fragments, usually of lapilli size, decreases in size away from the vent. 

6.3.3.1 Interpretation 

This unit is composed of a very coarse-grained basal section, which grades into a well

stratified unit (B). The wedge-shaped body and the steep dipping contacts to the western breccia 

suggest that it is derived from the western vent. It perhaps formed due to remobilization of 

explosion breccia and gravitational downward movement, both into the vent and away from the 

vent, as a mass flow, which could explain the change of dip. A sudden downpour or perhaps a 

seismic shock from the eruption itself may have caused portions of the tephra on the upper 

slopes to lose shear strength and slide downslope. 

Proximity to the vent is indicated by steep beds near the vent and more shallow dipping

beds away from the vent, as well as by poor grading and poor sorting. 

6.3.4 Lapilli tuff 1 (B) 

The overlying unit (B) is well bedded and stratified (plate 6b). Beds are about 2 cm up to 1 m 

thick and are slightly inversely graded to normally graded (plate 6c). Well-developed low-angle 

cross-stratification and scour-filling structures are common. The upper and lower surface of the 

bedding planes undulate, but beds continue laterally over about 50 m. The sequence fines 

upwards. Alternating coarse-grained beds and fine-grained beds are common (plate 6 b&c). The 

coarse-grained beds are commonly thicker with a thickness up to 1m. Locally these thick beds 
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are interrupted by thin channels up to 1 m wide and 2 cm thick filled with even coarser material 

than the thick beds are composed of. Fig. 6.4 shows a sedimentary log of parts of the section. 

The coarse-grained beds are reverse to normal graded and locally framework supported. The 

fine-grained beds, in contrast, are only 2 and 5 cm thick and are normally graded. 

The lapilli tuff contains few sedimentary fragments (<10%; sandstone, quartz pebbles) 

and a few schist clasts. These accidental clasts are only apparent in the lower sections of the 

unit. It also comprises sideromelane glass shards, pyroxene and feldspar crystals and basaltic 

fragments (plate 6d). The basaltic clasts are commonly strongly vesiculated and chilled, with 

glassy rims. Locally they show cauliflower-textured margins. Glauconitic grains occur locally. 

The average grain-size of the large clasts in the fine-grained parts is about 0.5 cm, with clasts 

up to 3 cm. Locally there are even larger clasts up to 10 cm without bomb sags. Clasts are 

supported in a vitric matrix, which is palagonitised and brownish in colour. 

6.3.4.1 Interpretation 

The well-bedded character of this unit together with low angle cross-stratification 

records deposition from turbidity currents (Lowe, 1982). Deposition of the particles involves 

both traction and suspension (Tb, T c) that generated cross bedding. The repetition of the coarse 

and fine graded beds indicates that the tephra in each bed was transported and deposited by 

turbidity currents, where from each current the coarse-grained material was deposited from the 

body or head and the fine-grained material from the tail. The normally graded to ungraded beds 

together with the appearance of low angle cross-stratification record traction deposition from 

dilute turbidity currents (Ta,c, Lowe, 1982). 

The generation of turbidity currents may have occurred in two ways: firstly from 

turbulence created on the upper surface of moving debris flows or landslides (Hampton, 1972), 

as may be represented by the thick, coarse-grained beds, and secondly as eruption-fed current 

from a fluctuating eruption column (White, in press). 

The abundance of sideromelane, in addition to abundant chilled and vesiculated clasts, 

suggest interaction of magma and water and hydromagmatic fragmentation. Interaction of 

magma with water during fragmentation is indicated by the presence of cauliflower textured 

margins (Lorenz, 1975). 

Gas-escape pipes and carbonised vegetation, indicative of hot emplacement, and 

accretionary lapilli are lacking. This supports a subaqueous setting. The presence of 

sideromelane glass shards and the sedimentary characteristics of the deposits support this 

interpretation. The almost uniform clast composition indicates interaction with surface water 

rather than with groundwater. The few epiclastic fragments in the beds near the vent could have 

been incorporated into the flow by vent clearing processes. The lapilli tuff apparently was 

formed by initial subaqueous activity in the western vent. Proximity to the vent is indicated by 

steep contacts with the vent breccia. 
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6.3.5 Bedded tuff (unit BT) 

This well bedded, fine-grained unit (plate 6e) is exposed over about 4 m. Upper and 

lower contacts are not exposed. Beds are normally graded with an average bed thickness of 5-

25 cm. They dip very gently (50) to the north. Locally very shallow cross stratification is 

present (plate 6 e & f). Very shallow scours are filled with coarse ash (plate 6 e & f). Small

scale normal faults are common. Clasts comprise broken feldspar needles, blocky and Y -shaped 

glass shards, which are supported in a vitric, brown, iron-stained matrix. Strong limonite 

staining is common, parallel to the bedding planes. 

6.3.5.1 Interpretation 

Bedding features, such as cross stratification and normal grading are indicative of 

deposition from turbulent density currents (Lowe, 1982; McPhie et al., 1993). Deposition of 

the particles involves both traction and suspension that generated cross bedding. The sequence 
may represent a distal, older series of events when the active vent was further away, and the 

water was sufficiently deep to allow deposition from turbidity currents. A compositionally, 
structurally and lithologically similar unit crops out at the Pyramids (fig. 6.1) about 1.5 km to 

the north (see chap. 7), which is probably the same unit. Alternatively, the tephra might have 
been erupted from the eastern vent MV (figs. 6.2, 6.3) in an early stage of eruption. The vent 

then was reactivated much later, forming deposits of unit A2 (see following paragraphs.). 
Gentle dips to the west might be a result of uneven subsidence or local faulting, which is 

indicated by the presence of normal faults. 

6. 3. 6 Pumice deposits (unit C) 

A thick unit ofphonolitic pumice (unit C) represents the main phase of the Allans Beach 

eruption. A lower, crudely bedded zone at the base is characterised by alignment bedding 

defined by elongated pumice fragments. The overlying part of the unit is well bedded, crudely 

doubly graded and locally shows weak trough cross stratification. 

The phonolitic pumice sequence indicates deposition from a series of closely spaced, 

dense granular flows, followed by high and low concentration turbidity currents. These would 

have been shed directly from a subsiding subaqueous eruption column during the waning of an 

initially higher flux eruption (see appendix 2, Martin and White, in press-a). The eruption 

column developed as a result of the high gas content of the magma, and it formed and collapsed 

entirely beneath seawater. Pumice shed from the column chilled rapidly and the grains mixed 

with water to form aqueous density currents from which deposition occurred. For more details 

see separate paper (Appendix 2). 

6.3.7 Lapilli tuff 3 (A2) 

A second vent margin unit, in the centre of the field area (figs. 6.2, 6.3), is a lithic lapilli 

tuff (unit A2). It is formed of medium- to thin-bedded layers, which are bounded by planar to 



Chapter6 Central part of the Otago Peninsula 6-13 

locally undulating, bedding surfaces (plate 7a). These surfaces may converge or terminate 

laterally. The bedding and scour surfaces are delineated by grain size variations. Some beds 
show cross stratification and normal to inverse grading. Larger fragments, mainly schist clasts, 
are slightly inverse graded. Local concentrations of scours, or lenses with sharp boundaries 
filled with finer material, are common (plate 7a). 

This nearly clast-supported unit (plate 7a) contains a large amount of schist fragments 
(about 30%) with minor scoria, quartz pebbles, lava clasts, feldspar crystals and glass shards. 

Clasts are subrounded to subangular. The schist clasts are typically subrounded. Glass shards 
commonly contain small, spherical vesicles, and often also contain feldspar phenocrysts. There 

are two different kinds of glass shards, sideromelane and tachylite. Both occur in approximately 
the same proportions. An interesting feature is a large fragment of bedded tuff (20 by 40 cm, 
plate 7b ), closely resembling the fine bedded tuff BT (plate 6) in the small cove west of the vent 
(MV). Clast imbrication, together with the dip direction of the beds, indicates flow direction 

from NE. 

6. 3. 7.1 Interpretation 

This unit is characterised by well-developed bedding, poor sorting and the abundance of 
exotic clasts. The many exotic clasts indicate significant explosive quarrying (Fisher and 
Schrnincke, 1984), due to phreatomagmatic (interaction of magma with ground water) vent 
excavation. The large number of schist fragments and quartz pebbles are inferred to have been 
picked up from underlying conglomerates (schist fragments from Taratu Formation, see chap. 
1 ), rather than directly from the basement, which would explain their grade of roundness. 
Internal scouring, variable geometry and discontinuity of individual beds indicate deposition 
from lateral currents that were laterally confined and erosive. Deposition occurred mostly by 
freezing of traction carpets and rapid suspension sedimentation. This unit probably represents a 
turbulent, high to low-concentration base surge deposit near the vent (Chough and Sohn, 
1990). The lensoidal patches may be interpreted as resulting from tractional transport (Sohn and 

Chough, 1989). 

Base surges are subaerial gas-particle sediment gravity flows that travel along the 
ground surface. Due to their low density base surges are not able to form subaqueously, which 
strongly suggests a subaerial environment at the time, which means sea level must have 

dropped between eruption of the previous units and unit A2. The name comes from a surge that 

developed from the base of an explosive column created by the underwater detonation of a 
nuclear bomb in 1946 at Bikini Atoll (South Pacific) during a nuclear test by the U.S. Army and 

Navy known as Operation Crossroads (Fisher and Schrnincke, 1984). 

6.3.8 Dykes (D) 

Crosscutting dykes, which are much more resistant to erosion than the volcaniclastic 
rocks, preserve the volcaniclastic units described above. Where there are no resistant dykes to 
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shield the soft volcaniclastic rocks, erosion has formed deep embayments in the coastline. Some 
of the dykes show chilled margins with planar contacts, but there are other dykes with irregular 

margins. Planar contacts suggest emplacement against rigid, consolidated volcaniclastic units, 
whereas irregular dyke margins indicate intrusion into unconsolidated, probably wet, material 

(Kokelaar, 1982; Busby-Spera and White, 1987). A great variety ofpeperites is associated with 

these dykes (see chap. 5). 

Several dyke types may be distinguished on the basis of petrographic and textural 

criteria. 

6.3.8.1 Basalt dykes 

The basalts range from medium to coarse-grained porphyritic texture with idiomorphic 
pyroxenes (usually augite and titanaugite), feldspars and corroded olivines, to aphanitic and 
non-porphyritic texture. The olivines in the porphyritic basalt commonly show complex zoning 
and are often pseudomorphed by calcite. Olivine seems to be absent from the groundmass. The 
pyroxenes vary in colour from brown to green and sometimes form scattered glomerocrysts. 
They are often strongly zoned. The plagioclases are also usually oscillatory zoned. The basaltic 
dykes occasionally contain quartz xenoliths, which have been picked up from the schist 
basement or underlying sediments. 

A younger generation of basaltic dykes is usually fine-grained and only about 20 cm 
thick. They are marked by 1-cm thick black rims of fused pumice (plate 7 c), where they cut the 
phonolitic pumice unit C. The planar margins of these dykes suggest that they intruded in to 
already cold and lithified pumice. Details of thermal modelling of dyke intrusions are found in 
appendix 1. 

The last basalt dyke generation (plagioclase trachy-basalt) is moderately porphyritic with 
small feldspars and pyroxenes in an aphanitic groundmass. Plagioclase crystals are commonly 
zoned and oscillatory. They locally occur as glomerocrysts and exhibit variolitic texture, but 
commonly feldspars are randomly orientated in an intergrowth texture with titanaugite. 

6.3.8.2 Phonolite dykes 

Phonolite dykes are either both extremely fine-grained, very densely scattered with 
micro-phenocrysts of feldspar, or coarse-grained with a trachytic texture (plate 7d). They show 

well developed glassy margins of about 5 cm up to 0.5m, often containing lithophysae or 

spherulitic textures (plate 7e), which are often found as high-temperature products of devitrified 
silicic glass (McPhie et al., 1993). Lithophysae are hollow, bubble-like structures composed of 

concentric shells of finely crystalline alkali feldspar and/or quartz or other minerals (Bates and 

Jackson, 1987). The presence of aqueous solutions or alkali-rich solutions favour the 
development of spherulitic textures (Lofgren, 1971). The fresh grey phonolite dykes are also 

porphyritic, with feldspar or nepheline phenocrysts weathered out. Feldspars visible in thin 
section and hand specimen define a flow-banded trachytic texture. In contrast green phonolite 

dykes are extremely fine grained, with very closely packed micro-phenocrysts of feldspar. 
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A 5 m thick phonolite dyke, which intruded the pumice deposits (C) shows slightly 

irregular margins (plate 7f) and a 0.5-m thick fused pumice region is shown in plate 7 f&g as a 

darker band (see appendix 1 for more details, Martin and White, in press-b). 

6.3.8.3 Feeder dykes/dyke complex 

At the eastern end of the most western cove at Allans Beach there is a large dyke 

complex (fig. 6.2; plate 5). The complex has an oval shape and comprises several dykes. The 

dykes represent members of the coarse-grained porphyritic basalt group with feldspar, augite 

and olivine phenocrysts. They are strongly chilled and locally brecciated. The dykes host in a 

lapilli tuff. Clast composition of the lapilli tuff closely resembles the composition of unit A. 

This dyke complex either can be interpreted as (1) a late vent filling dyke complex or (2) 

multiple generations of dykes intruding into the lapilli tuff A. In both cases the complex is 

younger than unit A. 

6.3.8.4 Volcaniclastic dykes 

Thin (up to 30 cm thick) volcaniclastic dykes (plate Sa) within this group contain clasts 

representing a range of lava types, a few sedimentary clasts, schist and coal (probably picked 

up from the Taratu Formation). Juvenile clasts seem to be absent. Clasts range in size from a 

few millimetres up to 3 cm. 

The volcaniclastic dykes are inferred to have formed by explosive phreatic reactions 

underground, caused by conversion of ground water to steam. Steam explosions are generated 

if pressurisation of pore water in the sediment by transfer of magmatic heat is sufficient to 

exceed the confining pressure from the overlying material, including hydrostatic pressure, 

(Barberi et al., 1992). Although commonly the amount of pressurisation is marginal for 

generating phreatic explosions, the mechanism of low explosivity phreatomagmatic 

fragmentation is possible (Duffield et al., 1986). 

The phreatic reactions resulted in explosive expulsion of pre-existing rock fragments but 

no juvenile ejecta (Fisher and Schmincke, 1984; Barberi et al., 1992), which led to 

fragmentation of the rocks that filled open pre-existing fractures. The volcaniclastic dykes may 

have formed much later than the surrounding deposits. 

6.3.8.5 Comingled basalt and trachyte/phonolite 

At several localities (fig. 6.2) there are regions of complex rocks formed by intense 

magma mingling. The first kind of mingled rock is the result of intimate mixing of a porphyritic 

basalt melt with an aphyric basalt melt (plate 8b ). Contacts are usually sharp. The coarsely 

porphyritic basalt has a fine groundmass with large subhedral and euhedral feldspars, 

titanaugite (up to 2 cm) and olivine (up to 1.5 cm) and it is light brown in colour. The other 

basalt is aphanitic with a glassy groundmass with very fme flow banding defined by feldspar 

laths. It is commonly black in colour, and locally contains crystals (augite, feldspar) of the 

porphyritic dyke, which indicates mixing of the two dykes. The mutual entrainment of crystals 
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as well as the complex fluidal contact geometry provides convincing evidence that the two 

dykes were liquid at the same time (Snyder et al., 1997). 

Another product of magma mingling involves a basalt dyke and a phonolite dyke (plate 

8 c&d). The phonolite dyke forms the core of this complex whereas the flanks are formed by 

basalt. Locally mingling is so intensive, showing interpenetrating streaks (plate c&d), that core 

and flank cannot be distinguished. The phonolite dyke has very irregular margins and a 

gradational contact in centimetre scale to the basalt. This may be the result of the intrusion of the 

phonolite dyke into the basalt dyke, which was not lithified at that time. Such dykes are 

commonly called composite dykes (Snyder et al., 1997). 
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PLATES 

Vent-filling breccia (WV) of the main vent at Allans Beach (GR 314 

788). Note the steeply dipping contact to the adjacent unit and the 

unit's poorly sorted and poorly bedded character 

Vent-filling breccia (MV) at the middle part of the field area (GR 

320 790). Note the large tuff boulder in the lower middle part of the 

photo, resembling unit BT 

Larger basaltic fragments up to 20 cm within unit A (GR 317 787), 

isolated in the dense matrix without any bomb sags or deformation in the 

host tephra. Hammer is about 40 cm long 

Lapilli tuff A has an average grain-size of about 2 cm (GR 317 787). 

Hammer tip is about 15 cm 

Overview showing unit A with steeply dipping contacts (stippled 

line) against pumice unit C (GR 317 787). Note the dyke (P~ fig. 6.7) 

at the contact between units A and C 

Phonolite dyke (P) at the contact between units A and C 

Altered sideromelane shards from unit A show well preserved vesicle 

outlines 
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PLATE6 

Abundant larger clasts near the western vent (WV) in unit A1 (GR 314 

708). Note the poorly sorted and poorly bedded character of the unit. 

Hammers are about 40 cm long 

Well bedded unit B (GR 315 788) shows typical turbidite sequence 

of normally graded beds. Scale of photo is 1 m 

Close-up of unit B showing alternating coarse- and fine-grained beds 

(stippled lines) with undulating bedding surfaces. Note normal 

grading (NG) of the coarse-grained bed. Coin is 2 cm in diameter 

Photomicrograph of unit B. It comprises sideromelane glass shards 

(S), and plagioclase crystals (P), basaltic lithic fragments and a few 

quartz pebbles (Q) 

Typical bedding ofunit BT (GR 318 788). Note the small-scale fault 

(solid line) and very low angle cross stratification (CS) as well as 

scour-filling structure (S) 

Close up of unit BT showing very low angle cross stratification (CS) and 

scour-filling structure (S). Pen is about 15 cm 
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PLATE7 

a Well bedded unit A2 is almost framework supported. Note undulating 

bedding planes and lenses (L) filled with coarse tephra. Coin is about 2 cm in 

diameter 

b Large fragment of bedded tuff, closely resembling the fine bedded tuffBT 

c Thin basaltic dykes (GR 323 797) with ea. 1 cm thick black rims of fused 

pumice (FP). Hammer is about 40 cm long 

d Photomicrograph of phonolite dyke with trachytic texture 

e Photomicrograph of phonolite dyke showing lithophysae or spherulitic 

textures 

f A 5 m thick phonolite dyke (GR 323 790) which intruded the pumice 

deposits (C), showing slightly irregular margins. A 0.5 m thick fused pumice 

region is shown as a darker band (FP) 

g Photomicrograph of fused region 
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PLATES 

Volcaniclastic dyke within unit A (GR 317 787). Hammer is about 40 

cm long. 

Magma mingling (GR 320 789) as the result of intimate mixing of a 

porphyritic basalt dyke (P) with an aphanitic basalt dyke (A). 

Contacts are usually sharp. Note the entraimnent of phenocrysts from 

the porphyritic dyke (light colour) as xenocrysts into the aphanitic 

dyke (dark colour). 

c, d Magma mingling (GR 323 788) involving a basalt dyke and a 

phonolite dyke. The core of this complex is formed by the phonolite 

dyke (light colour on photo) whereas the flanks are formed by basalt. 

Locally mingling is very intensive, shown as interpenetrating streaks. 

Hammer is about 40 cm long. 
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6.3.9 Summary and eruptive history 

The eruptive history of the Allans Beach area is summarised in fig. 6.5. The source of 

the hydromagmatic deposits (BT) in the little cove near vent (MV; fig. 6.5a) is not precisely 

known. Unit BT might be correlated with a similar lapilli tuff occurring near the pyramids (see 

chap. 8). Alternatively, it may have erupted from vent MV (figs. 6.2, 6.3). As shown in fig. 

6.5a a set of dykes intruded into unit BT led to the formation of peperites (see chap. 5), which 

indicates that the tephra BT was still wet and unconsolidated during dyke intrusions. 

Hydromagmatic eruptions from the western vent formed units A1 and B (fig. 6.5a), 

followed by phonolitic pumice deposits C (fig. 6.5b ). The western vent is characterised by the 

abundance of large sandstone clasts from the Caversham Sandstone. As mentioned previously, 

clasts from the Waipuna Bay Formation are lacking. This (and the Haq et al., 1988 sea level 

curve) was used to determine roughly the time of onset of volcanic activity at Allans Beach, as 

upper Altonian and the environment of the initial eruption as being inner shelf, based on 

previous studies of the Caversham Sandstone (Sikumbang, 1978; Toha, 1993). 

The main eruptive phase at Allans Beach took place in the upper Clifdenian or lower 

Lillbumian, after a period of erosion, with the eruption of the pumice unit C (fig. 6.5b ). This 

relative age can be established on the basis of overlying deposits from Cape Saunders (see 

section 6.5). The Cape Saunders deposits contain clastic dykes including sandstones from the 

Waipuna Bay Formation (Lillburnian, see chap. 3). Limestones within the Waipuna Bay 

Formation were deposited in deeper water (outer shelf) than for the upper Caversham 

Sandstone was; therefore relative sea level at Allans Beach must have risen between eruption of 

unit A1 and eruption of unit C. 

After deposition of unit C and a period of erosion, lapilli tuff A was formed in a channel 

in a shallow marine environment. Alternatively the lapilli tuff may have been erupted before unit 

C, A1/B and faulted into the present position. The channel filling debris flow deposit A may 

have been derived from the western vent (WV) at Allans Beach (figs. 6.2, 6.3). 

Dyking periods occurred throughout this time and some dykes formed peperites with the 

volcaniclastic sediments (chap. 5). 

The final stage of submarine volcanic activity at Allans Beach was marked by a intrusion 

of a prominent phonolitic dyke up to 5 m thick with slightly irregular margins. This was able to 

strongly fuse the pumice in a zone up to 0.5 m thick. Relative to basaltic magma, phonolite is 

more viscous, therefore the thick dyke did not form irregular lobate intrusions (see chap. 5 and 

appendix 1). Thermodynamics suggest a submarine setting for this intrusion as glass transition 

temperatures are decreased by the presence of salt water (see chap. 5 and appendix 1). A 

phonolite dyke would not be able to fuse a phonolitic tuff in subaerial conditions. 

The second small vent MV is characterised by base surge deposits (unit A2) that formed 

subaerially after a fall in relative sea level at Allans Beach (fig. 6.5c, post Lillbumian). Eruption 

must have taken place in a low-lying, water-saturated region, because some basaltic dykes 
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Figure 6.5 Summary of eruptive history at Allans Beach 
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intruding into parts of the tephra formed peperites. Eruption probably took place in a near shore 
environment, so that the tephra was still wet enough to form peperites with intruding dykes. 

Small volcaniclastic dykes, which contain fragments from all of the volcanic sequence 

and sedimentary clasts from the sub-volcanic strata, probably formed along fault planes, which 
cut through the tephra or they may have as well made their own fractures. Erosion fmally 

formed the landscape today (fig. 6.5d). 

In summary, the eruptive history of Allan's Beach is characterised by two distinctive 

periods in the development of the volcanic complex, a submarine period and a sub aerial period. 
The lower, more widespread succession represents the entirely submarine stage of the lapilli 
tuff and pumice forming eruptions (unit BT, Al, B, C). Magmatic fragmentation was 

predominant, but was accompanied by hydromagmatic fragmentation. A submarine setting is 
indicated by the ubiquitous presence of sideromelane in the basaltic deposits, and by the 
sedimentary characteristics of the deposits themselves. Of interest is the change in magma 
composition from basalt to more evolved phonolite (details see chap. 9). Unit A, the channel
filling debris flow deposit, may have formed after the first volcanic period, because it is inferred 
to be a submarine deposit, but still before the second volcanic period. The second period 
represents the subaerial stage, with the formation of base surge deposits A2. 
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6.4 MOUNT CHARLES 

Mount Charles is located in the centre of the central part of the Otago Peninsula. With its 

height of 408 m it is the highest hill on the Peninsula. The best outcrops of pyroclastic material 

are found on the upper slopes of the western flank. 

Mount Charles is a remnant of the largest single volcano in this area (fig. 6.6) and is 

here interpreted to have formed as an emergent Surtseyan volcano. The deposits record several 

subaqueous and subaerial phases of eruption, which produced tuffs, lapilli tuffs and lapilli tuff 

breccia, as well as multiple generations of lava flows. Radial dips outward from Mount Charles 

and flow directions from the lava flows show that Mount Charles not only represents a 

topographic high but also the remnant of a volcano, which is preserved by lava flows. 

A single vent formed the volcanic sequence at Mount Charles. The Si02 contents of the 

rocks from this volcano group show a bimodal distribution, indicating basaltic and phonolitic 

compositions (see chap. 9 for more details). Description of the units follows below. 

The volcaniclastic stratigraphic units comprising the Mount Charles succession are units 

MLT, BLT, YLT, CRLT, and SLTB (figs. 6.7; 6.8; 6.9). Two lithofacies associations are 

recognised; the 

first comprises units BLT, MLT, SLTB, and the second unit CRLT. Unit YT is the oldest unit 

exposed near Mount Charles and is distinct from the other units in having a different source. 

Fl!!-- ' 
.. , \.. l - '-~~~\.I.IJr~'!tl~ /. h'to~~-·OI.L. i., , .;.:\lJ ;dffk. 

Mount Charles 

Cape Saunders 
Varleys·Hm Papanu! Inlet 

·~:_ 
Hoopers Inlet Allans Beach 

Figure 6.5 Overview photo and line-drawing of Mount Charles area. 
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6.4.1 Yellow lapilli tuff/tuff (unit YLT) 

The base of the exposed Mount Charles succession is formed by a yellowish, strongly 

altered, lapilli tuffunit (fig. 6.7; for more detailed description see chap. 7). This tuff also occurs 

in between or above other units over a wide area of the Peninsula. It is inferred to be one of the 

oldest units of the Peninsula, time-equivalent, or slightly younger than the phonolitic mound at 

Allans Beach. It is interpreted from mapping to have been erupted from a vent in Hoopers Inlet 

(see chap. 7). 

6.4.2 Crystal-rich yellow lapilli tuff (unit CRLT) 

The second unit at Mount Charles is formed by a yellow pyroxene- and feldspar-rich 

tuff, and occurs at an elevation of about 60- 120m in the vicinity of GR 310 795. The unit is 

well bedded and sorted, with a planar fining upward succession of beds ranging in thickness 

between 5 and 20 cm. Alternating cross-stratified and planar bedded layers show different 

surface colours from brown to yellow-orange. In the upper part beds seem to be amalgamated, 

are harder and brown at the surface, and are yellow inside. The beds are form-discordant (plate 

9a), which is shown by cross-laminae that are not concordant with the ripple profile. Typical 

are irregular and undulating lower bed set boundaries (plate 9a). Shallow dipping beds at 

190110 away from Mount Charles suggest transportation from Mount Charles. 

The unit commonly is strongly altered, with pyroxene crystals often very loose in the 

sediment. This unit consists mainly of pyroxene, feldspar, altered glass shards, pumice clasts 

and feldspar-rich clasts. Clasts are subangular and commonly not larger than 1 cm. In thin

section the clasts are flow-banded with feldspar laths in an altered glassy groundmass. 

Abundant free crystals (pyroxene, feldspar) in the lapilli tuff reach a size up to 5 mm. 

6.4.2.1 Interpretation 

It is inferred that the eruption that generated beds of unit CRL T took place in a 

subaqueous environment, based on its bedding characteristics and on overlying unit contacts 

with other submarine deposits (see section 6.5.1 and 6.6.4). Bedded and cross-stratified layers 

suggest deposition from turbidity currents (Tc, Td, Lowe, 1988). Some beds, however, are 

form-discordant, which is typical for wave-generated structures (Alien, 1982; Fuechtbauer, 

1988). This indicates that the turbidites were deposited at a water depth between fair-weather 

and storm wave base, where they were partly reworked by waves (storm-reworked). Mount 

Charles is inferred to be the eruption centre for this unit, based on the outward dipping beds. 

The abundant pyroxene crystals may have served as nucleation sites for gas bubbles and 

thus been separated from the melt phase during fragmentation (Sparks, 1997). As the magma 

fragmented the crystals would have been released to the eruptive mixture from which they were 

deposited (Sparks, 1997). Cas et al. (1990) described and interpreted a crystal-rich tuff of 

Devonian age from south-eastern Australia as a hydraulically sorted 
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Fig. 6.7 Sedimentologicallog of yellow lapilli tuff and crystal-rich lapilli tuff at the western flank of Mount 
Charles at about sea level (YLT) and at an elevation of about 60-120 m at GR 310 795. 
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concentration of crystal fragments from a hydromagmatic subaqueous eruption column. 

However, it is also possible that due to vitric clasts' high degree of alteration, the apparently 

free crystals may actually be phenocrysts in vitric clasts that are no longer recognisable. 

6.4.3 Massive lapilli tuff breccia (unit MLTB) 

The next overlying unit comprises an inhomogeneous lapilli tuff breccia (unit MLTB, 

plate 9 b&c; fig 6.8). Clasts consist of glassy plagioclase basalt, sideromelane glass shards, a 

few tachylite clasts and broken feldspar crystals (plate 9d). Feldspar crystals are often partly 

resorbed and the angular basalt fragments are strongly chilled. Clasts are up to 30 cm in size but 

the average size range of the large clasts is about 5-10 cm. Sorting overall is poor. The basalt 

fragments are either black or dirty brown. Fresh sideromelane glass particles are non- to 

strongly vesiculated and contain feldspar phenocrysts (plate 9e). Vesicles vary in size but are 

usually spherical. Locally also the glass shards are rounded and show brown palagonitised 

margins. Accretionary lapilli, gas-escape pipes and carbonised vegetation are lacking. The 

matrix is locally palagonitised and is brown, red or yellow in colour. No evidence for hot 

emplacement, e.g. welding or de gassing pipes (Kano et al., 1994) is observed. The whole unit 

is quite massive without any internal stratification or grading, and it is about 10-15 m thick 

where exposed at GR 310 800. 

6.4.3.1 Interpretation 

The massive appearance and poor sorting of the unit may be interpreted to result from 

rapid high concentration suspension sedimentation (Lowe, 1982), deposition from a pyroclastic 

flow or from debris flow in either a subaqueous or a subaerial environment. Evidence for hot 

emplacement such as gas-escape pipes or welding features is lacking, which argues against 

deposition from a hot pyroclastic flow. In addition sag structures, which are common in 

subaerial near-vent deposits, are absent, suggesting a subaqueous environment. Strength in a 

debris flow is typically inferred to relate to a cohesive, clay-rich matrix (Johnson, 1970; 

Middleton and Southard, 1978). However, volcanic debris flows are clay-poor (Fisher and 

Schmincke, 1984; Smith, 1986), because most form from remobilization of fragmental 

pyroclastic and autoclastic debris during or soon after eruption. Most volcanic debris flows, 

therefore, derive their strength or shear resistance from: (1) grain collision, representing 

frictional resistance to shear not accounted for by Coulomb-viscous models (Iverson, 1985); 

and (2) cohesion between silt-size grains. Features indicative of debris flow deposits, such as 

isolated fragments floating at the top of the beds, are not shown within the unit, so there is no 

direct support for deposition from debris flows. 

The thick unit is interpreted to be an eruption-fed deposit, derived from a shallowing 

submarine eruption, emplaced by a high concentration density current in which the large 

volumes of sediment ejected from the vent suppressed turbulence and produced depositional 
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Fig. 6.8 Sedimentologicallog of volcanic!astic succession at south-western flank of Mount Charles at an elevation of 
about 140matGR311800. 



Chapter 6 Central part of the Otago Peninsula 6-29 

features similar to those of pyroclastic flow deposits (Fisher et al., 1987; Schumacher 
and Schmincke, 1990; Valentine, 1987). Mter consolidation of the beds, a plane bed surface is 
formed upon which the finest particles settle from the tail of the flow and the result is poor 
sorting, poor grading and no primary internal sedimentary structures (Leeder, 1982). 

Alternatively the unit also may have been deposited from high-flux fall from which clasts settled 
straight through water, although deposits derived from fall through water (and also air) are 
commonly graded, and this is not the case for the Mount Charles deposits. 

The angular, strongly chilled clasts, and the presence of sideromelane indicate a 
hydromagmatic origin (Heiken, 1972, 1974; Lorenz, 1975). Sideromelane glass shards within 
the deposits at Mount Charles vary in vesicularity, indicating fragmentation of a variably 
vesiculated magma; a large range of vesicularity is typical of phreatomagmatic deposits 
(Houghton and Wilson, 1989). The monomict composition of the unit indicates interaction with 
surface water rather than with ground water. The near-vent position suggests that the vent 
environment was the same as that of the deposits; either both were subaerial or both were 
subaqueous. 

Accretionary lapilli are absent, thus positive evidence for subaerial deposition and 
evidence of water droplets, which are essential to form accretionary lapilli, is lacking. 

Unit MLT may be interpreted in two ways. (1) All features formed fully in a 
subaqueous setting. (2) All features formed in a fully subaerial environment, in which there was 
no condensation of water in eruption plumes or bursts, no ballistic transport, and no disruption 
of the substrate. 

The first alternative is more likely for eruption and deposition of the Mount Charles unit 
MLTB. These data together suggest that the unit formed from a submarine eruption, driven by a 
combination of hydromagmatic and magmatic fragmentation, which fed tephra into a high
concentration flow. The few tachylitic clasts may have formed in local and ephemeral water
exclusion zones at the vent margin caused by vigorous sustained volcanic activity. 

6.4.4 Bedded lapilli tuff (unit BLT) 

Unit BLT shows better-developed bedding than the underlying unit MLTB (plate 9 b & 
c; fig. 6.8). The lapilli tuff unit is about 5-10 m thick where exposed at GR 310 800. The unit 
overall is moderately sorted and composed of many alternating coarse- and fine-grained beds 
with single layers commonly ranging in thickness between 5 and 15 cm (plate 9t). The base of 
the outcrop shows about 40 cm of massive lapilli tuff. Individual beds above this massive zone 
are generally ungraded or normally graded, locally showing low angle cross-stratification. 

Bedding in the upper part is better developed and beds are commonly thinner. The strata dip 
radially outwards, indicating that Mount Charles is the site of the source. Bedding planes are 

undulating but well defined by variations in grain-size. Locally beds are amalgamated but in 
general bed contacts are planar to broadly scoured. No significant channels were observed in 
the area. 
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Fragments comprise two different types of basaltic clasts, sideromelane glass shards, 

pyroxenes and locally sandstone clasts and tachylitic clasts. Tachylite is more abundant than in 

unit MLTB. Sideromelane glass shards show a wide variety of clast morphology, vesicle 

shapes, and vesicle abundance. Clast shapes are subangular to blocky. Some subangular clasts 

have elongated and/or spherical vesicles whereas others are blocky without vesicles. Common 

throughout the unit are local concentrations of scattered larger clasts. The lapilli range from 1 to 

2 cm with some up to 5 cm. The basaltic fragments are either pale with large pyroxenes, or dark 

and fine-grained. Vugs in the fine-grained basalt are filled with carbonate. In thin section the 

lapilli tuff looks very similar to the matrix of unit MLTB, but it contains abundant tachylitic 

clasts in addition to sideromelane. The vitric tuff matrix is commonly palagonitised orange 

brown. No evidence for hot emplacement, e.g. welding, or degassing pipes, was observed. 

6.4.4.1 Interpretation 

The well-bedded character of this unit together with low angle cross-stratification 

suggests deposition from turbidity currents (Lowe, 1982). Tephra in the graded coarse-grained 

beds was deposited from the body or head of each current and the fine-grained beds deposited 

from the tail. The normally graded to ungraded beds together with the appearance of low angle 

cross-stratification record traction deposition from dilute turbidity currents (Ta,c, Lowe, 1982). 

The apparent change from high density to low density currents, indicated by the facies change 

from the massive unit MLTB to the bedded lapilli tuff unit BLT (change in particle 

concentration), may be explained either by decreasing magma flux or dilution during flow. The 

latter possibility is unlikely because an increase in tachylitic clasts in the bedded unit BLT 

cannot be explained with dilution. 

The blocky shape of the glassy hydroclasts indicates variable interaction of erupting 

magma with abundant water (Heiken and Wohletz, 1986). Accidental clasts are very rare among 

the total material erupted. This suggests that hydromagmatic fragmentation was driven by 

surface water, rather than groundwater, otherwise material from the aquifer would be more 

abundant (e.g. Fisher and Schmincke, 1984). The variety in clast morphology and vesicle 

abundance reflects different quenching histories of the glass shards. An abundance of tachylite 

in addition to sideromelane in unit BLT suggests that the erupting magma cooled more slowly at 

this stage of the eruption, perhaps because tephra jets breached the sea surface, leading to 

slower cooling of the fragmented magma. 

These data together suggest that during waning of a very shallow water eruption unit 

BLT was deposited and the volcanic pile breached sea surface. Eruption apparently was driven 

by a combination of hydromagmatic and magmatic fragmentation that fed tephra into turbidity 

currents. 
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6.4.5 Stratified lapilli tuff breccia (unit SLTB) 

Coarse-grained beds at the base of this unit contain angular boulders up to 1 m in size of 

porphyritic basalt. The base of this unit is structureless and very poorly sorted (fig. 6.9). 

Within the thick lower part of the stratified lapilli tuff breccia there are locally fragments of 

strongly limonitised and hematised tephra or lava about 7 cm long. 

The upper part beds are defined by grain-size variations. The lapilli tuff forming the 

upper part of the unit is moderately sorted and consists of small blocks and lapilli set in a tuff 

matrix. The beds pinch and swell laterally and commonly show low and high angle cross

bedding, scour fillings, and dune beds predominantly dipping outward from Mount Charles 

(plate 10). The graded beds are locally channelised in 1m wide channels. Beds dipping radially 

outward indicate a source at Mount Charles. The sequence fines upward, but large clasts are 

dispersed throughout the sequence. 

The tephra beds within this unit contain abundant tachylitic clasts. A few sedimentary 

clasts are present, mainly polycrystalline quartz. Some of the large clasts sit in well-developed 

assymetric sags (plate 10, fig. 6.9). The fragments are supported in a brown, palagonitised, 

vitric tuff matrix. The non- to slightly vesiculated glass shards are quite fresh, and the vesicles 

are large and spherical. Feldspars are usually broken and plagioclase-phyric basalt clasts are 

angular. Accretionary lapilli (plate 9g), which are not present in the underlying units are 

concentrated in undulating fine-grained beds. 

6.4.5.1 Interpretation 

Deposition of the uppermost unit is inferred to have occurred subaerially from base 

surges with the presence of water droplets within the tephra upon deposition indicated by the 

presence of accretionary lapilli. Despite lacking such features as vesiculated tuff (Heiken, 1971; 

Waters and Fisher 1971; Lorenz, 1974b; Leys, 1982, 1983), and deposits of syndepositional 

"mudflows" (Lorenz, 1974a; Verwoerd and Chevallier, 1987); the presence of accretionary 

lapilli indicates limited water as free droplets. 

Beds of this unit have (1) definite impact sags beneath large particles, (2) undulating 

bedding contacts, (3) abundant accretionary lapilli, (4) dune structures, (5) high- and low- angle 

cross-stratification, and (6) intercalated thick beds of coarse block-bearing lapilli tuff 

comprising a few clasts of sediments from underlying strata and carbonised wood. The bedding 

sags suggest ballistic emplacement of the larger blocks and indicating Mount Charles as the 

source area. 

Bedding features are indicative of base surge deposits, such as dune structures and well

developed planar bedding, (Houghton and Schmincke, 1989) into which ballistic blocks were 

emplaced. Planar bedding is inferred by virtually all workers to record deposition from low

energy surges, or parts of surges (e.g. Fisher and Waters, 1970; Frazzetta et al., 1989; 

Schmincke et al., 1973; Sohn and Chough, 1989). The features described above all indicate 

deposition from traction at moderate velocity (Sohn and Chough, 1989). Predominantly 
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outward-dipping cross-stratification also indicates transport outward from the Mount 

Charles cone. 

Turbulent pyroclastic density currents (base surge) have accompanied historical 

emergent tuff ring/cone eruptions, and construct the bulk of maar rims, and tuff ring volcanoes 

(Sheridan and Wohletz, 1983; Sohn, 1995; White, 1991a). 

6.4.6 Lava flows 

Thin lava flows cap Mount Charles, overlying the pyroclastic deposits. Flow directions 

suggest Mount Charles as the erupting vent. Five different groups of lava flows have been 

distinguished, three capping and two that are intercalated in the pyroclastic succession. The 

lowermost lava flow is formed by fine-grained basalt with large feldspar and augite 

phenocrysts. This lava flow is the oldest recognised at Mount Charles. The second lava flow 

group is formed by phonolitic lava. Both of them underlie the submarine erupted units at Mount 

Charles and are also considered to have formed in a submarine setting although the basaltic lava 

flow did not always form pillow lavas. This may be explained by the basaltic magma erupting 

in shallow water where the basalt can vesiculate freely. In the case of phonolite it may be 

explained with the relatively high viscosity (phonolite) indicated by the high crystal content of 

the basalt (Williams and McBirney, 1979, Staudigel and Schmincke 1984; Dingwell and Webb, 

1989). Pillow and hyaloclastite, inferred to have formed from this group of lava flows are 

exposed at Puddingstone Rock (see section 6.6.1). The phonolitic lava flow composed of 

medium to fine-grained lava is somewhat lighter in colour than lava flow 1. Analysis by Benson 

(1968) shows this lava flow to be a trachytoid phonolite without cossyrite. Plagioclase basalt 

that comprises large plagioclase phenocrysts, olivine basalt and fine-grained basalt form the top 

of Mount Charles. The upper most lava flow forms well developed columnar joints and is 

approximately 30 m thick at the western top. The main flow body is towards the eastern side. It 

contains large olivine and feldspar crystals in a fine groundmass, and has been characterised as 

olivine basalt (Benson, 1968). All the lava flows extend further east (see below and geological 

map in back pocket). 



PLATE9 

a Crystal-rich tuff (CRT) at Mount Charles (GR 308 796). Note the bedded 

character and the form-discordant beds. 

b Large outcrop (GR 315 805) at Mount Charles showing the massive lapilli tuff 

breccia in the lower part and the bedded lapilli tuff in the upper part. 

c Unit BLT (GR 308 800) showing well-developed bedding. 

d Photomicrograph (plane light) showing lapilli tuff breccia (MLTB) at Mount 

Charles. Note the partly preserved yellowish sideromelane glass shards (S) with 

crystals of feldspar (Pl). Note the varying vesiculation within the sideromelane 

glass shard. 

e Photomicrograph (plane light) of unit BLT showing abundant sideromelane 

(yellowish) among crystals of feldspar (PL). 

f Close-up of bedded lapilli tuff (BLT). Note well developed bedding planes. 

g Photomicrograph (plane light) of accretionary lapilli (A) within the well-bedded 

part of unit STLB. 
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Plate 10 

Base surge deposits (unit ST LT) at Mount Cha rl es ( OR 3 16 804). Note we ll-developed dune 
s tructures in the upper part of the pho to and the large clasts fo rming bomb sags. Bombsags 
and dunes sugges t transportation from ri ght to left. View to NW. 
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Fig. 6.10 Eruption model for Mount 
Charles 
1. Early, shallow marine activity. 
Vigorous, sustained activity (continuous 
up-rush) produced local water-exclusion 
zones at the vent margin that resulted in 
deposition of locally tachylitic clasts. 
Eruption-fed density currents were highly 
concentrated which resulted in deposition 
of the massive unit (MLTB). 
2. As tephra grew into shallow water 
tephra jets are intermittently emergent 
that resulted in deposition of more 
tachylitic clasts. Waning eruption or 
dilution of density currents led to the 
formation of the bedded unit (BLT). 
3. As Mount Charles had breached sea 
surface and a tephra ring separated water 
from vent 
interaction of magma with the vent slurry 
led to violent eruptions that produced 
first the pyroclastic flow deposits and 
then the base surge deposits (STLT). 
Finally the remnants of the Mount 
Charles (stippled line) edifice was 
preserved by several lava flows . 
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presence of accretionary lapilli indicates limited free water as droplets, which indicates that the 

volcanic edifice grew above sea and prevented vent from flooding, thus became drier. 

As tephra beds grew to shallower levels, and to above sea level (fig. 6.10-3), submarine 

eruptions were followed by subaerial eruptions that generated base surges from which 

deposition of unit STLT occurred. Features of ballistic, gas-phase transport such as abundant 

tachylitic clasts and bomb sags typify this unit. 

The final stages of subaerial activity are marked by the eruption of different lava flows 

that preserved parts of the Mount Charles edifice. 
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6.5 CAPE SAUNDERS 

The topographic map of the Otago Peninsula shows Cape Saunders adjoining a deep 

embayment into the coast line (see geological map in back pocket). Steep cliffs forming this area 

make access difficult. The best accessible outcrops are ( 1) at the western cliff within the 

embayment (GR 337 786) and (2) at the northern end of the embayment (GR 336 790). A third 

outcrop (3) is located right below the lighthouse (GR 335 784). 

The Cape Saunders succession comprises tuffs, lapilli tuffs, pyroclastic breccias, 

pillows, hyaloclastite and peperites as well as multiple generations of lava flows. The deposits 

are inferred to record several subaqueous phases of eruption. This is based on the presence of 

overlying and underlying pillows and hyaloclastite and the elevation of the outcrops. In 

addition, several features of the deposits suggest a subaqueous setting, which are discussed 

below. 

The strati graphic units forming the Cape Saunders succession are units CRL T, Py B, 

LT, PB, Hand P. Two lithofacies associations are distinguished; the first comprises units PyB, 

Lt, PB, Hand P, and the second is formed by unit CRLT, which is distinct from the other units 

in having a different source. 

Features of units PyB, LT, P below the lighthouse (3) are summarised in fig. 6.12. 

6.5.1 Crystal-rich lapilli tuff (CRLT) 

This unit crops out at the northern end (2) of the cove of Cape Saunders in the cliff 

section at an elevation of about 120m in the vicinity of GR 336 790. The unit is well bedded 

and sorted with fining upward beds and distinguished by its yellow-brown colour (plate 11a). 

Alternating cross-stratified and planar beds show different surface colours from brown to 

yellow-orange. Shallow dipping beds (120/10) suggest transportation from Mount Charles. 

Total exposed thickness is about 2 m. 

The unit commonly is strongly altered, with pyroxene crystals often very loosely held in 

the sediment. This unit consists mainly of pyroxene, feldspar, altered glass-shards, pumice 

clasts and feldspar-rich clasts. Few less altered clasts are subangular and commonly not larger 

than 1 cm and show commonly trachytic texture (similar to clasts forming CRLT at Mount 

Charles). The lapilli tuff contains large pyroxenes (augite) up to 0.5 cm. Crystals are 

idiomorphic (plate 11a). This yellow crystal rich tuff is similar in colour and crystal content to 

the yellow crystal-rich tuff at Mount Charles (CRLT). In addition it has the same 

sedimentological features (bedding, grading) as unit CRL T at Mount Charles and is inferred to 

be the same unit. The upper contact, which is exposed in the cliff-section, is irregular and 

undulating below a crystal-rich basalt, suggesting that lapilli tuff was unconsolidated and wet 

when the lava flow was emplaced (Busby-Spera and White, 1987; McPhie et al., 1993). 
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6.5.2 Pyroclastic breccia (PyB) 

A breccia exposed at the bottom of a circular central part below the lighthouse (outcrop 
3) is very poorly sorted and is not graded. Basaltic dykes radiate from this central breccia 
outcrop. Steep walls of lapilli tuff, dykes or both surround the circular breccia outcrop. 
Components range in size from a few centimetres up to 1 metre. The breccia comprises mainly 
basaltic clasts, which are strongly and irregularly vesiculated and chilled, together with 
abundant sandstone "droplets" and very few schist fragments. These sandstone "droplets" are 
dispersed throughout a wide area and are commonly tear-shaped up to 1 cm in diameter. Most 
of the larger boulders are subrounded. Pillow rinds, pillow fragments and isolated pillows 
accompany the breccia (plate llb), and are described and interpreted below. Locally there are 
large (up to 15-50 cm) bodies of weakly bedded sandstone (plate llb), which are strongly 
brown iron stained and closely resemble the sandstone of the Waipuna Bay Formation (see 
chaps. 2 and 4). Commonly there are also egg-sized iron concretions with a sandstone core. 

The matrix is formed by vitric tuff comprising blocky sideromelane glass shards, and is 
strongly altered and appears dirty yellow in colour. Microprobe analyses of preserved glass 
shards indicate a basaltic composition (see chap. 9). 

6.5.2.1 Interpretation 

Radiating basaltic dykes and the morphology of the circular central breccia body mark a 
vent site at Cape Saunders. The breccia is interpreted as an explosion breccia formed by 
explosive submarine eruption. The subrounded character of the boulders indicates reworking in 
the vent. Most larger clasts within the breccia consist of basalt, with only a few (ea. 2 vol. %) 

clasts of schist, quartz and sandstone. This indicates a very shallow explosion locus probably in 
the sand of the W aipuna Bay Formation, as indicated by the sandstone remnants, the sandstone 
droplets and the concretions filled with sand. 

Dykes subsequently invaded the vent. The pillow-shaped boulders were formed by 
intrusion of dykes into the clastic debris of a subaqueous vent. Interaction of the magma and 
water/wet sediment in the vent was non-explosive (or only mildly explosive). Due to 
fluidisation of the sediment some of the pillows have been isolated, in a similar manner to that 
described by Snyder & Fraser (1963). 

6.5.3 Pillows (PB) 

At locality (1) and (3) pillows (plate llc), up to 1m in diameter, and smaller ones are 
supported in a hyaloclastitic matrix. The basalt is very vesicular and porphyritic and shows 
strongly chilled glassy margins of a few millimetres. Pillows are locally red iron-stained but are 
more often brownish with up to 5 cm large iron concretions. The pillows are fairly regular in 
size and shape. Individual pillow tubes are up to 1 m in diameter. The pillows themselves have 
thin skins composed of glass (sideromelane). Vugs in the basalt are commonly filled with 
calcite. Locally there are also disconnected pillows elongated into lines. Glass forming the 
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hyaloclastitic matrix between the pillows is yellowish due to hydration (plate 11 c), but 

surprisingly often the glass shards are very fresh. Microprobe analysis of freshly preserved 
glass shards indicates a basaltic composition (see chap. 9). 

6 .5 .3 .1 Interpretation 

Pillow basalts are an indicator of subaqueous non-explosive eruptions (Fisher and 
Schmincke, 1984). Pillow lavas at locality (1) formed when hot, fluidal lava came in contact 

with water, as also described by Williams (1979), whereas the pillows at locality (3) formed 
while small lava flows or dykes intruded into the water-saturated debris of the vent (see above). 

McPhie et al. (1993) describe the formation of pillows by intrusion of lava flows but also sills 
that injected at shallow depth into subaqueous muds and silts. Direct observations of modern 
ocean floors confirm the characteristic association between pillow lava and subaqueous setting 
(Batiza et al., 1984; Lonsdale and Batiza, 1980; McPhie et al., 1993). The pillow shapes are 
cross-sections through interconnected tubes and lobes of lava. Pillows advance and expand by 
stretching of quenched crust (Moore, 1975; Walker, 1992; Yamagishi, 1985). The glassy 
margins are the result of quenching (Kawachi and Pringle, 1988; Moore, 1975). 

Isolated and aligned pillows formed due to fluidisation in the host sediment in a similar 
way as some globular peperite (Busby-Spera and White, 1987). 

6.5.4 Hyaloclastite (H) 

Near the pillow lavas and irregularly formed basaltic dykes, hyaloclastite breccias are 
common (plate lld). The hyaloclastite at locality (3) has the same appearance as the matrix 
between the pillows (Locality (1) and (3), comprising mostly blocky sideromelane glass shards. 
The matrix consists of shards of basaltic glass (sideromelane), feldspars and large pyroxene 
crystals up to 1 cm (plate lle). It locally contains abundant secondary minerals (zeolites, 
calcite). The blocky glass shards contain abundant micro lites of plagioclase and pyroxene. 
Angular, silt-sized glass shards in the hyaloclastite have triangular cross sections and fracture 
surfaces. The hyaloclastite unit makes up the whole southern side below the lighthouse. Dykes, 
several of which radiate outward from the vent as described above cut the unit. No sedimentary 

features are recognised. 

Photos, taken from a boat, show that the hyaloclastite unit (H) overlies the adjacent 

Allans Beach succession (plate 11f & g). 

6.5.4.1 Interpretation 

Hyaloclastite formed by discharge of lava into standing water such as the sea or lakes 
(White, 1996b), ponds, or under glaciers (Smellie and Hole, 1997) show all the features of the 

hyaloclastite just described. The blocky, vesicle poor glass shards comprising the hyaloclastite 
suggest that magma be quenched prior to exsolution of volatiles (Heiken and Wohletz, 1991). 

The non-vesiculated glass shards could also have been formed by fragmentation of already 
degassed magma. Fragmentation resulted probably from thermal shock and (steam) explosions 
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(Sohn, 1996). Angular, silt/sand-sized glass shards in the hyaloclastite have triangular cross 

section and fractured surfaces. These shards resemble those described by Carlisle (1963), who 

conducted laboratory experiments with melt dropped into water. He showed that, after the 

dissipation of a steam film surrounding the melt, splinter shards formed by cooling-contraction 

granulation of the submerged melt droplets. 

The source of the lava forming the hyaloclastite unit is not known. However, the 

hyaloclastite may have formed by basaltic lava erupting from subaquatic fissures at high 

extrusion rate causing low water/melt ratio and low efficiency of conversion of thermal energy 

into mechanical energy (Bergh and Sigvaldason, 1991), resulting in the heterogeneous mass of 

quenched fragments forming hyaloclastite unit H. 

6. 5. 5 Peperites (P) 

Locally there are small sandstone fragments dispersed within the hyaloclastite and also 

captured within pillows forming peperitic roll-up structures (plate 12 a & b; for more details see 

chap. 5). 

The presence of sandstone bodies within some pillows and dispersed sand in the 

hyaloclastite indicates eruption onto the sea floor, which at this time was most likely formed by 

sands of the W aipuna Bay Formation. The hyaloclastite unit overlies the Allans Beach pumice, 

which suggests that there was significant time between the two events, during which the sands 

of the W aipuna Bay Formation have been deposited near Cape Saunders. 

6.5.6 Lapilli tuff (unit LT) 

The lapilli tuff (LT) cropping out below the lighthouse (outcrop 3) at an elevation of 

about 30 m comprises a thick bedded lower part grading into a crudely bedded and a then a well 

bedded upper part (fig. 6.12; plate 12 c&d). The exposed thick-bedded part of the lapilli tuff is 

about 1 m thick, poorly sorted and inversely graded. The average grain size of the coarse 

particles is about 2 cm but locally there are also lenses or patches with coarser material. 

Components are mainly volcanic (pumice, coarsely porphyritic basalt, augite and feldspar 

crystals) but a few quartz granules and sandstone clasts from underlying pre-volcanic strata are 

also present. The fragments are usually subangular but the sandstones are tear-shaped, like 

small droplets. The matrix is composed of strongly palagonitised and limonitised tuff. This part 

of the unit has steep dipping contacts to the breccia unit PyB. 

Alternating coarse tuff beds and lapilli tuff beds, with well-defined and sharp planar 

bedding-contacts (plate 12 d&e) are present in the upper, finer-grained part. Locally beds are 

undulating and show low-angle cross-stratification. Beds vary in thickness between 1 and 15 

cm, with the coarse-grained beds usually thicker than the fine-grained ones. The fine-grained 

beds ( clasts < 0.5 cm) are laminated but do not show any grading, whereas the coarse-grained 

beds are normally graded. Beds dip radially outward from an apparent source to the SE. 

Striations on small syn-sedimentary fault planes within the beds show a direction of 248/55. 
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The exposed thickness of the finer-grained sequence is about 2 m. The upper part, which is 

protected by a dyke (fig. 6.12; plate 12c) is inferred to range in thickness between 10 and 15 m. 

The range of clasts is constant throughout the whole sequence. Cauliflower textured clasts are 

concentrated in specific regions, generally in the centre of the beds, and pumice clasts have 

locally woody texture. 

Of interest are decimetre-scale soft-sediment deformation structures, consisting of small 

coarse-grained tuff veins within the fine-grained beds (fig. 6.12; plate 12 f & g). These veins 

are sub vertical but also penetrate along the bedding planes of the host. 

6.5.6.1 Interpretation 

The unit is overlain and surrounded by pillows and a 20 m thick hyaloclastite unit, 

which strongly indicates a subaqueous depositional environment. The normally graded and 

well-bedded character of this unit together with low angle cross-stratification suggests 

deposition from turbidity currents (Ta,c, Lowe, 1982). It is also supported by the fact that soft 

sediment deformation structures often occur in turbidites, because they are deposited rapidly 

and because coarse-grained and fine-grained material is interstratified, leading to the escape of 

pore water and bed disruption (Pettijohn et al., 1972). The upward movement of sediments and 

the deposition of the overlying beds appear to be penecontemporaneous. This suggests that the 

sedimentation rate was relatively high (Mohindra and Bagati, 1996). 

The repetition of the graded coarse and fine beds indicates that the tephra in each bed 

was transported and deposited by turbidity currents, with the coarse-grained material deposited 

from the current body or head and the fine-grained material from the tail. The reverse graded 

base, on the other hand, together with the poorly sorted character suggests deposition by 

freezing of traction carpets from high concentration currents (Lowe, 1982). 

Accidental clasts form a very small portion of the total material erupted, which suggests 

that hydromagmatic fragmentation was driven by surface water, rather than groundwater, 

because otherwise material from the aquifer would be more abundant (e.g. Fisher and 

Schmincke, 1984). A wet environment is also indicated by the presence of small-scale soft

sediment deformation structures. Cauliflower texture indicates contact with water during 

fragmentation (Lorenz, 1975). The unit is interpreted to be an eruption-fed subaqueous density 

current deposit (White in press), derived from a submarine eruption, emplaced by high- and 

low- density turbidity currents. This is supported by the near-vent position (vent and lapilli tuff 

are in the same elevation), the presence of adjacent pillow and hyaloclastite units and the dip 

direction of the beds dipping away from the vent below the lighthouse (3) and the striations that 

suggest that parts of the unit slid into the vent. 

6.5.7 Dykes 

Several basalt dykes cut the entire sequence below the lighthou.se. Some of them radiate 

from the vent, whereas others trend NE-SW. The basaltic dykes are coarse-grained and 
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porphyritic with large (up to 0.5 cm) pyroxene and olivine phenocrysts as well as few smaller 

feldspar and nepheline crystals. 

There are also clastic dykes, which are locally highly irregular and variable in width. 

They pinch and swell when traced along the exposure. These unusual dykes cut through the 

hyaloclastite and the lapilli tuff unit and abruptly pinch out. They range in thickness from 5 to 

20 cm and are composed mainly of quartz sand grains or silt grains with a large amount of 

mica. Locally sideromelane glass shards, clasts of semi-schist and patches of chlorite are 

present. The grains are supported in a dirty brown clay matrix. The sandstone filling of these 

dykes closely resembles sandstones from the Waipuna Bay Formation (chaps. 2 and 4). 

Microfossils are lacking in the sandstone. 

6.5. 7.1 Interpretation 

The clastic dykes were injected in a fluid state, similar to dykes studied by Scott & Price 

(1988). The intruding sand and silt was derived from unconsolidated sand beds (Waipuna Bay 

Formation) lower in the stratigraphy and was injected upwards as a water-charged, low

viscosity slurry into fractures. This indicates that the Waipuna Bay Formation remained 

unconsolidated after deposition of the pyroclastic units at Cape Saunders (and also 

Puddingstone Rock; see below) indicating that the pyroclastic deposits were roughly 

contemporaneous with the Waipuna Bay Formation. Liquefaction occurs most easily in coarse 

silt and fine sand (Hiscott, 1979). Sandstone dykes can be intruded either from below or above 

(Smyer and Peterson, 1971) but the upward narrowing of the dyke at Cape Saunders suggests 

injection from below. 

The irregular margins of some basalt dykes indicate intrusion into an unconsolidated 

host sediment, showing that dyke intrusion followed not long after forming the hyaloclastite 

(see chap. 5 for more details). 

6.5.8 Lava flows 

Lava flows are exposed in the upper cliffs at Cape Saunders (locality 1) and above the 

hyaloclastite unit (locality 3). The lava of the first flow (locality 1)is coarsely porphyritic, with 

phenocrysts of feldspar, augite and olivine. The contact with the underlying crystal-rich tuff is 

irregular with peperitic structures, indicating a wet emplacement. The composition is basaltic 

(plagioclase-augite-olivine basalt; after Benson, 1968). The uppermost lava flow at this locality 

is distinguished from the previous one by having more evolved sodic pyroxenes, similar to the 

lava near the top of Mount Charles, which is more characteristic of a phonolite (Benson, 1968) 

and has well developed columnar joints. Columns show 5 or 6 sides and most are straight, 

parallel and about 0.5 m in diameter. Contraction that accompanies cooling of hot volcanic 

deposits produces a variety of more or less regular joints (McPhie, 1993). Columnar structure 

is a product of thermal stresses during cooling of lava. Columnar joints divide the affected 

rocks into elongate prismatic columns. Cooling of the magma results in an increase in viscosity 
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and contraction. Once concentration overcomes the tensile strength, a joint is initiated and then 
propagated as a plane normal to the direction of contraction (Williams and McBimey, 1979). 
Columnar structures appear within a wide range of magma compositions (Fisher and 
Schmincke, 1984; McPhie et al., 1993). Dip directions and composition (sodic pyroxenes) of 
the flows indicate Mount Charles as eruptive source. The third group of lava flows at locality 3 
is a plagioclase basalt with well-developed columnar joints. Contacts to the underlying 
hyaloclastite seems to be irregular but close examination was not possible due to dangerous 

access. 
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PLATE 11 

General appearance of unit CRLT at Cape Saunders (GR 336 790) 

showing similarities in bedding, grain-size, and colour to the yellow 

crystal-rich tuff (CRT) at Mount Charles. Note the irregular, peperitic (P) 

upper contact to the overlying lava flow (stippled line). 

Breccia unit at Cape Saunders (GR 335 783) showing rounded pillow

shaped boulders (P) in a matrix of sand-grade hyaloclastite. Note the 

sandstone remnant (Sst) of the Waipuna Bay Formation in the middle of 

the photo above hammer. 

Breccia unit with pillows (P) and hyaloclastite (H) in contact with the 

lapilli tuff unit (LT). Hammer in the middle of the photo is about 40 cm. 

Overview of hyaloclastite breccia unit at Cape Saunders (GR 335 783). 

Outcrop is about 20 m thick. 

A blocky sideromelane glass shard from the hyaloclastite breccia unit 

containing abundant microlites of plagioclase and pyroxene. Opaque iron 

oxides appear throughout the thin section. 

f & g Photograph and line-drawing shows field relationship between Allans 

Beach (AB) overlain by Cape Saunders (CS) succession. Dark blobs are 

probably remnants of dykes or detached fragments from the dykes. Cliff 

is about 80 m high. 
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PLATE 11 

a b 



PLATE 12 

a & b Sandstone fragments dispersed within the hyaloclastite and also captured 

commonly within iron concretions (arrows). Line-drawing shows 

distribution of basaltic clasts (black) and sandstone clasts (grey) within 

the hyaloclastite (patterned). 

c 

d 

e 

Lapilli tuff unit at Cape Saunders (GR 335 783) with massive lower 

division (M) and well bedded upper division (B). The contact is marked 

with stippled black line. Note the dyke (D) shielding the lapilli tuff. 

Upper, finer-grained division (GR 335 783) formed by alternating fine

grained and coarse-grained beds, with well-defined and sharp bedding

contacts. 

Close-up of bedded division showing well developed bedding planes, 

parallel bedding with locally cross lamination (CL). Coin is about 2 cm in 

diameter. 

f & g Soft sediment deformation structures within lapilli tuff unit LT at Cape 

Saunders (GR 335 783), showing small coarse-grained tuff veins within 

the fine-grained beds. 
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6.5.9 Summary and eruptive history 

The eruptive history of the Cape Saunders area can be summarised as follows. The vent 

opened at Cape Saunders and produced pyrolhydroclastic ejecta during the vent-opening phase 

followed by deposition of eruption-fed density currents. The absence of abundant deep-seated 

country rock clasts indicates a shallow fragmentation locus. Basaltic clasts within the deposits 

may be disrupted dyke material or disrupted basaltic clasts from underlying unexposed lava 

flows. Pillows accompany the pyroclastic deposits and hyaloclastite, which suggests that 

eruption took place in a submarine setting. The apparently high gas content of the erupting 

magma, indicated by the highly vesiculated clasts forming the lapilli tuff, promoted the 

formation of a subaqueous eruption column due to effective ongoing bulk interaction steam 

explosivity driven by vigorous magmatic injections (termed by Thorarinsson (1967) and 

Kokelaar (1986): continuous up-rush). Deposition of the lapilli tuff occurred from turbulent 

density currents fed directly from the eruption column. 

The second volcanic event is marked by the formation of the hyaloclastite/pillow unit, 

due to interaction of lava flows with water, which may have erupted from subaquatic fissures. 

Pillow lavas, hyaloclastite and peperites provide evidence for non- or very mildly explosive 

volcanic activity. Thermal spalling of the pillow lavas and dykes generated the hyaloclastite 

accompanying the pillow lavas. Interaction of intruding dykes with the wet, early-formed 

hyaloclastite, and with sand of the W aipuna Bay Formation, led to the formation of peperites. 

Pillows and hyaloclastite within the vent formed as later dykes and/or lava flows 

intruded into the vent. These pillows and hyaloclastite are mingled with sandstones of the 

W aipuna Bay Formation, which are also locally incorporated in the pillows. This shows that the 

sandstones were still unconsolidated during the formation of pillows and hyaloclastite. This 

shows that there were no significant time gaps, which suggests that each unit be formed during 

the same time frame following the time sequence suggested above. However, sandstone 

fragments of the W aipuna Bay Formation within peperites and in the vent as well as sandstones 

within dykes and the correlation to a sea level highstand of the Vail (1981) sea level curve 

suggests eruption during Lillbumian time. 

The crystal rich lapilli tuffunit (CRLT) is correlated with products of an earlier eruption 

at Mount Charles (see above). 

Faulting occurred contemporaneously with sedimentation, or shortly after deposition of 

the sediments and hyaloclastite, and generated space for subsequent clastic dykes. 

Lava flows fmally covered most of the sequence. The uppermost lava flow, 

distinguished by the well developed columnar joints, most likely represents the first subaerial 

event in this region, though columnar joints can also form subaqueously (Fisher and 

Schmincke, 1984; Cas and Wright, 1988; McPhie et al., 1993). 
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6.6 PUDDINGSTONE ROCK 

Puddingstone Rock is located about 1 km NE of Cape Saunders (fig. 6.1). Outcrops are 
exposed near the present sea level. Pillows (basaltic), peperites and hyaloclastite, similar to 
Cape Saunders, mainly form the Puddingstone Rock succession. Other volcaniclastic units, 
which are overlain by hyaloclastite and pillows, form a minor part of the locality (plate 13). The 
sedimentary log (fig. 6.13) summarises the stratigraphy of volcaniclastic units. Below follows a 
brief description of the different units. 

6.6.1 Pillows (PB) 

This unit forms the base of the Puddingstone Rock sequence and is composed entirely 
by pillow-lava tubes several metres long (up 10 m) in outcrop and up to 2 m in diameter. 
Clearly visible are large lava tubes that are more- or -less all aligned NW -SE. Locally the 
pillows show spheroidal weathering crusts, with a solid core surrounded by rope-like lava 
(plate 13 a & b). The pillows are fairly uniform in size and shape. The tops of pillows are 
usually convex upward with more flattish, concave upward bottoms. Space between the pillows 
is occupied by hyaloclastite and in places by secondary minerals (zeolites, calcite, etc.) formed 
during alteration of the sideromelane glass (Fisher and Schmincke, 1984). The pillows 
themselves have thin skins composed of fresh brown clear glass (sideromelane). Vugs in the 
basalt are commonly filled with calcite. 

6. 6 .1.1 Interpretation 

As discussed in the Cape Saunders section, pillows are indicators of subaqueous non
explosive eruptions (Fisher and Schmincke, 1984). For more details on the formation of 
pillows see section 6.5.3 about Cape Saunders pillows. 

6.6.2 Hyaloclastite (H)/pillow breccia (PBr) 
The following unit is composed of hyaloclastite (H), which appears between the pillows 

but also as a thick unit above the other pyroclastic units LR and CRLT (fig. 6.13; plate 13 c & 
d). The hyaloclastite is formed almost entirely of glass-shards, which are strongly altered, and 
pillow fragments. Shards of basaltic glass (sideromelane) are accompanied by feldspars and 
large pyroxene crystals up to 1 cm. Locally they also contains abundant secondary minerals 
(zeolites, calcite) in small veins or vugs. The hyaloclastite unit is unstratified. Pillow fragments 
forming the pillow breccia (unit PBr) often occur below a lava flow in contact with a lapilli tuff 
(see below). 

6.6.2.1 Interpretation 

The presence of pillow rinds at Puddingstone Rock within this sequence records initial 
thermal quenching and fragmentation of effusive basalt (Williams and McBimey, 1979; Fisher 
and Schmincke, 1984; McPhie et al., 1993). Drastic chilling of fluid lava discharged onto the 



Chapter6 Central part of the Otago Peninsula 6-53 

sea floor and at shallow depths beneath it, or into rivers and lakes, or beneath glaciers, results 
in fragmentation to form a wide variety of fragmental rocks (Williams and McBimey, 1979; 
White, 1996b; Smellie and Hole, 1997). The pillow rinds are the result of thermal quenching of 
the hot lava surface with water-saturated sediment. The formation of hyaloclastite and pillow 
basalts is discussed above in sections 6.5.3 and 6.5.4. 

6.6.3 Lithic-rich lapilli tuff (LR) 

The first volcaniclastic unit comprises a lithic-rich lapilli tuff (unit LR) dipping at 

050110. It comprises mainly pumice, augite and feldspar crystals, lava clasts (coarsely 
porphyritic basalt), minor schist fragments and few quartz pebbles (plate 14e), similar to the 
coarse-grained part of unit LT at Cape Saunders. Cauliflower textured clasts are concentrated in 
some horizons and pumice has a woody texture. Clasts reach a size of up to 2 cm. Locally there 
are lenses or patches of coarser material. These lenses are up to few centimetres wide. Beds are 
inversely to normally graded, show local cross-stratification and are laterally continuous. 
Thickness of the beds ranges from 0.2-0.5 m. The total exposed thickness ranges between 0.5 
and 2 m. The lower contact of the lapilli tuff with the hyaloclastite unit is very irregular with 
clasts from both units mingled together. A sharp, shallow dipping discordant contact (plate 13c) 
to the overlying unit marks the upper surface. Locally there are small lava tongues covering 
parts of the lapilli tuff and associated with deformation of the underlying lapilli tuff beds. These 
beds have been pressed together and peperiticlhyaloclastitic structures developed at the tuff-lava 
contact, with pillow rind fragments in both units. The pillow-rind fragments and pillow 
fragments, up to 20 cm show strongly chilled and irregular margins. Former glass forming the 
up to 1-cm thick margins is yellowish due to hydration and alteration to clays. 

6.6.3.1 Interpretation 

Pillows and hyaloclastite accompany the lithic-rich lapilli tuff unit. A 20 m thick 
hyaloclastite/pillow unit overlies both lapilli tuff units (LR and CRLT see below), which 
indicates a subaqueous depositional environment. The normally graded and well-bedded 
character of this unit together with low angle cross-stratification records deposition from 
turbidity currents (Ta,c, Lowe, 1982). The reverse graded beds, on the other hand, suggest 
deposition by freezing of traction carpets from high concentration currents (Lowe, 1982). 
Generally the unit shares sedimentological features, such as grading, cross stratification, 
bedding and clast composition with the lapilli tuff (LT) at Cape Saunders below the lighthouse. 
The dip direction and dip of the beds suggests transportation from the south (Cape Saunders). It 
is therefore inferred to be the same unit as unit LT at Cape Saunders. The small overall 
thickness, compared to the thicker unit at Cape Saunders, may reflect a more distal part of the 
flows. On the other hand the reduced thickness could also be the result of erosion before 
deposition of the following unit. 
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The small lava flows forming the lava tongues must have been erupted and deposited 

not long after the deposition of the tuff, because formation of peperitic structures and pillow 

rinds requires a wet unconsolidated host sediment into which the hot lava intrudes. The 

formation of peperites is discussed in chapter 5. 

6.6.4 Crystal rich lapilli tuff (unit CRLT) 

The crystal-rich lapilli tuff consist of two parts, an upper and a lower part. The lower 

part consists of inversely graded beds, whereas the upper part is formed by normally graded 

beds, with beds becoming progressively thinner towards the top. Beds within this unit are very 

undulating but show good lateral continuity. Locally beds show low angle cross-stratification. 

The dip direction varies greatly due to the undulating bedding but generally measures 100115, 

which together with the geometry of the cross beds suggests transportation from the north

west. This unit overlies the previous unit with a sharp base (plate 13 c & d). Beds are disturbed 
in places by small-scale faults (usually normal faults). Total thickness is not more than 2 m. 

The lapilli tuff of this unit (CRLT) comprises a variety of clasts. Characteristic 
fragments are idiomorphic augite crystals up to 0.5 cm, locally as phenocrysts in strongly 

vesiculated volcanic clasts, commonly as free crystals. A few sedimentary clasts from 
underlying strata, quartz grains and schist (plate 13 f) are also present, together forming 5% of 

the rock. The clasts are subangular to subrounded and range in size from coarse ash to fine 
lapilli. Commonly the vesicular clasts tend to be subrounded. The pyroxenes are commonly 

concentrated in the coarser parts. Overall sorting is moderate. The clasts with the pyroxenes are 
inversely graded and are usually in the upper third of the beds. Locally larger clasts are 

imbricated, showing transportation from NW. 

6. 6. 4.1 Interpretation 

Pillows and hyaloclastite accompany lapilli tuff CRL T at Puddingstone Rock. A about 

20 m thick hyaloclastite/pillow unit overlies the lapilli tuff, which suggests also for this unit a 

subaqueous depositional setting. In addition well developed bedding as well as very low-angle 

cross-stratification typify parts of this unit, yet the thin beds show good lateral continuity over 

several meters. These features together suggest deposition from unchannelised, low 

concentration aqueous currents (Lowe, 1982). Inverse grading of beds in the lower part 

together with moderate sorting suggests intermittent traction carpet deposition (Lowe, 1982). 

The low thickness may suggest a distal part of a volcaniclastic succession. Dip 

directions and cross bedding suggest a source to theW or NW (Mount Charles). It might be 

correlated with the crystal-rich tuff from Mount Charles showing more individual clasts and 

sedimentological features because it is less hydrothermally affected (greater distance to vent). A 

characteristic feature of the yellow tuff is the abundance of free augite crystals in both units. At 
Mount Charles it seems that they are individual clasts but at Puddingstone Rock it is clear that 
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they are also present as phenocrysts in strongly vesiculated vitric clasts. These clasts are 

probably more altered at Mount Charles due to hydrothermal venting. 

6.6.5 Upper pillows (P)!hyaloclastite (H) 

Pillow lavas and hyaloclastite occur above unit LR (plate 13 c&d; plate 14). The pillows 
are strongly vesiculated and vesicles are commonly filled with calcite. Irregularly formed 
vesicles vary in size. Locally the basalt forms large pillows 2 m in diameter. The space below 
and above each pillow layer is occupied by hyaloclastite. The hyaloclastite comprises mainly 

sideromelane glass shards, pillow rind fragments and strongly vesiculated basalt fragments. 
Lava forming the pillows are marked by highly irregularity and brecciated clasts, which gives a 

stratified impression to the outcrop. Each pillow/hyaloclastite sequence is about 1-2 m thick. 

6.6.5.1 Interpretation 

Quenching of subaqueous lava flows apparently formed the hyaloclastite at 

Puddingstone Rock. The source of the lava is not known. Fragmentation of individual pillows 
led to the formation of vesiculated basaltic clasts and pillow-rinds (pillow hyaloclastite, Carlisle, 
1963). For more details on process see section on Cape Saunders above. 

6.6.6 Lava flow (LF) 

The uppermost unit is formed entirely of columnar jointed coarsely porphyritic basalt 
with a sharp lower contact. The preserved relicts of this colonnade basalt are about 4 m thick. 
Columns show 5 or 6 sides, but some have 3 or 4 and a few have 7 sides. Most columns are 
straight and parallel. The columns measure about 0.5 m in diameter. The basalt forming the 
column at Puddingstone Rock has been classified as plagioclase-augite-olivine-basalt (Benson, 
1969). 

6.6. 7 Dykes (D) 

Several dykes crosscut the whole area. They are predominantly fine-grained, are basaltic 
in composition and range in thickness from 20 cm to 1.5 m. They often show strongly chilled 
margins, and locally they are quite irregular, with little lobes, commonly with peperitic margins, 
penetrating the adjacent units (plate 13g; see also chap. 5). Several dykes with very irregular 

margins appear at the southern end of the accessible area. 

Some clastic dykes (plate 13 h & i) are also present, with variable widths pinching as 

described for the clastic dykes at Cape Saunders. These dykes cut the hyaloclastite unit H, and 

locally crosscut the lapilli tuff units. They range in thickness from 5 to 15 cm and are composed 

of sandstone from the Waipuna Bay Formation (like the ones at Cape Saunders). 

The basalt dykes and the clastic dykes show a NE-SW trend. Most likely, 
contemporaneous faults represent an early stage of differential vertical displacement (Eisbacher, 
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1970) trending north-easterly, which led to the development of north-easterly trending regional 

structures in the area. 
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6.6.8 Summary and eruptive history 

Beyond the accessible outcrop a high cliff exposes the full stratigraphy of this locality. 

The lithic-rich unit LR can be traced in the lower part of the cliff until the end of the cliff 
whereas the beds of the yellow unit CRL T continue with little changes in thickness in the upper 

part of the cliff. Right at the top of the cliff below the upper lava flow a yellow tuff unit 
appears, and can be readily correlated with the yellow crystal-rich tuff (unit CR) at the Cape 

Saunders site just on the other side of the cliff. 

A subaqueous setting is suggested by the presence of over- and underlying pillows and 
hyaloclastite. In addition, during the whole Miocene sea level was higher than present sea level 
according to Haq et al. (1988). Outcrops of the lapilli tuff units at Puddings tone Rock (and also 
Cape Saunders) are presently exposed near sea level (max. height 20 m), which also suggests 
an subaqueous setting. 

The eruptive history of the Puddings tone Rock area can be summarised as follows. The 
initial volcanic event was marked by the formation of the large pillows (P), due to interaction of 
lava flows with water. The pillows are accompanied by hyaloclastite. 

Subaqueous mass-flow deposits where laid down onto the pillows, one (unit CRLT) of 
which was derived from Mount Charles, and the other one (unit LR) of which derived from 
Cape Saunders. 

The hyaloclastite accompanying pillow lavas overlying the mass-flow deposits was 
generated due to thermal spalling of the pillows. Interaction of intruding dykes with the wet 
hyaloclastites and small lava flows with the lapilli tuff units led to the formation of the peperites. 

The last stage in the eruptive history of Puddingstone Rock was marked by eruption of a 
lava flow, which is preserved as a columnar jointed coarsely porphyritic basalt. There is either a 
time gap between the deposition of the pillows and the uppermost lava flow, which would mean 
that the columnar jointed lava formed subaerially or they have been formed subaqueous shortly 
after the deposition of the pillows. On the basis of the appearance of columnar jointed basalt a 
positive decision cannot be made since columnar jointed lavas occur in igneous bodies, in both 
subaerial and subaqueous environments (Fisher and Schmincke, 1984; McPhie et al., 1993). 
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6.7 PAPANUI INLET 

Papanui Inlet represents the northern border of the central Part of the Otago Peninsula. 

Figure 6.14 shows an air photo of the south-shore of Papanui Inlet and geological map with 

outcrops marked on the air photo. Several pyroclastic deposits have been identified, and they 
have been grouped into facies and facies associations. This grouping is based on observed 

volcanic textures, shapes of pyroclasts, sedimentary structures, and bed dip directions in each 
unit. Each association is related to an eruptive centre. The first association is located at the 

eastern end of the inlet right next to the ocean (fig. 6.14 ). A second one is found in the middle 
of the southern side of the Papanui Inlet (fig. 6.14) and a third one is related to Papanui Cone 

(fig. 6.14). The units are described and interpreted below. 

6. 7.1 Papanui Inlet explosion centre 1 

The pyroclastic and other volcanic units of this association comprise peperites, breccias 
and lapilli tuffs. The units crop out at the eastern end of Papanui Inlet on a steep hill up to an 
elevation of 60 m (vent 1; fig. 6.14). 

6. 7 .1.1 Peperites (P) 

Peperites form the base of the succession. The peperites (P) that occur at this location 
are type 1 peperites (see chap. 5). They formed due to interaction of magma with wet 
unconsolidated quartz sand from the Waipuna Bay Formation (for more details see chap. 5). 

6. 7 .1.2 Pyroclastic breccias (PyB) 

Two breccia units (PyB) are present in this locality. One (1) lies within the sequence and 
the other (2) shows steeply dipping contacts with adjacent units. Both breccias are poorly sorted 
and poorly graded, and both breccia (1) and breccia (2) have similar clasts population with large 
clasts up to 50 cm. Bomb sags are absent. Bedding is absent in breccia (1) and only slightly 
developed in breccia (2). The breccia also appears in the cliff of a cove north of Papanui Beach 
(fig. 6.14). The larger clasts are formed by augite-olivine basalt, and are supported in a brown 
vitric lapilli tuff matrix. The sideromelane glass is strongly altered to clays, and only locally 
preserved, which gives the brown colour to the whole sequence. Weathered material therefore 

is very sticky. The preserved glass shards are slightly vesicular with various vesicle sizes and 
some contain phenocrysts of plagioclase and pyroxene. Also present in the matrix are pyroxene 

and feldspar crystals up to 0.5 cm in size. Breccia (1) is formed of even larger clasts up to 1 m 

in diameter with the same composition as breccia (2) but has steep dipping contacts to breccia 

(2). 

6.7.1.2.1 Interpretation 
The breccia (1) has steeply dipping contacts to the adjacent units and is interpreted as an 

explosion breccia filling a vent. The relicts of sideromelane glass shards within the breccias 
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Fig. 6 L Airphoto with localities and geological map of Papanui Inlet; numbers at the side refer to New Zealand Map Grid Proj9~11 from topographic map 260 144 & J44 Dunedin. A. B, C, DJ and D2 refer to cross sections. 
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indicate interaction of magma with water during fragmentation. Basaltic clasts are believed to be 

juvenile because the same crystals are found in the matrix as free crystals and also in few of the 

preserved sideromelane glass shards. The lack of abundant country rock clasts suggests 

interaction with surface water rather than with ground water (Heiken, 1972, 1974; Lorenz, 

1975; White, 1996a). 

Due to the lack of clayey material, the debris flows, from which deposition of the 

massive breccia unit occurred, are inferred to have been cohesionless, with intergranular 

dispersive pressure acting as the main supporting mechanism (Bagnold, 1954; Lowe, 1976; 

Alien, 1982, 1985). The present clays in the deposit is inferred to have formed diagenetically by 

alteration of highly reactive volcaniclastic grains (Crandell and Waldron, 1956; Scott, 1988). 

Breccia (2) could have been deposited from mass flows that were generated by remobilization 

of explosion breccia near the vent. 

6. 7 .1.3 Lapilli tuff (unit LT) 

This unit comprises crudely normally graded and crudely bedded layers of tephra. 

Overall, sorting is poor. Bed thickness ranges from a few centimetres to tens of centimetres. 

Locally beds show tabular low angle cross stratification. Beds of this unit also appear in the 

cliff north ofPapanui Beach (fig. 6.14). 

The lapilli tuff consists of subangular volcanic clasts (augite-olivine-basalt), 

sideromelane glass shards, feldspar, olivine and augite crystals. Larger basaltic clasts, up to 10, 

cm are dispersed throughout the beds, without any impact structures. The clasts are supported 

in a green-brown vitric tuff matrix. Sideromelane glass shards contain microlites of plagioclase 

and locally phenocrysts of pyroxene and commonly the shards show bubble wall texture (see 

appendix 3 plate glass 2). 

6.7.1.3.1 Interpretation 
Current indicators, such as cross stratification, together with crude bedding and grading, as 

well as poor sorting, are a result of rapid deposition from high particle concentration in poorly 

expanded flows (Sparks, 1976). Normal grading of lithics indicate a changing lithic supply to 

the depositional boundary layer, due to waning flow and possible also due to decreased lithic 

supply from conduits (Branney and Kokelaar, 1992). Bedding and sorting characters of this 

unit reflect mainly the depositional process in the dense basal parts of the flow, and only to a 

lesser extent the transport process of the entire flow. The deposits are inferred to be primary 

rather than reworked on the bases of the shape of the clasts in the deposit together with the high 

amount of sideromelane glass shards. However, the flow from which deposition of the lapilli 

tuff occurred may have been generated directly from an eruption column or alternatively from 

the debris flow (from which deposition ofbreccia (2) occurred; see above) due to incorporation 

of abundant water. The association with the peperites and overall appearance of the tuff as well 

as the field correlation with the breccia units suggests that deposition took place in a submarine 

environment. A submarine depositional environment is inferred for this unit on the basis of its 
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stratigraphic position (see cross-sections page xx). In addition, indicators for subaerial 
emplacement are lacking, which supports this interpretation. 

6. 7 .1.4 Lava flows 

The previously described units are overlain by a lava flow, which caps the hill and was 
classified as olivine basalt by Benson (1969). 

6. 7.2 Papanui Inlet explosion centre 2 

The second eruptive centre is located at the site of a prominent conical hill, named 
Papanui Cone (vent 2; fig. 6.14). A volcaniclastic unit inferred to form part of the tuff ring that 
partly surrounds this centre, is described from a 20 m high outcrop. The sedimentological 
features, as well as different dip directions of the beds within the unit, are described and 
interpreted below. A summary is given in fig. 6.15. 

6. 7 .2.1 Lapilli tuff (unit LT 1) 

Unit LT comprises a well-bedded lapilli tuff (plate 15 a & b). Clasts forming the lapilli 
tuff comprise coarsely porphyritic basalt, fine-grained basalt, pyroxene, feldspar and pyroxene 
crystals and glass shards (sideromelane and tachylite). Volcanic clasts are usually non-vesicular 
to slightly vesicular. 

The exposed thickness of lapilli tuff is about 20 m. The unit consists of alternating 
coarse-grained and fine-grained layers, of which the coarse-grained beds are usually the thicker. 
Bed thickness ranges from 5-30 cm but most of the thickest beds only occur in the lower part of 
the outcrop. Rare fine tuff-beds are a few millimetres thick (plate 15 b). The laminated tuff beds 
are sequences of thinly laminated silt and fine sand grade tuffs. Locally beds show very low 
angle cross stratification. Beds dip radially outwards from Papanui Cone. Coarse-grained beds 
forming this unit are massive to normally graded and moderately sorted. These layers are very 
rich in pyroxene crystals, often idiomorphic and up to 1 cm, which are concentrated in specific 
beds or lenses that show an open framework structure. Larger clasts are generally concentrated 
in the middle of each bed. The matrix is dirty brown and formed by vitric tuff comprising 
sideromelane glass shards, pyroxenes and broken feldspars. The glass in the matrix is strongly 
palagonitised. 

Lapilli tuff of this kind is widely distributed in the region (fig. 6.14) with good outcrops 
along Cape Saunders Road. Less well exposed is the lapilli tuff westwards along the inlet, 

where only an abundance of large boulders along the coast indicates its presence. 

6. 7 .2.1.1 Interpretation 
This unit is characterised by alternating fine-grained and coarse-grained beds locally 

showing very low angle cross-stratification. These beds are interpreted as having been 
deposited subaerially from base surges. Typical of base surge deposits are fine-grained tuff-
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beds (Fisher and Schmincke, 1984; Cas and Wright, 1988) such as present within the lapilli 

tuff at Papanui Inlet. These tuff layers may represent air-fall deposits or dilute flow deposits 

from the tail of a base surge. Many base surges form thin-bedded plane-parallel sequences that 

resemble air-fall layers (Fisher and Waters, 1970). The coarseness of some beds suggests 

emplacement by high-energy flow process (Schmincke et al., 1973). The abundant non

vesicular basaltic clasts indicate fragmentation of already degassed magma (Fisher and 

Schmincke, 1984) or fragments of underlying lava. Lack of pre-volcanic sedimentary clasts 

within the deposits indicate a shallow explosion locus in the basalt, indicated by the presence of 

abundant exotic basaltic clasts. The water level must have been very low to allow the eruption 

column to breach water surface, which is indicated by the presence of abundant tachylite in the 

lapilli tuff (White, 1991b). Phreatomagmatic eruptions generated by interaction of magma and 

water generated base surges from which the lapilli tuff was deposited. Lack of accretionary 

lapilli indicate a dry eruption column (e.g. Wohletz, 1983). The exposed lapilli tuff was 

deposited about 500 m from the vent and represents the medial sequence of the base surge 

deposits around Papanui Cone. 

6. 7.3 Papanui Inlet explosion centre 3 

The third explosion centre at Papanui Inlet is located north of Papanui Cone (vent 3; fig. 

6.14). Several eruptive phases comprising variable eruptive styles are inferred. Eruptive styles 

ranged from phreatomagmatic to Strombolian eruptions. The sedimentological features of the 

units and the interpretations are discussed below. A summary is given in fig. 6.16. 

6. 7 .3.1 Massive lapilli tuff (MLT) 

This unit comprises a structureless block-bearing lapilli tuff (fig. 6.16). The unit is 

disorganised, matrix supported and massive without any internal structures. Larger clasts are 

dispersed throughout the unit. The poorly sorted block-bearing lapilli tuff contains larger clasts 

up to 15 cm, which are dispersed throughout the unit. One bomb sag was found. The clast 

composition is similar to that of unit DBLT (see below) with idiomorphic and broken feldspar 

crystals, glass shards (sideromelane and tachylite), few mudstone clast (probably Bumside 

Mudstone or Abbotsford Mudstone; see chap. 1), older tuff and coarse- and fine-grained basalt. 

The clasts are supported in a vitric matrix, which is strongly altered. 

6. 7 .3.1.1 Interpretation 
The poor sorting and massive texture characteristic of the lapilli tuff are typical of dense 

poorly expanded pyroclastic flows (Wilson, 1980a; Fisher et al., 1983) that were generated by 

blasts of tephra-rich material cleared from the vent similar as described by Wohletz & Sheridan 

(1983). Pyroclastic flow deposits can include structures similar to those described from 

cohesive debris flows (Fisher, 1983) such as outsized clasts. Lack of welded pyroclasts implies 

deposition from relatively cool tephra. Sag structures, which are common in subaerial near-vent 
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deposits argue against deposition in a subaqueous environment. Deposition from debris flows 

is less likely because features indicative of debris flow deposits such as isolated fragments 

floating at the top of the beds as well as a high clay content are lacking. 

The unit also may be interpreted as "vent-clearing" lapilli tuff breccia that has been 

deposited from high-flux fall from which clasts settled straight through air. 

The presence of sideromelane indicates a hydromagmatic origin (Heiken, 1972; Heiken, 

1974; Lorenz, 1975) but the presence of abundant tachylite may indicate a subaerial eruption 

and therefore interaction of magma with ground water. This is also supported by the presence 

of clasts (Bumside Mudstone or Abbotsford Mudstone, see chap. 1) from pre-eruptive 

sedimentary strata and older basalt lava clasts that indicates a certain amount of quarrying during 

eruption. 

6. 7 .3.2 Dune-bedded lapilli tuff (unit DBLT) 

The youngest pyroclastic material erupted from this centre formed a well-stratified, 

dune-bedded lapilli tuff, comprising alternating coarse-grained and fine-grained layers (figs. 

6.16; plate 15 c&d). Bedding planes are well defined by grain-size variations, and dune 

structures are characteristic. Wave length of the dunes ranges between 0.3 and 2 m, whereas 

wave height ranges between 10 and 30 cm (plate 15 c&d). Transportation from west to east is 

indicated, which suggests vent 3 (fig. 6.14) as the eruptive centre. Plots of wavelength versus 

wave height are comparable to plots of the Ubehebe dunes published by Crowe & Fisher 

(1973). 

Average grain-size of this lapilli tuff is smaller than that of the lapilli tuff ML T described 

above. Layers are composed of idiomorphic and broken feldspar crystals, glass shards 

(sideromelane and tachylite ), a few mudstone clast (Bumside or Abbotsford Mudstone , see 

chap. 1), quartz-pebbles, tuff and coarse- and fine-grained basalt. Microfossils in the 

sedimenatry clasts are lacking. The basaltic clasts commonly show a tachylitic groundmass. 

Clasts are usually subangular to angular but mudstone clasts are always rounded. The matrix of 

most lava clasts is vitric and black but partly red iron-stained. Sideromelane glass shards are 

slightly to strongly vesiculated, platy or cuspate and contain a large amount of plagioclase 

rnicrolites. The clasts are supported in a vitric tuff matrix composed of sideromelane and 

tachylite (plate 15 e-g). Sideromelane glass shards are generally highly altered and red iron 

stained. 

6. 7 .3.2.1 Interpretation 
The unit described above is characterised by good bedding and well-developed stoss-

preserved dune structures. Both are typical of base surge deposits. The dunes are of type N 

(after Schmincke et al., 1973), formed at flow energies probably within the antidune phase of 

flows, which requires lower energy from initial eruptions than do dunes of type I and type II 

(found at Laacher See, Germany, Schmincke et al., 1973). Dune asymmetries indicate 
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transportation from north to south, which may imply that vent 3 (fig. 6.14) was the eruptive 

centre. 

Sideromelane glass shards in the deposits indicate interaction with water during 

fragmentation and the presence of clasts from pre-eruptive strata indicates a certain amount of 

quarrying during eruption, which may suggest an interaction of magma with ground-water 

rather than with surface-water. Deposits of this unit are finer- grained than those of unit MLT, 

which may suggest that either the dune-bedded lapilli tuff represents a distal facies or 

fragmentation was more efficient. The latter is favoured if eruptive centre is vent 3. 

Considering that unit MLT and unit DBLT erupted from the same vent (vent 3; fig. 

6.14), the different depositional features may be explained by an increased proportion of 

superheated steam, which led to a better inflation of the eruption column and more efficient 

fragmentation (Reid, 1976; Wohletz, 1983), resulting in transformation from pyroclastic flows 

to base surge, from which deposition of unit DBLT occurred. 

6. 7 .3.3 Strombolian deposits (unit StD) 

An outcrop of strombolian deposits is present next to a prominent phonolite dyke (plate 

16 a&b ), which is slightly irregular and about 2 m thick. The dyke shows well-developed 

horizontal columnar joints. A view from south to north is shown in plate 16 a & b and from 

west to east in plate 16c. The tephra behind the dyke is strongly hydrothermally altered. The 

lower part of the outcrop behind the dyke exposes approximately 5 m of crystal-rich tuff. The 

basaltic tuff comprises sideromelane glass shards, broken feldspar crystals and opaque glassy 

clasts. Except for a few quartz grains, lithic clasts are absent. Sorting is relatively good. 

Deposits comprising elongate and aligned spatter clasts overlie the tuff. The spatter 

clasts are less vesiculated than the scoria clasts accompanying the Strombolian deposits, but are 

also basaltic in composition. Space between the spatter clasts is occupied by brownish muddy

looking material, probably altered tuff. Lava layers in the spatter sequence are discontinuous 

and brecciated, appearing as slabby blocks of dense lava. The red coloured lava and tuff (plate 

16 d & e) is distributed around explosion centre 3 (fig. 6.14) and is distinct from the other 

deposits due to the red colour. Strongly altered lava found south of the eruptive centre contains 

large idiomorphic pyroxene crystals up to 3 cm. 

Boulders at the beach are red (plate 16 d&e). These boulders consist of crystal-rich, 

vitric tuff with larger scoria clasts. The scoriae are formed of tachylite, crystals of feldspar and 

pyroxene. The tuff is fine-grained (plate 16 d&e), normally graded, and bedded, whereas the 

scoria clasts within the tuff are irregular in shape and strongly vesicular (plate 16 d&e). The 

basalt forming the scoriae is coarsely porphyritic and contains large augites up to 2 cm. Locally 

the bedding of the tuff is distorted around the scoria clasts (plate 16e). 

6. 7 .3.3.1 Interpretation 
The red scoria deposit most closely resembles Strombolian deposits of a scoria cone 

(Walker and Croasdale, 1972; Walker, 1973). Scoria cones are piles of coarse-grained, 
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vesicular pyroclastic debris that form during relatively slow eruption of slightly gas-charged 

magma (Houghton and 

Schmincke, 1989; White, 

1991 a; Mangan and 

A Cashman, 1996) . 
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The fine-grained 

laminated red tuff was 

also generated during 

Strombolian magmatic 

explosions but makes up 

a very small proportion 

of the total erupted 

material. Strombolian 

eruptions are mainly the 

result of intermittent 

bursting of large bubbles 

or groups of bubbles at 

the top of the magma 

column in an open 

conduit (Walker and 

Croasdale, 1972; 

Wilson, 1980b; 

Houghton and Hackett, 1984). The type volcano of Stromboli, Italy, is in a stage of continuous 

activity. Since Roman times, Strombolian eruptions have occurred at intervals of minutes to 

hours from an open column of lava (Sparks, 1978). Gas exsolution creates bubbles, which can 

rise through the magma and coalesce to sizes up to 10 m (fig. 6.17, Wilson, 1980b). This 

eruption style is restricted to low-viscosity magma, typically of basaltic composition (McPhie, 

1993). Ash is produced only in minor amounts since fragmentation is not very efficient. Fine

grained tuffs, like the fine-grained red tuff at Papanui Inlet, may also be generated by 

hydrovolcanic episodes (Houghton and Hackett, 1984; Houghton and Schmincke, 1986). 

Experimental studies of magma-water interactions show the ubiquitous formation of fine shards 

during explosive interaction of magma with water (W ohletz, 1983; Zimanowski and Froehlich, 

1991; Zimanowski et al., 1997). 

A convecting eruption cloud may have formed above the vent (ea. 100-300m in height, 

Head and Wilson, 1989; Houghton and Schmincke, 1989) and widely dispersed entrained fine 

material, but most of the coarser pyroclastic material (and some tuft) was deposited close to the 

vent and built a cone. The tuff, which did not drift away, settled slower than coarser material 

between individual Strombolian bursts and characteristically these tuff deposits pinch out 

laterally (Head and Wilson, 1989; Houghton and Schmincke, 1989). The Strombolian scoria 
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from the next burst disturbed the fine-grained beds. Deposits of Hawaiian lava fountains that 

produced spatter deposits and even clasto-genic lava flows mark the latest stage of volcanic 

activity from this vent. The slabby blocks of dense lava may also have formed during 

Strombolian eruption in the case where a crust has developed on the lava surface by cooling 

(fig. 6.17), or they formed during a fountaining eruption. Fountaining eruptions involve steady 

rather than intermittent discharge, but are otherwise similar to Strombolian eruptions (McPhie, 

1993). They are also confined to low-viscosity lava (Head and Wilson, 1989; Houghton and 

Schmincke, 1989), and they usually form spatter deposits near to the vent. In sustained 

eruptions they may coalesce to form fountain-fed lava flows (McPhie, 1993). At Papanui Inlet 

the scoria-cone-forming-activity followed the initially phreatomagmatic explosions within the 

previous tuff ring (see section 6.7.3.1 & 6.7.3.2). Finally during a third phase of activity, 

fountain-fed lava flows and spatters built up a cone. 
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PLATE 15 

Well-bedded lapilli tuffunit LT at Papanui Inlet (GR 326 818). Note the 

abundant pyroxene crystals (black spots). Knife is about 10 cm. 

Unit LT (GR 326 818) showing low angle cross stratification in the 

lowerpart of the photov(stippled lines). Hammer is about 40 cm. 

Well stratified, bedded lapilli tuff unit DBLT at Papanui Inlet (GR 333 

821). Note low angle cross bedding. 

Dunes of type I and type II (after Schmincke et al. 1973) within unit 

DBLT. Transportation direction from right to left (W to E). 

Photomicrographs of unit DBLT. Note the abundant tachylite (T) next to 

sideromelane (S) and the abundant crystals of feldspar (F), and quartz 

(Q). 
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Plate 16 

Overview photo of eruption. centre 3 (vent 3) at Papanui Inlet (GR 333 

820). Note the prominent phonolite dyke (P) holding up the cliff 

View from west over eruption centre 3 at Papanui Inlet. Note the distinct 

morphology of the preserved vent-filling spatter deposits. 

Boulders at the beach (vent 3) showing fine-grained bedded red tuff unit 

at Papanui Inlet. 

Tuffbeds heavily deformed beneath spatter clasts. 
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6. 7.4 Summary and eruptive history 

The eruptive history of the Papanui Inlet area can be summarised as followed. The 

oldest deposits are those erupted from eruptive centre 1 (fig. 6.18). These deposits formed 
during the third stage of the eruptive history of the middle part of the Peninsula and were laid 
down in a shelf environment during the Lillburnian stage (stratigraphic column see chap. 1). 
There must have been a significant time gap (fig. 6.18; time of erosion) between the first 

submarine eruption and the subaerial eruptions. Most of the Strombolian and base surge 
deposits are located near the present sea level, which suggest that sea level must have fallen to a 
height comparable to the present sea level, or even below to allow these typical subaerial 

deposits to form. Eruption probably took place time equivalent to eruptions from the eastern 
Allans Beach vent (see section 6.3.7), which also formed typical base surge deposits. 

The next eruption took place, during lower Waiauan time (relative low sea level), 
onshore driven by phreatomagmatic explosions. The lapilli tuff around the explosion centre 2 
was deposited from wet base surges. A longer period of quiescence followed (through almost 
all of the Waiauan) during which erosion reshaped the landscape (fig. 6.19a). 

Violent phreatomagmatic eruptions ejected tephra, which was deposited in a tuff ring 
around explosion centre 3 during the next eruptive stage at Papanui Inlet. Base surge deposits at 

Papanui Inlet are characteristically well bedded and dune-bedded (fig. 6.19b ). 

The final eruptive stage at Papanui Inlet is marked by the Strombolian spatter deposits, 
which were sourced from the reactivated explosion centre 2. The area finally was eroded and 
covered by a lava flow from Mount Charles (fig. 6.8). A cross section from west to east shows 
the present situation with erosion surfaces (fig. 6.19). 
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6.8 PAPANUI BEACH 

At Papanui Beach three major volcaniclastic/volcanic units crop out along the beach (fig. 

6.20; 6.21). One outcrop is located at the southern end ofPapanui Beach and the other outcrops 

are in the centre of the beach. Most of the deposits are strongly altered. A brief description and 

interpretation of the deposits is given below. 

6.8.1 Lava flow/hyaloclastite/peperite 

The southern end of the beach exposes a strongly altered basalt-hyaloclastite unit 

overlying a peperite unit (fig. 6.20). The blocky glass shards (tuff size) filling the space 

between the lava are strongly hydrated, giving the whole unit a brown appearance. Commonly 

the glass shards are non- to poorly vesicular. The coarsely porphyritic basalt with chilled 

margins is very hard. There are large (up to 3 m in diameter) holes and cavities within the 

outcrop. This area is strongly iron-stained, with thick crust of hard and brown material. 

The base of the outcrop exposes type 1 peperites (chap. 5). These peperites formed by 

interaction of coarsely porphyritic basalt with wet sands of the Waipuna Bay Formation (see 

chap. 5 for more details on peperite forming process). 

The uppermost unit on this side of the beach is composed of yellow, strongly altered 

tuff (fig. 6.20). The tuff contains large pyroxene crystals and is yellow in colour. No 

sedimentary structures are apparent. A similar yellow tuff also crops out in an outcrop in the 

centre of the beach. 

6.8.1.1 Interpretation 

Hyaloclastite form due to non-explosive fragmentation as a result of magma/water 

interaction (as discussed already above). The specific characteristics of this hyaloclastite 

suggests fragmentation of coarsely porphyritic basaltic lava flow or sills. The uppermost yellow 

tuff is inferred to be the same as the crystal-rich tuff CRLT at Mount Charles, Puddingstone 

Rock and Cape Saunders. However, alteration is extensive and correlation is only based on the 

basis of colour and the high content of idiomorphic pyroxene crystals. 

6.8.2 Crystal-rich lapilli tuff (unit CRLT) 

The crystal-rich lapilli tuff at the base of the outcrop in the middle part of the beach (fig. 

6.20; 6.21) is well bedded and sorted, with augite crystals up to 1 cm set in a lapilli tuff. Beds 

are planar, slightly undulating, and up to 15 cm thick. Lapilli comprise pyroxene, feldspar, 

altered glass-shards, and pumice clasts, the latter having augite phenocrysts similar to the free 

crystals. Beds dip gently (010/15) away from Mount Charles. 

The unit commonly is strongly altered, with pyroxene crystals often very loose in the 

sediment. Similar bedding features, overall appearance and transportation direction, consistent 

with a Mount Charles source, allow correlation with the crystal-rich tuff of Mount Charles. 
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Figure 6.21 Geological map of Papanui Beach; numbers at the side refer to New Zealand Map 

Grid Projection from topographic map 260 144 & J44 Dunedin. 
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6.8.3 Lava flows 

The crystal-rich tuff and the overlying lapilli tuff breccia are separated by a thin lava 

flow (augite-olivine basalt). Other lava flows which cap the sequence comprise a fine-grained 

basaltic lava flow and a trachytoid phonolite without cossyrite (Benson, 1969). 

6.8.4 Brecciallapilli tuff breccia (unit LTBIBTL) 

This unit (LTB) is formed by two subunits a structureless basalt breccia (fig. 6.21) and 

a bedded lapilli tuff (BLT). The basal subunit is strongly altered and comprises mainly basaltic 

(augite-olivine-basalt) blocks, which are supported in a dirty yellowish-brown matrix. The 

matrix is yellowish-brown formed probably by altered vitric tuff. 

The uppermost part is composed of a lapilli tuff (BL T) with alternating thick bedded and 

thin-bedded zones. These layers are faintly bedded and crudely normally graded. Bed thickness 

ranges from a few centimetres to tens of centimetres. 

Both subunits consist only of basaltic volcanic clasts (augite-olivine-basalt), large 

pyroxene crystals up to 1 cm, feldspar crystals, and relicts of sideromelane. Sideromelane glass 

shards are heavily palagonitised but vesicle outlines are well preserved. Vesiculation is 

estimated at 20%. Vesicles vary strongly in size. Larger fragments are imbricated and indicate 

transportation from north to south. The large clasts reach a size up to 15 cm in the lower part 

(subunit 1) but are on average 3 cm in diameter in the upper part (subunit 2). 

6.8.4.1 Interpretation 

This unit is characterised by crude bedding and grading as well as poor to moderate 

sorting, which are consistent with rapid deposition from high-concentration depositional 

boundary layers or poorly expanded high particle concentration (Sparks, 1976). Normal 

grading of lithic fragments indicates a changing lithic supply to the depositional boundary layer, 

due to waning flow and possibly also due to decreased lithic fragment supply from the conduit 

(Branney and Kokelaar, 1992). 

The southwards dip of the beds together with the imbricated clasts, indicates an eruptive 

source to the north. The association with peperites and overall appearance of the tuff, as well as 

similar sedimentological features and clast compositions suggest that this unit is probably part 

of the tuff ring associated with Papanui Inlet explosion centre 1 (see above). However, 

alteration is extensive and this correlation based on colour, composition and sedimentological 

features (grading, bedding), remains tentative. 

6.8.5 Mingled basalt and trachyte/phonolite 

At the northern end of the beach there is a zone of basalt mingled with trachyte/phonolite 

(fig. 6.20). The outcrop is isolated on the beach and contacts with other units are not apparent. 

Dykes of different composition are disorganised, mixed with interpenetrating streaks such that 
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core and flank cannot be distinguished. The phonolite dyke has very irregular margins and a 

gradational contact in centimetre scale to the basalt. Magma mingling is discussed in more detail 

above (see section 6.3.8.5). 

6.8.6 Summary 

The oldest volcanic rocks at Papanui Beach are peperites and the hyaloclastite, each of 

which formed due to interaction of magma, wet sediment and/or water. 

Deposition of the yellow crystal-rich tuff, which erupted from Mount Charles during 

Lillbumian time, followed. 

After emplacement of a small lava flow, overlying the crystal-rich tuff, the second lapilli 

tuff was laid down. The lapilli tuff has been correlated with the products that erupted from 

Papanui Inlet eruptive centre 1. It was deposited subaqueously also during Lillbumian time. 

Timing of magma mingling processes are uncertain because the complex crops out in 

isolation at the beach without contacts to other units and dyke interaction could have happened 

at any time during the development of the peninsula volcanic succession. It is likely that the 

emplacement of the phonolite dyke (timing of mingling process) occurred during a late stage of 

volcanic activity, when abundant other phonolite dykes (see chap. 7 and map in back pocket) 

were emplaced on the Otago Peninsula (upper Waiauan). 

Finally the area was covered by lava flows after an uncertain period of erosion. 

Erosional surfaces are indicated locally by unconformable relations with overlying lava flows 

and gullies that cut into older sequences. 
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6.9 VARLEYS HILL 

V arleys Hill is located at a narrow neck of the central part of the Peninsula. V arleys Hill, 

a syenite dome, has arched up the pre-volcanic sedimentary rocks, which are now exposed as 
inliers. Subsequent dyke intrusion and faulting caused more deformation of the rocks at V arleys 

Hill. The marine sedimentary rocks (sandstones and carbonates) that crop out at Varleys Hill are 

discussed in chapter 2. The volcanic and volcaniclastic units are described and interpreted 
below. A geological map of the V arleys Hill area and description of the sedimentary rocks are 
provided in chapter 2. 

6.9.1 Yellow lapilli tuff (YLT) 

The yellow lapilli tuff at V arleys Hill is generally very altered and hard. It commonly 
shows very distinct brown iron oxide banding. The appearance is very similar to that of the 
yellow tuff that crops out around Hoopers Inlet, Papanui Inlet, Lovers Leap (see chap. 7), 
coastline at Turnbulls Bay (see chap. 7), and at the base of Mount Charles. It mainly comprises 
pumice. At a few places sedimentary structures are preserved, including bedding and normally 
grading. Locally the lapilli tuff is overlain by sedimentary rocks of the Waipuna Bay Formation 
(sandstone, limestone, rudstone; see chap. 2). The exposed maximum thickness of the Waipuna 
Bay Formation rocks is about 8 m. Another yellowish tuff overlies the W aipuna Bay Formation 
sequence at V arleys Hill, which indicates that there was more than one eruption at V arleys Hill 
and that there was a substantial time break between these eruptions. 

6.9.1.1 Interpretation 

The lapilli tuff unit at V arleys Hill is herein correlated with pumiceous lapilli tuffs 
around Hoopers Inlet and elsewhere and is inferred to have been erupted from a vent in 
Hoopers Inlet (see chap. 7). Overlying rocks of the Waipuna Bay Formation indicate a 
submarine deposition of the underlying lapilli tuff during the Lillburnian stage (or even earlier). 
The overlying lapilli tuff is herein correlated with lapilli tuff that erupted during a second 
eruptive stage at Hoopers Inlet (see chap. 7), which erupted much later (Waiauan). 

6.9.2 Lava flow/dykes 

The lava flows at V arleys Hill are mostly basaltic in composition. Outcrops are rare but 
a small quarry NW of Varleys Hill (see map chap. 2) shows a good example. At the Allans 

Beach Road a few metres east of the Hoopers Inlet Hall another small quarry exposes a basaltic 

dyke about 5 m in thickness. Other, thinner, basaltic dykes are exposed in a valley between 
Varleys Hill and the basalt quarry NW of Varleys Hill (see map chap. 2). These dykes are 

commonly augite olivine basalts. This valley is inferred to follow a fault trending NE/SW. A 

plagioclase basalt flow tops the hill above the sandstone outcrop. 

Other dykes, of phonolitic composition, crop out at the Allans Beach Road (see map 
chap. 2) and near the Hoopers Inlet Hall. They are either very fine-grained aphanitic or coarse-
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grained with trachytic texture. Commonly the phonolite dykes are very hard and dark green, or 

with a creamy colour on weathered surfaces. The creamy colour probably developed due to 

leaching of mafic minerals during weathering. 

6.9.3 Syenite 

A small syenite dome is the dominant unit at V arleys Hill. The syenite is a mesocratic, 

holocrystalline, and porphyritic rock with amphiboles and nepheline phenocrysts in an aphanitic 

groundmass. Cavities are commonly occupied by white zeolites. Contacts with other units are 
not exposed. Mapping is based on the present morphology. 

6.9.4 Summary 

The eruptive history of the Varleys Hill area can be summarised as follows. Initial 
submarine eruption from a vent inferred to lie in Hoopers Inlet led to the formation and 
submarine deposition of the pumiceous yellow tuff at V arleys Hill and elsewhere. Accumulation 
of at least 8 m sands tones and limestones formed the W aipuna Bay Formation. This period 
represents hiatus in volcanic activity. 

A second eruptive phase at Hoopers Inlet led to the formation of the overlying 
pumiceous lapilli tuff at V arleys Hill and elsewhere, which finally was covered by lava flows. 

A syenite dome subsequently arched up the pre-volcanic sediments, probably time 
equivalent to other phonolitic dome intrusions during the final stage of volcanic activity on the 
Otago Peninsula. Subsequent faulting and dyke intrusion occurred initiated by the dome 
emplacement, which is indicated by the pattern of dykes and faults around the dome (see chap. 
2; fig. 2.2). 

However, timing of lava flow eruptions and dome intrusion is uncertain. These events 
could have taken place a long time after the deposition of the tuff unit. Peperitic structures that 
would indicate a contemporaneous eruption are not observed suggesting quite a long time gap 
between the events. 
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6.10 ERUPTIVE HISTORY OF THE CENTRAL PART OF THE PENINSULA 

This part of the Otago Peninsula records eruption of melts of bimodal compositions, and 

a change of submarine eruptions to subaerial ones. Subaqueous eruptions took place over a 

long period, and includes both explosive and effusive eruptions. Relative ages of single 

eruptions (fig. 6.22) have been established on the basis of pre-volcanic clasts within vent 

breccias and lapilli tuffs, as well as sandstone forming peperites along contacts with intruding 

magma. Subaqueous events, and the transition to subaerial conditions, and the stratigraphic 

relationships among the volcanic units can be correlated to Haq et al. (1988) sea level for 

Miocene time. This correlation offers a way to temporally place variations in relative time and 

sea level arising from facies analysis and lithostratigraphic mapping. The eruptive history 

inferred from this interactive cross matching is summarised in a step by step view of the Central 

Peninsula's evolution 

6.10.1 Map 1 (fig. 6.23) 

The initial eruptive activity was hydromagmatic, and formed the basaltic successions at 

Allans Beach (fig. 6.23). The vent breccia of this succession at Allans Beach contains 

sandstone clasts that most closely resemble the Caversham Sandstone. This sandstone is 

inferred to have been deposited in a shelf environment (inner shelf). Clasts from pre-volcanic 

strata other than Caversham Sandstone have not been found, suggesting that sediments (e.g. 

Waipuna Bay Formation, see chap. 1) overlying the Caversham Sandstone had not been 

deposited at the time. This leads to the interpretation that eruption took place in a shallow water 

environment at about 16 Ma (upper Altonian). 

6.10.2 Map 2 (fig. 6.24) 

The next volcanic activity at this part on the Otago Peninsula was a major eruptive stage, 

during which mainly hydromagmatic phonolitic eruptions took place, followed by the first 

basaltic lava flow in this area. At Allans Beach a phonolitic pumice mound was formed closely 

followed by the emplacement of Cape Saunders and Hoopers Inlet tuff. These volcanic 

successions were erupted and deposited in deeper water. At Allans Beach this has been 

established by features of the deposit itself (see appendix 2) and contact relations to the 

hyaloclastite unit from Cape Saunders overlying the Allans Beach succession; at Hoopers Inlet 

by interbedded carbonates and sandstone from the Waipuna Bay Formation (see chap. 4); at 

Cape Saunders by the association with pillows and hyaloclastite. As shown in fig. 6.22 sea 

level (Haq et al., 1988) rose from Altonian to Lillbumian (highest sea level in Miocene ), which 

is consistent with deep-water eruptions at this stage of the Dunedin Volcanic Complex. 

These eruptions were closely followed by the first hydromagmatic activity at Mount 

Charles, which led to the formation of the crystal-rich lapilli tuff CRLT. Basaltic lava flows 

mark the closing stage of explosive phonolitic eruption at this part of the Peninsula. 
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An increase in effusive basaltic eruptions followed the explosive phonolitic eruptions, as 

shown by the presence of widespread pillow basalts, hyaloclastite and peperites (Cape 

Saunders, Puddingstone Rock, and Papanui Inlet). 

6.10.3 Map 3 (fig. 6.25) 

During this stage basaltic explosive eruptions that took place at the middle part of the 

Peninsula mark a change in composition from phonolite to basalt. At Mount Charles Surtseyan 

eruptions initiated a submarine volcanic edifice that grew above sea level. At Papanui Inlet 

(explosive centre 1) submarine explosive basaltic eruptions occurred and formed a small 

submarine volcano. At Mount Charles submarine emplaced primary deposits occur at an 

elevation of up to 120 m, which indicates that sea level was relative high at this time, 

considering absence of any volcanic uplift or subsidence. Correlation to the sea level curve 

suggests eruption and deposition during Lillbumian (probably upper Lillbumian). Papanui Inlet 

explosion centre 1 is inferred to have formed during the same time period. 

6.10.4 Map 4 (fig. 6.26) 

After the major eruptive stage during Lillbumian (15 - 13 Ma) basaltic eruptions 

continued, but a change in sea level from Lillburnian to W aiauan, shown in fig. 6.22, is 

inferred to have changed the eruptive environment on the Peninsula. At Papanui Inlet (eruption 

centre 2; Papanui Cone) phreatomagmatic activity, caused by interaction of magma with ground 

water (onshore), produced base surge deposits, closely followed by intensive lava flows from 

Mount Charles and probably from Papanui Cone. 

6.10.5 Map 5 (fig. 6.27) 

During W aiauan time a slight sea level rise (fig. 6.22) is indicated by Haq et al. ( 1988), 

but deposits on the central Peninsula are characteristically of subaerial origin. This suggests that 

the middle part of the Peninsula was up-lifted by regional or local tectonic movements or by up

rising domes (suggested by the positive gravity anomaly beneath Hoopers Inlet; see chap. 7). 

Otherwise the last eruptions must have taken place about 11.2 Ma ago when sea level suddenly 

fell below present sea level (from 11.2- to about 9 Ma). Phreatomagmatic eruptions caused by 

interaction of uprising magma with ground water, located at Papanui Inlet, led to the formation 

of dune-bedded base surge deposits followed by Strombolian activity and Hawaiian fountaining 

in a subaerial environment. The base surge deposits contain abundant clasts from pre-volcanic 

strata, which indicates a deeper explosion level in comparison with the base surge deposits 

formed earlier. 

The last basaltic lava flow and the emplacement of prominent phonolite dykes, vent 

filling plugs, V arleys Hill dome and feeder dykes marked the final phase of volcanic activity at 

the central part of the Otago Peninsula. Dyking occurred throughout the entire time period 

driven by regional stress or in relation to eruptive centres. 
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Figure 6.22 Stratigraphic column of the central part of the Otago Peninsulant. Sea level curve is 
from Haq et al. 1988. 
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CHAPTER 7 

SOUTHERN PART OF THE OTAGO PENINSULA 

This chapter provides a description and interpretation of the geology of the southern part 
of the Otago Peninsula. In some places there are products generated by processes that have not 

been described in 

17 20 23 26 

• DicksHill 

29 32 35 

23 ~ ~ ~ ~ 

Figure 7.1 Locality map; numbers at the side refer to New Zealand Map 
Grid Projection from topographic map 260 144 & J44 Dunedin. Grey
shaded area shows seawater. 

previous chapters, 

and more details 

are provided for 

these deposits. The 

chapter has been 

subdivided 

somewhat 

differently than 

chapter 6, because 

most of the 

pyroclastic 

products of the 

southern part of the 

Peninsula were 

erupted from a 

single vent. 

Volcaniclastic units 

are named after 

nearby localities. 

Units produced by 

a single event are 

first described 
individually and then interpreted as a group. Fig. 7.1 is a locality map showing the studied 
areas. Lovers Leap is treated as specific vent as in chapter 6. 

7.1 SANDFLY BAY 

The Sandfly Bay pyroclastic succession on the Otago Peninsula comprises partly 
preserved beds of a basaltic tephra. The succession at Sandfly Bay consists of several units 
comprising lapilli tuffs, tuffs, breccia, peperites, hyaloclastite, and pillow lavas. Four different 
units are identified at Sandfly Bay on the basis of observed volcanic textures, shapes of 
pyroclasts, and sedimentary structures. They are described below and summarised in fig. 1 b at 

the end of this section. 



Chapter? Southern part of the Otago Peninsula 7-2 

7 .1.1 Vitric tuff (VT) 

The base of the succession is formed by vitric tuff (unit VT), which is made up of 

mostly fine-grained glass shards. Beds dip radially at 5-100 in towards a depression. This unit 
is well bedded and sorted (plate 17a). Exposed thickness is about 3 m. It consists of up to 3 cm 
thick cross-laminated beds that commonly feature normal size-grading of clasts, which is most 
clearly visible in thin section. Sag structures or scours, however, have not been observed. 
Glass shards, large pyroxene and feldspar crystals are the main constituents. Larger glass
shards are either strongly vesiculated or weakly vesiculated, whereas more abundant smaller 
clasts tend to be blocky and poorly vesiculated. Microprobe analysis of fresh glass indicates an 
alkali basalt composition (see chap. 9). Some of the glass shards are plagioclase phyric and 
contain elongated vesicles. Vesicles that are not elongate are strongly irregular and variable in 
size. No accretionary lapilli, ash-coated neither lapilli nor gas segregation pipes were found 
within the deposits. Clasts and crystals are supported in a greenish altered vitric ash matrix. The 
matrix is homogenous, and glass fragments in the matrix are locally strongly altered to calcite or 
palagonite. 

7 .1.1.1 Interpretation 

Unit (VT) consists mainly of angular, high and low vesiculated sideromelane glass 
shards, and crystals, strongly suggesting an interaction of erupting magma with external water. 
Shards are apparently formed mainly by explosive fragmentation of vesiculating magma 
(Sheridan and Wohletz, 1983; Wohletz, 1986; Heiken and Wohletz, 1991). Widely varying 
clast vesicularity reflects complex variation in the relative timing of vesiculation and water
induced fragmentation (Houghton and Wilson, 1989). However, magma degassing is not a 
steady-state process, but occurs in pulses or bursts and the water to magma interface has 
physical dimensions. Hence the interaction can occur over an interval where there is a sharp 
gradient in the absolute bubble abundance in the rising magma column and the resultant deposits 
will consist of clasts with wide range in vesicle abundance (Thordarson et al., 1996). 
Structures, typical for base surge deposits (Lorenz, 1974a; Fisher and Schmincke, 1984), such 
as accretionary lapilli, dune structures and gas escape pipes, are lacking. This supports an 
interpretation that this unit was deposited from dilute density currents, which were derived from 
somewhere more distal to the SW, which is based on the dip direction of the beds and on the 
fact that such fine-grained current deposits are unusual for near vent deposits. This would imply 
derivation from another vent outside the mapped area in the present sea, with transport as dilute 
turbidity currents. In addition the lack of accretionary lapilli may also indicate that currents were 
fed from a subaqueous eruption column rather than from a subaerial column followed by flow 
into water. However subaerial flows are only able to continue to flow in water when their 
density is higher than that of water (Sparks et al., 1980). 
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7 .1.2 Pillows, hyaloclastite breccia, peperites (PL, HB, P) 
Unit VT and the base of the following unit 3 (MLT) are accompanied by unit 2 (PL, 

HB, P), which has been divided into three subunits; subunit (PL) formed of pillow lavas; 
subunit (HB), a hyaloclastite breccia made up mostly of glass shards and pillow rind fragments; 

subunit (P) comprising peperites. 

(PL): Pillow lavas occur mainly near the centre of unit VT. The pillows are fairly 
regular in size and shape (plate 17c). Piles of the basaltic pillows are up to 2 m thick. The tops 
of pillows are usually convex upward with more flattish, concave upward bottoms. Individual 
pillow tubes are up to 70 cm in diameter. Space between the pillows is occupied by vitric tuff of 
subunit (VT) or by hyaloclastite. The pillows themselves have thin skins composed of fresh 
brown clear glass (sideromelane). Vugs in the basalt are commonly filled with calcite. Locally 
there are also disconnected pillows elongated into lines. Basalt forming the pillows is fine
grained with small phenocrysts of pyroxene and plagioclase commonly not larger than 1 mm. 

(HB): Near the pillow lavas and irregular dykes, hyaloclastite breccias are common. 
Characteristic are pillow fragments up to 20 cm with strongly chilled and irregular margins 
(plate 17c). Glass forming the <1 cm thick margins is yellowish due to palagonitization. Subtle 
bedding is defined by concentration of pyroxene crystals and vesiculated basaltic clasts in 
specific regions. The large fragments forming the breccia are basaltic in composition, with 
pyroxene and feldspar phenocrysts or entirely aphanitic without phenocrysts. It seems that the 
phenocrysts were not evenly distributed in the pillows. Some of the microcrystalline basaltic 
fragments are strongly vesiculated, with very irregular, ragged form (scoriaceous) whereas 
others are only very weakly vesiculated. Most glass shards are strongly vesiculated, with large 
vesicles, which are sometimes elongated, but a few are non-vesicular and blocky. Microprobe 
analysis of freshly preserved glass shards also indicates a basaltic composition. The matrix 
consists of globules and shards of basaltic glass (sideromelane), feldspars and large pyroxene 
crystals. It locally contains abundant secondary minerals (zeolites, calcite). 

(P): The units and subunits described above are associated with peperites. Peperites at 

Sandfly Bay are of type 1 (see chap. 5) and mainly blocky (Busby-Spera and White, 1987) but 

globular ones are also present. 

7 .1.2.1 Interpretation 

The presence of lava indicates effusive eruption. Pillow lavas with their glassy rims 
indicate a subaqueous environment and rapid cooling. The pillow structures result from 
protrusion of elongated lobes (Moore, 1975). They could have formed either by intrusion as 
sills (e.g. McPhie et al., 1993), dykes or as small lava flows into the water saturated vitric tuff, 
or along the depositional surface some time during deposition of the vitric tuff (VT). Isolated 
pillows, unaccompanied by massive flows and without any connecting necks between the 
pillows, are also present within the Franciscan formation of California (Bailey et al., 1964). 
They appear to have been formed by violent, submarine discharge of highly fluid lava as 
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fountains or a "stream" that descendend through the water as showers of pillow-shaped clots 

encased in quickly chilled crusts, to accumulate around the eruptive vents (Bailey et al., 1964). 

The disconnected pillows at Sandfly Bay are not randomly dispersed, but instead appear in 

lines. This coherent arrangement seems to rule out a vigorous explosive origin. They are 

interpreted as intrusive pillow lavas, formed like globular peperites (Busby-Spera and White, 

1987), due to fluidisation in the host sediment VT. 

Hyaloclastite and pillow-breccias formed by discharge of lava into lakes (Jones, 1969; 

Jones and Nelson, 1970; White, 1996), ponds, or under glaciers (Smellie and Hole, 1997) 

show all the features of submarine tuffs and breccias just described. 

The presence of pillow rinds at Sandfly Bay in subunit (HB) records initial thermal 

quenching. Juvenile clasts within sub unit HB are blocky, irregular vesiculated and glassy. The 

blocky, vesicle-poor glass shards suggest that magma was quenched prior to exsolution of 

volatiles (Heiken and Wohletz, 1991). The non-vesiculated glass shards could also have been 

formed by fragmentation of already degassed magma. Fragmentation resulted probably from 

thermal shock and (steam) explosions (Sohn, 1996). In contrast, the irregular vesiculated glass 

shards with irregularly formed vesicles indicate magmatic explosive fragmentation of 

vesiculating magma. Subunit HB shards were thus formed by a combination of magmatic 

vesiculation and quenching of magma by water or steam. Deposits made of such fragments are 

characteristic of shallow water eruptions (Fisher and Schmincke, 1984). 

Peperites form when hot lava intrudes into wet unconsolidated sediment (see chap. 5 for 

more details). 

7 .1.3 Massive lapilli tuff (MLT) 

This crater-rim unit overlies unit 1 and 2 and shows crudely developed bedding varying 

in thickness from 0.3-0.8 m (plate 17 f). Exposed thickness is about 20 m. The basal contact is 

not exposed. The lower part of this unit is a massive bed about 5 m thick. Subtle bedding is 

defined by concentration of pyroxene crystals and cauliflower-textured clasts. Beds are 

brownish and normally graded or structureless, poorly sorted and dip at generally 15-20 

degrees into the vent. Local dish and pillar structures ( dewatering structures) are present. In one 

place a u-shaped channel, about 0.5 m wide, contains finer material than the surrounding 

hyaloclastite breccia. The lapilli tuff beds comprise glass shards, subordinate pyroxene crystals, 

a few feldspar crystals and vesiculated and non-vesiculated basaltic fragments, including rare 

pillow rind fragments. The non-vesiculated basaltic clasts are similar in composition to the 

dykes and sills from units PL, HB, P. The larger fragments often show cauliflower-textured 

margins. Glass shards are quite fresh and microprobe analyses indicate the same composition 

(alkali basalt) as the previous volcaniclastic units. Towards the top of the unit tachylitic clasts 

are present. 



Chapter? Southern part of the Otago Peninsula 7-5 

7 .1.3.1 Interpretation 

The thick massive beds were deposited by dense suspension from high particle 

concentration flows or flow bases ((Lowe, 1982; Lowe, 1988), in which large volumes of 

sediment ejected from the vent, fed currents in which turbulence was suppressed, resulting in 

depositional features similarly to those of pyroclastic flow deposits (Waters and Fisher, 1971; 

Valentine, 1987; Schumacher and Schmincke, 1990; White, 1996). Poor sorting reflects rapid 

deposition from high-concentration depositional boundary layers (Branney and Kokelaar, 

1992). The U-shaped channel is believed to be caused by erosion along lobate heads of 

advancing density currents (Fisher, 1977). Thick, graded beds with dish and pillar structures 

are indicative of rapid deposition by dense suspension from high particle concentration flows 

(Lowe S3) or flow bases (Lowe, 1988) followed by water escape. The presence of clasts with 

cauliflower-textured margins indicates interaction of water and basaltic magma during or shortly 

after fragmentation (Lorenz, 1974b; Lorenz and Zimanowski, 1984; Kokelaar, 1986; White, 

1996). 

Vesicular (sideromelane and in the upper parts also tachylite) and non-vesicular 

(microcrystalline) basaltic clasts appear within the same beds. The vesiculated ones are clearly 

juvenile, but the others may be fragments of dykes and/or sills, which were fragmented in the 

vent and then erupted with the other material. Besides fragments from the dykes and sills, there 

are no other accidental fragments. The absence of basement lithic fragments suggests a shallow 

explosion level, above the pre-volcanic substrate. The appearance of blocky juvenile 

sideromelane fragments next to vesiculated sideromelane fragments and vesiculated tachylite 

clasts also indicates hydromagmatic, rather than purely magmatic fragmentation. 

7 .1.4 Bedded lapilli tuff (BLT) 

Unit BLT is better bedded and better sorted than unit MLT (plate 17e). Maximum 

exposed thickness is about 10 m. Bedding is defined by alternating fine-grained and coarser 

lapilli tuff beds. Undulating bedding planes and subtle scour surfaces are easily delineated by 

grain size variations. Locally beds are amalgamated. In general bed contacts are planar to 

scoured. Locally beds show low angle cross bedding, about 60 cm in length and 5 cm in 

height. Occasionally also in this unit (mainly in the upper part) soft sediment deformations 

occur. Beds are normal graded to massive and fine-grained beds are usually thinner. They dip at 

about 20° towards the inferred vent. Dip directions show radial distribution around the inferred 

vent. Beds of unit 4 (BS) are intercalated (plate 17e). Pyroxene crystals reach up to 0.5 cm. The 

matrix of the coarser grained tuffs, and the bulk of the material comprising the finer grained 

ones, consists of small, shattered bits of the same glassy basalt, abundant glassy dust, shards 

and crystals. The uppermost beds of unit BLT comprise abundant tachylitic fragments in 

comparison to unit MLT. 
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7 .1. 4.1 Interpretation 

Bed structures include parallel bedding to cross bedding and scours. Such beds 

characteristically formed during numerous short eruptive pulses characteristic of hydroclastic 

eruptions (Kokelaar, 1983; Kokelaar, 1986; White, 1996), or they form sedimentation units 

that consist of several beds deriving from the passage of a single base surge (Sohn and 

Chough, 1992). Deposition from base surges is unlikely because evidence for subaerially hot 

emplacement and deposition (e.g. accretionary lapilli, gas-escape pipes, carbonised vegetation, 

dune beds) are lacking. The many intercalated subhorizontally layers coarse ash and fine lapilli 

are from suspension settling (Lowe, 1988) and/or lower plane bed conditions, the latter 

facilitated by the low density of the strongly vesiculated clasts in an subaqueous environment 

(White, 1991). Transport directions given by cross-bedding geometry and dip directions show 

a radial current configuration directed outward from an explosion centre. 

7 .1.5 Tuff (T) 

Interbedded within unit BLT and unit BS are dark layers of 1 to 2 cm thickness (plate 17 

g & h). They consist of black very fine-grained tuff generally without any internal structures. 

They are massive and very well sorted. Only locally very faint normal grading occur. Bedding 

surfaces are sharp and beds can be traced several tens of meters. The tuff beds usually occur 

within or on top of the base surge unit BS. In the upper part of the succession, where unit BS is 

interbedded within unit BLT, the fine-grained beds of unit T occur on top of unit BS. 

7 .1. 5 .1 Interpretation 

This unit probably derived from fallout through air and partly through water and was 

deposited within or on top of the base surge deposits. Bedding planes appear undulating due to 

dewatering structures in underlying beds of unit BLT 

7 .1. 6 Base surge deposits (BS) 

This unit is reddish in the upper part and yellow in the lower part. The red beds consist 

of dune-bedded, coarse-grained tuff to medium-grained lapilli tuff and comprise the uppermost 

part of the succession (plate 17 g & h). The cross-bed sets often show erosional bases. Foresets 

are sometimes concave-up and contain imbricated clasts. Bedding is defined by alternating 

coarse- and fine-grained laminae or beds. Locally, vertically-accreted beds are present. Beds are 

between 1 and 5 cm thick and. Exposed thickness of the unit is between 0.2 m (intercalated in 

unit BLT) and 5 m (uppermost part). Common is the local concentration of coarse grains in 

lensoidal or irregular patches with either sharp or gradational boundaries. Individual beds are 

generally ungraded or inversely graded and rarely normally graded and laminated. The coarse

grained beds are poorly to moderately sorted, locally consisting of large and small lapilli set in 

an ash-matrix. The lithic content is quite low and comprises only basaltic tachylitic clasts. No 

accidental lithics are present. Many clasts have vesicularities identical to those in the 
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Strombolian deposits, but all clasts contain also some blocky non-vesicular or low vesicular 

clasts that were fragmented without significant vesiculation. 

The yellow parts of this unit are made up of well-defined thin beds or laminae. The beds 

are fairly continuous laterally, and some distinctive horizons can be traced across outcrops of 

several tens of metres. The tuff cone/ring rim, were bedding dip changes to outward relative to 

the vent's centre, is clearly exposed. Dip and strike measurements vary. One set strikes in the 

same direction than the majority of the beds (NW -SE), another set in almost the opposite 

direction. 

7 .1. 6.1 Interpretation 

The blocky shape of glassy pyroclasts indicates variable interaction of erupting magma 

with abundant water. Accidental lithic clasts make up very little of the total material erupted 

compared to deposits of most maar-forming eruptions (Lorenz and Zimanowski, 1984; Heiken 

and Wohletz, 1991) but comparable with phreatomagmatic events where relatively shallow 

fragmentation can be inferred (Kokelaar, 1983; Walker, 1973). This is also indicated by the 

absence of accidental clasts, suggesting that hydromagmatic fragmentation was driven by 

surface water (water captured in the emergent vent), rather than groundwater, because 

otherwise material from the aquifer would be more abundant (e.g. Fisher and Schmincke, 

1984). When erupting magma encounters abundant water, hydrovolcanic eruptions may be only 

moderately explosive (Wohletz, 1986; Wohletz and McQueen, 1984). 

Well-developed dune forms in the unit indicate deposition from a turbulent current, 

probably a base surge, of substantial energy (White, 1991). The yellow base surge deposits of 

this unit are locally intercalated with the upper submarine emplaced unit (BLT). This suggests 

that due to tides, sea level might have changed and at high tide another part of the shallow 

marine unit has been deposited above the base surge deposits. The subaqueous parts of 

emergent volcanoes have been described as being distinct from typical subaerial tuff cones, and 

consist of thick-bedded, often shallow-dipping, coarse-grained, glassy beds (Waters and 

Fisher, 1970; Heiken, 1971), which is only partly consistent with the Sandfly Bay succession, 

because only beds of unit VT have shallow dips. The appearance of discordances may be 

interpreted as mainly slump scars (Lorenz, 1974a; Smellie and Hole, 1997). 

7 .1. 7 Volcanic processes and model 

The proposed model allows a detailed reconstruction of the evolution of the Sandfly Bay 

succession. Each unit described before is related to a distinct stage of eruptive process and 

environment. 

Stage 1: Subaqueous explosive eruption (VT): 

During this stage the vitric tuff unit VT was deposited. The vitric tuff records interaction 

of magma with water and fragmentation of vesiculating magma. Unit VT was deposited from 
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dilute turbidity currents (fig. 17-1), each fed by a discrete eruptive pulse (White, 1996). Steam 
in the eruption column rapidly condensed (Kokelaar, 1983; Kokelaar, 1986) and clasts were 

suspended in water and transformed into vertical-flowing turbidity currents. These currents 

flowed down slope until they arrived at the seafloor away from the vent to form the gently 

dipping well-bedded platform forming the base of the succession at Sandfly Bay. If eruption 
took place along a fissure at different times, density currents generated from one vent (vent 

outside mapped area) could form deposits further away from the erupting vent within another 
vent or intercalated with beds of its tuff ring. 

Stage 2: Shoaling subaqueous explosive eruption (unit MLT, BLT): 
As eruptions progressed, units MLT and BLT were deposited subaqueously. The vent 

started to erupt large volumes of hydroclastic ejecta from the vent. The abundance of scoria 
clasts and crystalline basaltic fragments in the upper part (BL T) suggests interaction of magma 
with a slurry of hyaloclastite and seawater (Kokelaar, 1983; Kokelaar, 1986), which led to 
intense fragmentation of the magma. The absence of any country rock clasts indicates a very 
shallow explosion locus. The apparently high gas content of the erupting magma promoted the 
formation of a subaqueous eruption column due to effective ongoing bulk interaction steam 
explosivity driven by vigorous magmatic injections (termed by Thorarinsson, 1965; 
Thorarinsson, 1967; Kokelaar, 1986, continuous up-rush). Vesiculated tachylitic clasts may be 
indicative of a partly emergent eruption column, where clasts in air cooled slowly in air, or 
locally a water-exclusion zone (Kokelaar, 1983; White, 1996) was formed at the vent margin in 
which clasts could have been transported in part through steam and cooled slowly. Deposition 
of the thick beds occurred from density currents fed directly from the eruption column. The 
bedded part was formed due to fluctuations in the eruption column. As tephra beds have grown 
into shallow water or even sometimes above sea level, continuous up-rush was followed by 
increasing frequency and violence of discrete jets, which is indicated by intercalated beds of unit 
BS (subaerial part) in the upper part of unit BLT (fig. 17-3b). Deposition probably took place in 
a tide-influenced environment. Changing tides might have flooded the vent, leading to renewed 

deposition of unit BLT. 

Stage 3: Emergent eruption (BS, T) 

Finally the vent permanently breached the water surface. Erupting magma continued to 

interact with the slurry in the vent and jetting continued, which is characteristic for Surtseyan 
explosions. The jetts were accompanied by base surges from which deposition of unit BS 
occurred. This mechanism has previously been described by Moore (1967) Waters & Fisher 

(1971) and Kokelaar (1983). Observations at Surtsey showed that explosive hydrovolcanic 

activity persisted not longer than 13 months (Thorarinsson, 1965; Thorarinsson et al., 1964; 
Jakobsson and Moore, 1980), but instead was replaced by mainly Hawaiian fountaining once 
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the volcanic pile emerged above sea level and vent became isolated from the sea. However, at 

Sandfly Bay there are no layers with typical Strombolian eruptive products, either because the 

eruption did not last very long (as also suggested by the relatively small volume of about 0.15 

k:m3 of deposits compared to the volume for Surtsey of about 0.8 k:m3 of erupted tephra) or/and 

the upper part already has been eroded or water was not effectively excluded from the vent. 

Stage 4: Subaqueous non- or very mildly explosive eruption (units HB, PL, P) 

Evidence for non-or very mildly explosive volcanic activity is the presence of pillow 

lavas, hyaloclastite and peperites. Small lava flows, sills or dykes formed pillows with smooth 

surfaces (Williams and McBimey, 1979). The hyaloclastite accompanying the pillow lavas wa 

generated due to thermal spalling of the pillow lavas and dykes. Interaction of intruding dykes 

with the wet hyaloclastite and sand in the vent led to the formation of the peperites. 

7 .1.8 Summary 

The shallow marine eruption at Sandfly Bay consisted of four stages during which a 

ring/cone was built. The subaerial eruption and emplacement of Surtseyan deposits have been 

described widely (Thorarinsson et al., 1964; Lorenz, 1974a; Kokelaar, 1983; Kokelaar, 1986; 

Moore, 1985; Thorarinsson, 1967). The Sandfly Bay succession gives a good view inside the 

vent and into the mainly submarine part of such a Surtseyan volcano. Radiating dykes and 

peperites mark a vent, approximately 100 m in diameter. Peperites constitute the upper vent

filling and formed when magma intruded into wet unconsolidated tephra. Pillow fragments in 

the massive hyaloclastite unit record initial thermal quenching and fragmentation of erupting 

basalt, whereas the base surge deposits represent a subaerial stage of volcanic activity at 

Sandfly Bay. The tuff cone is interpreted to have been constructed over a vitric tuff unit that 

formed below sea level and resulted from a moderately explosive hydromagmatic eruption. 

The different units are related to different eruptive stages, which are closely related to 

different eruptive styles, depositional processes, magma supply and water-magma interaction. 

There are models (Sohn, 1996; Wohletz and Sheridan, 1983), which relate water-magma ratio 

to the formation of cones and tuff rings, which are primarily distinguished on the bases of 

bedding dips. These models focus mainly on the subaerial and transitional part of Surtseyan 

volcanoes. Subaerial parts of such volcanoes are easily eroded with time. The remnant of the 

small volcano at Sandfly Bay is actually more tuff-ring shaped in the lower part rather than 

cone-shaped. The cone comprises only the upper subaerial and transitional part of the volcano. 

Another example is given by White (1996) at Pahvant Butte, where also the major part erupted 

subaqueously and formed a broad low relief platform (mound shaped) and the inferred subaerial 

part is cone-shaped. 
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PLATE 17 

a Overview of well bedded unit VT at Sandfly Bay. Hammer is about 40 cm in 

length. 

b Close-up of unit VT. Note low angle cross lamination just above the hammer. 

c Isolated pillows at Sandfly Bay. Hammer is about 40 cm in length. 

d Pillow rind fragment with strongly chilled margin (cream colour). Hammer is 

about 40 cm in length. 

e Bedded lapilli tuff (BL T) showing well developed but undulating bedding 

planes. Hammer is about 40 cm in length. 

f Overview photo of bedded and massive lapilli tuff. Lens cap is about 5 cm 

across. 

g, h Base surge deposits (yellow) forming the upper part of the succession, which 

are intercalated with the bedded lapilli tuff. Lens cap is about 5 cm across. 
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7.2 HOOPERS INLET 1 

The area around Hoopers Inlet, the base of Harbour Cone, the base of Mount Charles 

(see chap. 6), Varleys Hill (see chap. 2), and the base of Lovers Leap is covered by a 

yellowish-brown lapilli tuff. It previously has been described as trachyte tuff and "lag" 

deposits of the first eruptive phase (Benson, 1968). In the following section the lapilli tuff is 

briefly described and interpreted. 

7.2.1 Yellow lapilli tuff/tuff 

Lapilli tuff in this area is commonly strongly weathered, very soft and often iron 

stained. Commonly the lapilli tuff is massive to thinly bedded. Beds range in thickness from 5 

cm up to 15 cm. Other sedimentary structures are not preserved. 

The lapilli tuff comprises mainly pumice and vitric tuff with only minor lithic clasts. 

Commonly the lapilli tuff is strongly altered probably by hydrothermal activity. Particle grain

size ranges from lapilli to ash size. 

At Varleys Hill (see chaps. 2 and 6) and Lovers Leap (see below) the lapilli tuff is 

interbedded with marine sandstones and carbonates. The marine sedimentary rocks closely 

resemble members of the Waipuna Bay Formation (see chap. 2). 

7 .2.1.1 Interpretation 

The interpretation of this unit is highly speculative and mainly based on field 

relationships to other units. The lapilli tuff comprises massive parts and bedded parts and is 

locally interbedded with marine sedimentary rocks indicating a submarine depositional 

environment. The abundant pumice clasts suggest that eruption was mainly driven by magmatic 

exhalations (e.g. Fisher and Schmincke, 1984). Hydromagmatic interactions are also likely to 

have occurred based on the fact that lack of volcanic topography. The unit is interbedded with, 

and overlain by marine sandstones, which gives evidence for submarine deposition of the 

tephra. The absence of any pre-volcanic clasts from underlying strata suggests that 

hydromagmatic fragmentation occurred near the surface, in contact with the overlying water 

column. An inner shelf environment is inferred because the lapilli tuff is interbedded with 

marine sediments at Varleys Hill and Lovers Leap (see below and chap. 6) which are interpreted 

as shelf sediments. The presence of a vent in Hoopers Inlet (fig. 7 .2) is supported by the fact 

that numerous phonolitic/trachytic dykes radiate outwards from Hoopers Inlet (fig. 7 .3). 

Eruption processes were perhaps similar to those proposed for the phonolitic Allans Beach 

eruption (for more details on Allans Beach see appendix 2), which produced broadly similar 

deposits. 
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7.3 BOULDER BEACH 

7 .3.1 Introduction 

At Boulder Beach a strongly hydrothermally altered vent and parts of a tuff ring (fig. 

7.3) are preserved among strongly chilled dykes and lava caps. 

Volcanic rocks of trachytic composition are exposed at the western end of Boulder 

Beach on a steep hillside up to an elevation of about 80 m (GR 236 762). The succession 

comprises a variety of gravity flow deposits, peperites and pyroclastic breccias. The vent site 

has a brown iron-stained appearance, perhaps caused by hydrothermal venting. Fluidally 

shaped bombs are common in the vent. A partly preserved tuff ring, formed of lapilli tuff, 

surrounds the vent. Dykes that radiate away from the vent are commonly basaltic in 

composition. The Boulder Beach succession is overlain by several lava flows. The succession 

is briefly described and interpreted below, with the main focus on the pyroclastic units. 

7 .3.2 Vent region 

The vent site is marked by poorly sorted and poorly bedded deposits (plate 18 a) with 

steep dipping contacts against adjacent outward dipping lapilli tuff. Dykes, generally basaltic in 

composition, radiate outward from the vent. The vent displays one outwardly convex body of 

brecciated material. The lapilli tuff breccia forming the vent deposits is very strongly 

hydrothermally altered indicated by brown iron-stained clasts and precipitation of goethite and 

magnetite. Components include trachytic and basaltic lithics and pumice clasts. Trachytic clasts 

are subrounded but basaltic lithic fragments are subangular. Some of these fragments are often 

strongly, inhomogeneously vesiculated, with elongate and irregularly shaped vesicles. Vesicles 

are commonly filled with chalcedony and goethite and reach sizes up to 2 cm. Other lithic 

blocks and clasts are non-vesicular but show chilled former glassy margins, which now are 

replaced by zeolites. Fluidally-shaped bombs are abundant, have various sizes from 10 cm up 

to 150 cm and are dispersed throughout the vent fill. They characteristically show flow-banding 

defined by aligned feldspar crystals and "Schlieren" with surrounding matrix probably caused 

by fluidisation of the host sediment (Kokelaar, 1982). Commonly the margins of the bombs are 

strongly vesiculated with large and irregular vesicles 

The dykes either radiate outward from the vent, or intrude into the vent (fig. 7 .3). The 

majority of the dykes are basaltic in composition but trachytic dykes are also present. Trachytic 

dykes are strongly altered to a brownish and whitish colour and form a soft rock, but the 

trachytic texture is still recognisable. The trachyte dykes frequently contain large plagioclase 

phenocrysts, which occur in patches, but the crystals commonly are completely replaced by 

zeolites. Pyroxenes generally are strongly zoned. 

The basaltic dykes are commonly fine-grained aphanitic and variable in thickness from 

40 cm up to 1 m. In the lower part of the vent zone the basaltic dykes are commonly irregular in 
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shape. Along the irregular margins commonly dyke clasts are detached and dispersed in the 

matrix forming peperitic structures (see chap. 5 for more details). 

The adjacent lapilli tuff with steep dipping contacts forms part of an inferred tuff ring 

that surrounds the vent. It is described below. 

7 .3.3 Lapilli tuff (LT) 

A lapilli tuff unit, 40 m in exposed thickness, forms part of a ring around the vent (fig. 

7.3). The well-bedded lapilli tuff unit comprises alternating normally graded and thick, 

structureless or reverse graded layers. The thick structureless beds are commonly poorly sorted, 

whereas the normally graded beds are commonly thinner (up to 10 cm) than the structure less 

beds and are laterally continuous (plate 18 b & c). The normally graded beds are commonly 

finer grained than the structureless and/or reverse graded beds. Bedding planes are undulating, 

with amplitudes of about 5 cm. Locally low angle cross-stratification is weakly defined. There 

are occasionally channels up to 1m wide, a few centimetres thick and filled with finer material 

of the same composition. The coarse-grained beds are inversely graded or massive. Larger 

volcanic clasts reach sizes up to 15-20 cm in long dimension and lie subhorizontally within the 

unit without any impact sags. 

Clasts consist of pumice, crystalline volcanic lithic clasts (trachyte, basalt) with chilled, 

glassy margins, very few quartz grains, and scattered broken crystals (feldspar, pyroxene). The 

pumice is either subangular or amoeboid in shape, whereas lithic clasts are always subangular. 

The amoeboid clasts are irregularly shaped, locally stretched, and deformed with smoothly 

curved margins. Smaller pumice clasts are subangular. Locally there are clasts with chilled 

cauliflower-textured margins. Much of the pumice has a woody appearance, with vesicles 

stretched to defme a lineated "woody" texture (plate 18d). Vesicles have very irregular shapes 

and vary greatly in size from < 1 mm up to 5 mm in diameter. Vesicularity of the pumice is 

estimated at 60-70%. Glass forming the pumice is almost colourless in thin section and locally 

devitrified. Pumice clasts vary in crystallinity with some having a subtrachytic texture with 

aligned plagioclase phenocrysts. Pumice fragments have - 2 mm thick yellowish, vesicle-free 

rims. In many places the pumice glass is strongly altered to zeolites, shows devitrification 

structures and has a pale creamy colour in thin section (plate 18 d). 

The clasts are supported in an altered vitric .tuff matrix. There are no accretionary lapilli, 

carbonised vegetation or abraded clasts, nor are there any primary welding features. 

7 .3.3.1 Interpretation 

High vesicularity of the pumice clasts at Boulder Beach reflects a high magmatic gas 

content of the magma, which is consistent with the generally high (3-6%) water content of 

trachytic melts (Schmincke, 1988) in comparison to basaltic magma (0.2-1.5%). The uniformly 

vesiculated pumice ( 60-70%) suggests a high degree of magmatic fragmentation (Hough ton and 

Wilson, 1989). On the other hand the chilled glassy volcanic clasts indicate rapid quenching in 
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contact with water. The lack of any primary welding features also suggests that the bulk of the 

glassy pyroclasts cooled before deposition. Woody pumice forms in response to shear of 

vesiculating magma against the walls of the vent (McPhie et al., 1993). 

There are several lines of evidence that, taken together, strongly indicate a subaqueous 

eruptive and depositional setting. In terms of regional and local paleogeographic settings, a 

subaqueous setting is suggested by the presence of peperites and an overall high sea level 

during the Miocene (Haq et al., 1988). In addition, several features of the deposits and the same 

elevation of vent and tuffring suggest a subaqueous setting. 

The presence of cauliflower bombs and chilled clasts with thick glassy rims indicate 

interaction with water. The lapilli tuff contains very rare accidental lithic fragments (only few 

idiomorphic quartz grains). This indicates a less vigorous fragmentation and a shallow 

fragmentation locus, mostly above substrate, compared to subaerial formed successions (e.g. 

maar-rim deposits) together suggestive of interaction with standing water (Fisher and 

Schmincke, 1984). 

Massive, thick beds suggest high instantaneous depositional rates. Beds are laterally 

continuous, show only subtle cross stratification and grading. These features are interpreted to 

have formed by rapid deposition on wet sediments from sediment-gravity flows. 

Some of the large clasts may have retained heat better than the small ones, thereby 

becoming bent and deformed during transport. The amoeboid and subrounded clasts could have 

been bent and deformed in the hot centre of a submarine eruption column (Mueller and White, 

1992) and chilled at the vapour/water margin before deposition, a possibility also supported by 

the fact that no primary welding features have been identified suggesting that the bulk of the 

glassy pyroclasts cooled before deposition. The rounding of the larger clasts is not a result of 

abrasion but instead resulted from surface tension shaping of fluidal clasts. The absence of 

reworked and abraded clasts and of any evidence of time gaps suggests ongoing deposition 

directly from an eruption column. 

The normally graded to massive (locally reversely graded) beds together with the 

appearance of low angle cross-stratification record deposition from high density to dilute 

turbidity currents (T a,c /Lowe, 1982, 1988)· Several sets of massive beds overlain by graded 

beds may suggest that the eruption rate increased and decreased repeatedly. This repetition of 

the structureless coarse and graded fine beds also indicates that the tephra in each bed were 

transported and deposited by turbidity currents, where from each current the coarse-grained 

material was deposited from the body or head and the fine-grained material from the tail (Lowe, 

1982). 

On the other hand, the structureless beds may also record sedimentation of a substantial 

influx of tephra. The ungraded character of this part is evidence for rapid high concentration 

suspension sedimentation (Chough and Sohn, 1990) such as occurs from high particle 

concentration flows or flow bases (Lowe, 1982). Alignment bedding suggests deposition from 
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currents rather than from direct fall-out (Hiscott and Middleton, 1980). The lack of well 

developed internal stratification in thick current-emplaced beds, together with alignment 

bedding, may indicate deposition by progressive aggradation from one or more gravity currents 

during quasi-steady flow (Kneller and Branney, 1995). The common presence of large clasts in 

the structure less beds of the lapilli tuff shows that sorting overall is relatively poor, which in 

this interpretation is taken to indicate deposition from over-capacity currents (e.g. Hiscott, 

1994). 

The beds of Boulder Beach mound have gentle dips radially outward from a vent. The 

vent breccia is surrounded by the deposits at the same elevations (fig. 7.4), strongly suggesting 

that the vent environment was the same as that of the deposits; either both were subaerial or 

both were subaqueous. 

Gas-escape pipes and carbonised vegetation, which are indicative for hot emplacement, 

and accretionary lapilli are missing. Thus positive evidence for subaerial deposition and 

evidence of water droplets, which are essential to form accretionary lapilli, is lacking. 

There are only two internally consistent interpretations of these data. (1) All features 

formed fully in a subaqueous setting. (2) All features formed in a fully subaerial environment, 

in which there was with no condensation of water in eruption plumes or bursts, no ballistic 

transport, and no disruption of the substrate. The first is more likely for eruption and deposition 

of the Boulder Beach mound. These data together suggest that the lapilli tuff formed from a 

submarine eruption, driven largely by magmatic fragmentation, which fed tephra into an 

evolving series of mobile aqueous sediment gravity. 



PLATE 18 

a Chaotic vent matrix unsorted and unbedded. Scale on photo is 10 cm. 

b, d Lapilli tuff forming the tuff ring around the Boulder Beach vent. Note 

the amoeboid shaped clasts. Lens cap is 5 cm. 

c Photomicrograph of lapilli tuff Note woody pumice on the left side. 

Short side of the image is 2 mm. 
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7.4 EASTHERN END OF BOULDER BEACH 

Boulder Beach is bounded at the northern end by hyaloclastite, lapilli tuff and lava 

flows. Lava flows comprise fine-grained basalt and coarsely porphyritic olivine basalt. A 

hyaloclastite!lapilli tuff unit forms a ea. 15 m thick sequence of pyroclastic material alternating 

with layers of lava. The pyroclastic rocks are yellow, strongly altered, and contain commonly 

large boulders of basalt. Each pyroclastic unit is commonly between 3 and 5 m thick. Upper 

and lower contacts with the lava layers are irregular but broadly conformable, which suggests 

that the lava most likely intruded as sills. Lava layers reach a thickness up to 5 m and they are 

commonly columnar jointed. Extensive alteration makes it difficult to interpret the yellow 

material as being formed by non-spalling interaction of the lava, which led to the formation of 

hyaloclastite or as peperites formed by sills intruding a unconsolidated wet lapilli tuff. In the 

latter case the yellow lapilli tuff could be correlated with the lapilli tuff from Hoopers Inlet (see 

below). 
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7.5 LOVERS LEAP 

Lovers Leap is situated at the southern end of Hoopers Inlet below Sandymount. The 

volcanic succession of this area exhibits a great variety of primary pyroclastic rocks interbedded 

with sedimentary rocks of the Waipuna Bay Formation (chap. 2). The volcaniclastic rocks that 

built up this area have previously been mapped as "lag deposits" associated with major eruptive 

phase 1 (Benson, 1968). A geological map, a cross section and a stratigraphic log are provided 

in fig. 7.4, 7.5, and 7.6. 

7 .5.1 Pyroclastic breccia (PyB)Ilapilli tuff breccia (LTB) 

At Lovers Leap there are two types of breccia, one (PyB) at the small headland (GR 302 

543; fig. 7.4) and a second (LTB) one further south (GR 302 771). The small headland forms a 

semicircular outcrop with a height of 40 m above sea level. 

The small breccia deposit (PyB) is almost isolated from the mainland (fig. 7.4). The 

breccia is unsorted and unbedded and composed mainly of volcanic boulders. Large boulders 

up to 1 m in diameter are mainly subrounded to round whereas the smaller clasts are 

subangular. Basalt forming the boulders is porphyritic with mainly plagioclase phenocrysts and 

rare pyroxene. The boulders are commonly vesiculated near their margins, and have altered, 

whitish clay rims up to 5 mm. The glassy groundmass of the basalt contains unorientated 

plagioclase laths. The lithic clasts and boulders are supported in a lapilli tuff matrix with 

abundant sideromelane glass shards. Sideromelane glass particles are non- to strongly 

vesiculated and contain feldspar phenocrysts. The matrix is highly limonitized. The breccia has 

steeply dipping contacts to the adjacent yellow lapilli tuff (YL T), which is overlain by marine 

sandstone (Waipuna Bay Formation). 

South of the breccia (PYB) on the small headland, another coarse unit (LTB) is exposed 

(figs. 7.4, plate 19 a). This tuffbreccia is partly underlain by the yellow lapilli tuff (YLT). The 

tuff breccia (LTB) there has the same composition as the former breccia (PyB) but is more 

matrix-rich. The matrix-rich breccia grades upwards into a poorly sorted lapilli tuff (LT) of 

similar composition. 

7. 5 .1.1 Interpretation 

The unsorted and unbedded character ofbreccia (PyB) of the headland, together with its 

steeply dipping contacts, suggest that it is a vent filling breccia. The distinctly semicircular form 

of the headland also supports this interpretation. The abundance of sideromelane, in addition to 

the lack of non-juvenile rock fragments and abundant strongly chilled and vesiculated boulders, 

suggest interaction of magma with surface water (Fisher and Schmincke, 1984). 

Tuff breccia (LTB) to the south is interpreted as near-vent deposit, which probably 

formed due to remobilization of explosion-breccia and movement away from the vent as a mass 

flow. Poor grading and poor sorting suggests proximity to the vent. 
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Figure 7.6 Cross section A-B at Lovers Leap. Legend see geological map fig. 7.4. 

7.5.2 Sandstone beds (Sst) and peperites (P) 

The sandstone beds at lovers Leap have been correlated with the Waipuna Bay 

Formation based on petrographic characteristics (see chap. 2 for more details on sandstones). 

Peperites were formed by interaction of intruding basaltic dykes with wet sand of the Waipuna 

Bay Formation. Sandstones of the Waipuna Bay Formation and peperites are described in more 

detail in chapters l, 2 and 5. 

7.5.3 Yellow lapilli tufT (YLT) 

Yellow lapilli tuff unit (YLT; fig. 7.4, plate 19 b&c) consists mainly of pumice clasts 

plus a few basaltic clasts, commonly with chilled cauliflower textured margins. The lapilli tuff is 

strongly weathered, very soft and strongly limonitized. Vesicles in the pumice clasts are irregular 

and are locally aligned. Pumice clasts contain abundant microlites of plagioclase (plate 19 d). 

The lapilli tuff is crudely bedded and normally graded. Beds dip gently to the south. The yellow 

tuff is similar in appearance and composition to the yellow tuff at Varleys Hill, at the base of 

Mount Charles, and around Hoopers Inlet (see volcanological map in back pocket). At Lovers 

Leap (as well as at Varleys Hill) the 10 m thick tuff unit is under- and overlain (fig. 7.4) by the 
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marine sedimentary rocks of the Waipuna Bay Formation (see chaps. 2 for more details 

on the sedimentary rocks). The overlying contact is ungular unconform. 

7 .5.3.1 Interpretation 

Interpretation of this unit is hindered because of the high degree of alteration; it is mainly 

based on field relationships to other units. The lapilli tuff has been correlated with the yellow 

tuff around Hoopers Inlet. It is assumed from the correlation that this yellow lapilli tuff is the 

same, and thus from the same vent, as the Hoopers Inlet one. A shallow submarine 

environment is indicated by the presence of marine sands tones. These sands tones most closely 

resemble a member of the W aipuna Bay Formation. On the basis of the stratigraphic position of 

the upper sandstones and pillow/peperite unit at Lovers Leap a shallow water depth is inferred. 

The angular unconformity suggests that there was a structural break between the two 

sedimentary units (Sst and YL T), which differ from one another in stratigraphic age. It also 

suggests that there may have occurred earth-movements during this interval of time. 

7.5 .4 Lapillistone (LS) 

Well sorted lapillistone, commonly framework supported, forms a unit around the vent 

at Lovers Leap (fig. 7.4). Beds are commonly less than 50 cm thick. Beds are either massive or 

reverse graded, but the whole unit fines upward with decreasing grain-size from about 3 cm to 

0.5 cm and decreasing bed thickness from 50 cm to about 6 cm. The unit is about 10 m thick; 

south-westerly dip directions suggest transport outward from NIB to S/W (vent at Lovers 

Leap). The beds at the base of the lapillistone sequence contain quartz grains and mica from the 

underlying Waipuna Bay Formation. 

The lapillistone is composed of basaltic lithic clasts, strongly altered sideromelane glass 

grains (plate 19 e) and a few tachylitic clasts. Both, the basaltic lithic clasts and the 

sideromelane glass shards are composed of plagioclase basalt, which suggests that the lithic 

clasts are juvenile. Clasts (mainly sideromelane glass shards) are commonly slightly abraded. 

The basalt comprises mainly plagioclase phenocrysts and a few pyroxenes that are supported in 

a glassy groundmass. The basaltic clasts locally contain sideromelane inclusions. Sideromelane 

glass shards are commonly vesiculated, with abundant phenocrysts and microlites of 

plagioclase. These glass shards range in size from 1 to about 10 mm. 

7 .5.4.1 Interpretation 

The structureless to inverse graded lapillistone beds consist of slightly abraded, 

vesicular sideromelane glass shards and basaltic lithic clasts with a glassy mesostasis. Both, 

glass shards and basaltic lithic clasts contain abundant plagioclase phenocrysts and are 

interpreted as being juvenile plagioclase basalt. Similar bedded deposits have been interpreted to 

have formed as grain-flow deposits (Lowe, 1976; Lowe, 1979; Sohn and Chough, 1989), on 

the steep flank of a volcano by remobilization of loose tephra. Remobilization of the tephra at 
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Lovers Leap into grain flows is indicated by the abraded clasts with low level abrasion 

indicating a short travel distance. The deposits are interpreted as modified grain flows (Lowe, 

1976; Lowe, 1982; McPhie et al., 1993; Sohn, 1995), because dips of the beds are not 

sufficient steep to support deposition from real grain flows. As grain flows reach the flat 

seafloor, grain friction and collision was not sufficient to keep them flowing; they deposited. 

Such an interpretation for this unit is also supported by its near-vent position (lOO m from the 

vent). Dispersive pressure must have been minimal because reverse grading is only locally 

developed. The base of the unit contains abundant quartz grains from the underlying W aipuna 

Bay Formation; this suggests local erosion and mixing by turbulence; early flows must have 

been at least locally expanded to turbidity currents. Weirich (1989) demonstrates that 

subaqueous debris flows transform to turbidity currents by hydraulic jumps. Thus, the concept 

of transformations, which was introduced by Fisher (1983), links the general volcaniclastic 

facies (multiple-events facies) to flow processes (single-events facies) within a space-time 

framework from source (the volcano) to fmal deposition in marine or non-marine basins 

(proximal to distal facies). 

7 .5.5 Hyaloclastite (H) 

Hyaloclastite occurs at the base and the top of the Waipuna Bay sandstone unit together 

with peperites. The sideromelane glass shards forming the hyaloclastite are mainly blocky (plate 

19 e) and contain abundant glomerocrysts of plagioclase. Locally, blocky glass shards and 

quartz grains are intimately mixed. The hyaloclastite unit is not shown separately on fig. 7 .4, 

but is included with the peperite/pillow units. 

7 .5.5.1 Interpretation 

Hyaloclastite forms by non-explosive interaction of magma and water or water-saturated 

sediments (see chap. 6 for more details on the formation of hyaloclastite ). At Lovers Leap the 

hyaloclastite was formed by quench-spalling of dykes that intruded the sand of the Waipuna 

Bay Formation. The W aipuna Bay Formation sand probably was partly fluidised along the dyke 

margins, allowing it to inject into and mix with the shards of the hyaloclastite and sand grains 

from theW aipuna Bay Formation. 

7 .5.6 Lapilli tuff (LT) 

The lapilli tuff consists of alternating fme- and coarse-grained planar bedded and 

normally graded layers of tephra. Beds are partly overlain by the lapillistone unit and underlain 

by the sandstone beds of the Waipuna Bay Formation and the pillow/peperite unit (plate 19 g). 

Single layers range in thickness from 8 to 20 cm, with beds generally fining and thinning 

upwards. 

This lapilli tuff is composed of mainly subangular basaltic lithic clasts with glassy 

chilled margins, abundant sideromelane glass shards, and a few tachylitic clasts. The glass 
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shards are locally vesiculated, but are more commonly blocky without any vesicles. The lava 

clasts and the sideromelane glass shards are of plagioclase basaltic composition (see chap. 9 for 

more details on the composition and the description of the glass shards), which may suggest 

that the basaltic lithic clasts are juvenile. 

7 .5.6.1 Interpretation 

The thinning and fining upward of the unit, together with the repetition of the graded 

coarse and fine beds indicate that the clasts in each bed were transported and deposited by 

turbulent currents. For each graded bed the coarse-grained material was deposited from the 

body or head and the fine-grained material from the tail (Lowe, 1982, 1988). The fining 

upward cycle is interpreted as a "doubly graded" turbidite series formed in response to gradual 

decrease in eruption rate (Fiske and Matsuda, 1964). 

Angular, chilled basalt clasts and abundant sideromelane glass shards in the lapilli tuff 

indicate explosive interaction of magma with water, because non-vesiculated blocky 

sideromelane glass shards are indicative of hydroclastic fragmentation (Houghton and Wilson, 

1989). Unlike clasts of the lapillistone unit the clasts forming this unit are angular, which 

suggests a primary pyroclastic origin. The stratigraphic position of the lapilli tuff, together with 

the lack of indicators of subaerial deposition (such as accretionary lapilli, carbonised vegetation) 

suggests a submarine depositional and eruptive environment. Deposition from eruption-fed high 

to low concentration turbidity currents (White and Houghton, 2000) is suggested, because vent 

breccia and lapilli tuff are approximately at the same elevation. The eruption took place in a 

shallow marine environment, and as debris accumulated the eruption column breached the water 

surface, producing also tachylitic clasts by slightly slower cooling (Fisher and Schmincke, 

1984). 

7 .5. 7 Lava flows 

The whole sequence subsequently was covered by lava flows. The upper lava flow is 

composed of fine-grained basalt without any conspicuous phenocrysts. The lower lava flow is 

coarsely porphyritic with plagioclase and augite phenocrysts. Both lava flows show well

developed columnar joints. The vertical orientation of the columns suggests a subhorizontal 

cooling surface consistent with an interpretation of the unit as lava flows. 

7.5.8 Dykes 

Dykes at Lovers Leap are composed of phonolite and basalt. The weathered surfaces of 

the 0.5-m thick phonolite dykes are distinct due to their white colour, formed by alteration. 

Fresh surfaces are green, similar to the phonolite dykes described at Allans Beach and 

elsewhere (chap. 6). Basaltic dykes are commonly fine-grained and without obvious 

phenocrysts. A prominent basalt dyke ( 1 m thick) forms the spine of the ridge running south

west from the vent. 
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PLATE 19 

Overview looking south towards Lovers Leap cove. 

Overview looking west towards Lover Leap cove. Line drawing shows 

the geology of the cove. 

Photomicrograph of yellow lapilli tuff. Short side of photo is 2 mm. 

Pillow-shaped boulders in the sandstone of the Waipuna Bay 

Formation. Brown areas are sandstone domains (S), round boulders are 

pillows (P). 

Photomicrograph of lapillistone. Note the strong alteration of the 

vesicular sideromelane glass shard. Short side of the photo is 2 mm. 

Photomicrograph of hyaloclastite. Note the well-preserved 

sideromelane glass with abundant feldspar micro lites. Short side of the 

photo is 2 mm. 
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7.6 SUMMARY AND ERUPTIVE HISTORY 

Lovers Leap is a relevant outcrop for establishing a submarine eruptive and depositional 

environment during the early history of the Otago Peninsula. Two vents generated the tephra 

that forms the Lovers Leap succession, (1) Hoopers Inlet vent and (2) Lovers Leap vent (see 

volcanological map in back pocket). The eruptive history of the studied area around Lovers 

Leap can be summarised as follows. The oldest rocks are the lower quartz sandstone beds 

belonging to the W aipuna Bay Formation. The sand of the W aipuna Bay Formation at Lovers 

Leap is interpreted to have been deposited in somewhat deeper water than other sandstones 

from the Waipuna Bay Formation, which is indicated by the lack of shallow water indicators 

(foraminifers; see chap. 2 for more details). Subsequently dykes invaded the sand at Lovers 

Leap and peperites formed (see also chap. 5). The submarine eruption of the pumiceous tephra 

in Hoopers Inlet produced the pumiceous beds (YLT) exposed at Lovers Leap. Sedimentation 

of the WaipunaBay Formation sands continued, and a 30 m thick sand sequence was formed; 

this indicates a significant time gap between the eruption at Hoopers Inlet and the eruption at 

Lovers Leap (approximately 0.3 m.y., calculated from an estimated sedimentation rate of 100 

rnlm.y. for the sandstones of the Waipuna Bay Formation, see chap. 2). Subsequent dyke 

intrusions and small lava flows led to the formation of the second peperite unit and hyaloclastite 

at Lovers Leap. A subsequent explosive eruption and excavation of a vent into the sands of the 

Waipuna Bay Formation is indicated by the presence of the vent-filling breccia and the lapilli 

tuff breccia surrounded by the lapilli tuff unit with its abundant sideromelane glass shards and 

angular basaltic lithic clasts. Some of the primary pyroclastic debris is inferred to have been 

remobilised during eruption to form modified grain-flow deposits. Oversteepening of the tuff 

cone flanks led to the formation of modified grain flows from which deposition of the 

lapillistone occurred. Earthquakes may also have helped induce grain flows. Hydromagmatic 

interaction of magma and water is indicated by the presence of sideromelane glass shards in the 

primary pyroclastic deposits. Subsequently the Lovers Leap succession was covered and 

preserved by lava flows. Sandstones at Lovers Leap are inferred to belong to the W aipuna Bay 

Formation. The Lovers Leap volcanic succession overlies the sandstones but the base of the 

unit contains abundant quartz grains from the underlying Waipuna Bay Formation, which 

indicates lack of consolidation of the sandstone during deposition of the lapillistone and a 

similar age for the lapillistone and the sandstone. The Lovers Leap centre is inferred to have 

been erupted in a shallow marine environment. The Haq et al. ( 1988) sea level curve shows a 

highstand during Lillburnian with a decrease in lower W aiauan. The apparent lack of 

foraminifers (especially Loxostomum truncatum, estimated depth of deposition 40-75 m, 

Hoskin 1978 cited in Scott, 1991) may be an indicator of deposition in somewhat deeper water 

(see chap. 2). It may also indicate deposition during Lillbumian time rather than Waiauan. It is 

inferred that the Lovers Leap succession formed in a shallow marine environment during upper 

Lillbumian or lower W aiauan time. 
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7. 7 HOOPERS INLET 2/HARBOUR CONE 

Lapilli tuffs erupted from an inferred vent at Hoopers Inlet and/or Harbour Cone and 

Sandymount are named by local names and described separately, then interpreted together. A 

geological map is given in fig. 7.7 and a cross section in fig. 7.8. 

Harbour Cone was named for its conical shape (plate 20 a&b ). The cone is built up of 

volcaniclastic material, dykes, and lava flows topped by a remnant of a dolerite dome 35 m in 

height (plate 20 a&b). The western side of the cone is formed by a porphyritic olivine basalt 

(plate 20 b) overlying a phonolite flow. Another ph ono lite flow occurs at Portobello Road 

between Portobello and Edwards Bay. Previously the volcaniclastic material that crops out at 

Harbour Cone was mapped as Port Chalmers Breccia by Benson (1969). 

Topographic contours at 20 m interval 

vent 

Figure 7. 7 Geological map of Harbour Cone area; numbers at the side refer to New Zealand Map Grid 
Projection from topographic map 260 144 & J44 Dunedin. 
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7. 7.1 Harbour Cone Lapilli tuff 1 (HCLT) 

The lapilli tuff occurs on the northern slope of Harbour Cone (GR 268 812; plate 20) 

mainly in the form of large float boulders up to 3 m across. The Port Chalmers Breccia at Port 

Chalmers has been described (Alien, 1974; Benson, 1969) as being unsorted with relatively 

numerous schist clasts (see chap. 1, Alien, 1974, for more details). The general appearance of 

the lapilli tuff (HCLT) such as clast size, rock hardness, and colour, is similar to that of the Port 

Chalmers Breccia, but clast composition differs as discussed below. 

The lapilli tuff is very hard, pale white, poorly sorted and poorly bedded without any 

internal sedimentary structures. It comprises pumice clasts up to 5 cm and other volcanic clasts, 

which range in composition from phonolite, to trachyte and basalt, up to 30 cm. The average 

grain-size of the coarser clasts is in the lapilli range (plate 20 e). Volcanic lithic fragments are 

non-vesicular in contrast to the highly vesicular pumice. Clasts are usually subround to 

subangular. Epiclastic sedimentary clasts (sandstone and mudstone) and schist clasts are also 

present. Schist clasts are rare but sedimentary clasts are abundant ( -10 % visual estimated). The 

clasts are supported in a limonite-stained matrix; inferred to be altered vitric tuff. Collapsed 

pumice clasts and other welding features are lacking. 

The lapilli tuff cropping out on Highcliff Road (GR 267 806; fig. Plate 20 e) at the foot 

of Harbour Cone has a similar clast composition. Lapilli tuff on both sides borders sharply to 

different lithological units (either basalt or pumice) and can be traced downhill in direction to 

Broad Bay. It commonly appears massive and is very hard. Locally, faint bedding and very low 

angle cross stratification are present. In places there are egg-sized iron concretions, brown in 

colour. 

7. 7.2 Ross Point Quarry lapilli tuff 2 (RQLT) 

The second lapilli tuff crops out at Ross Point Quarry (GR 260 820; Turnbulls 

Bay/Portobello Road; plate 21 a). Different units also border this outcrop (either lava or 

pumice). The lapilli tuff contains abundant pumice clasts, lava clasts and a somewhat higher 

proportion of schist clasts (ea. 10% visual estimate) than HCLT. The supporting matrix is 

limonitic, and is inferred to be altered vitric tuff. The poorly sorted and poorly bedded lapilli 

tuff is very hard, pale and forms columnar jointed cliffs about 10 m high (plate 21 a). Columns 

are about 1 to 1.5 m thick. Locally, faint curvilinear gas segregation pipes are developed (plate 

21 c). These pipes are commonly metres long and about 10 cm wide. The pipes are enriched in 

lithic fragments. The ea. 20 m wide outcrop, like a channel, is bordered on the northern sides 

by and is also overlain by strongly weathered pumice deposits and on the southern side by lava. 

Clast compositions and general appearance are very similar to those of lapilli tuff HCLT 

at Harbour Cone. Here also, volcanic lithic clasts are non-vesicular in contrast to the highly 

vesiculated pumice. Lapilli ofRQLT are usually less than 5 cm in diameter, but in the lower part 

larger blocks up to 30 cm are present locally (plate 21 b&c ), giving the impression of weak 
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coarse-tail normal grading. These large clasts lie in the lapilli tuff without any impact sags. 

Sorting overall is very poor 

The lapilli tuff also crops out on the shoreline of Turnbulls Bay (plate 22 a), overlying 

the marine sandstones from the Waipuna Bay Formation and a pumiceous lapilli tuff TBLT (see 

below). 

7. 7.3 Dicksons Hill lapilli tuff (DHLT) 

Pyroclastic rocks underlie most of the area around Dicksons Hill (GR 278 818; plate 22 

b) at the northern end of Hoopers Inlet, which has also been previously reported as being 

similar to the Port Chalmers Breccia (Benson, 1969; Alien, 1974). Like the lapilli tuff HCLT at 

Harbour Cone it forms a topographic high. The general appearance of the Dicksons Hill lapilli 

tuff DHL T is also similar to that of the Port Chalmers Breccia and in addition clast composition 

(abundant schist) seems also to be fairly similar; syenite and gabbroic clasts, however are 

missing. 

The lapilli tuff cropping out at Dicksons Hill is quartz-pebble rich and contains abundant 

schist fragments (20 to 25%). Clasts in the lapilli tuff at Dicksons Hill reach up to 20 cm and 

comprise schist, sandstone, pumice, and volcanic lithic clasts that range in composition from 

phonolite, to trachyte and basalt. As in the other lapilli tuffs HCLT and RQLT this unit's 

volcanic lithic fragments are non-vesicular, contrasting strongly the highly vesiculated pumice. 

Average grain-size of the coarser clasts ranges from 4 to 6 cm. Lava clasts are commonly 

present as smaller clasts (3-8 cm) than the schist clasts, and commonly show a weathered rim 

(1-2 cm) of clay inferred to have been formerly glass; the rim suggests strong chilling. The 

clasts are supported in a matrix composed of brown carbonate and limonite, with remnants of 

palagonite. It was probably originally vitric tuff. The lapilli tuff is poorly sorted and very poorly 

bedded. The hill shape is lobe-like. 

The lapilli tuff is cut by a phonolite dyke distinguished by its greenish colour (plate 22 

c), which is exposed in the road cut between Harbour Cone and Dicksons Hill (GR 276 816). 

7. 7.4 Saddle lapilli tuff (SLT) 

The saddle between Harbour Cone and Dicksons Hill is formed by a lapilli tuff in beds 

between 30 and 50 cm thick that lacks any internal structures (plate 22 d). However alteration 

is extensive and original sedimentary structures may have been destroyed. Structureless beds 

dip 25° to the north and they are commonly defined by iron stained laminae. The main 

component is pumice clasts, which are highly altered to pale clays (plate 22 d). Similar lapilli 

tuff crops out along the Portobello Road and the upper Allans Beach Road. The strongly 

weathered lapilli tuff is widely distributed in comparison to the lithic-rich lapilli tuffs, which 

commonly form well-defined topographic highs. Along Allans Beach Road the whitish-yellow 
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lapilli tuffs form spheroidal weathering domains separated by iron-stained layers, an alteration 

style typical of trachytic material (John Smellie 1998 pers. corn.). 

7. 7.5 Sandymount lapilli tuff (SML T) 

The Sandymount area is located between Hoopers Inlet and Sandfly Bay and is marked 

by some prominent hills (Dicks Hill, Sandymount and a nameless one; GR 284 784; figs. 7.1, 

7.9). Most of the area is underlain by a lapilli tuff (fig. 7.9, 7.10), previously mapped as 

trachyte flows, agglomerate, and Port Chalmers Breccia (Benson, 1968). Extensive sand dunes 

blown from Sandfly Bay cover a large area (fig. 7 .9). 

The lapilli tuff near Sandymount crops out on the upper slopes of the nameless hill (GR 

284 784). It also crops out SW of the nameless hill. 

The lapilli tuff, SML T, is made up of mostly angular clasts of variable composition 

including lava clasts (plagioclase augite basalt, plagioclase olivine augite basalt), a few schist 

and mudstone clasts from underlying strata. Clast size ranges from a few millimetres up to tens 

of centimetres in diameter. Some of the larger clasts locally show thin bleached rims of uniform 

thickness. Large, loose boulders form the top of the hill. They either weathered out of the lapilli 

tuff or they are weathered remnants of a columnar jointed lava that covered the hill. The latter is 

more likely because many boulders still have crudely columnar shapes, which the lava blocks in 

the lapilli tuff do not. 

The commonly poorly sorted and massive lapilli tuff (plate 23 a) locally shows bedding 

(plate 23 b) and large-scale dune structures (plate 23 c) with a wavelength of more than 1 m and 

an amplitude of about 50 cm. Transport from south to north is indicated. 

7. 7. 6 Correlation with the Port Chalmers Breccia 

On the basis of clast composition a correlation of units HCLT, RQLT, DHL T, SLT and 

SML T to the Port Chalmers Breccia is not supported. The units are not breccias because they 

contain too few clasts >64 mm (e.g. Fisher and Schmincke, 1984; Schmid, 1981). Following 

the terminology of Fisher & Schmincke (1984) these units are classified as lapilli tuffs or block

bearing lapilli tuffs. Even though the lapilli tuffs are quite polymict, a positive correlation to the 

"vent-filling Port Chalmers Breccia" cannot be made because they lack the syenite clasts, 

gabbroic clasts and other plutonic clasts that are characteristic of the Port Chalmers Breccia. 
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PLATE20 

View from east to west of Harbour Cone. 

View from west to east of Harbour Cone. 

Overview of lapilli tuff (pyroclastic flow deposits) at Harbour Cone. 

Lapilli tuff at Highcliff Road. Note the iron concretions in the middle 

of the photo. 

Close-up of the lapilli tuff from Harbour Cone. 
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PLATE20 
a 

b 
Harbour Cone 
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PLATE 21 

Lapilli tuff RQLT from Ross Point Quarry; an overview. Scale of the 

outcrop is about 20 m. 

Close-up ofthe lapilli tuffRQLT. 

Gas-escape pipes (stippled lines) in the lapilli tuff RQL T. 
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PLATE21 
a 
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PLATE 22 

Lapilli tuff at the shoreline of Turnbulls Bay. Note the similar texture 

of the rock in comparison to the lapilli tuff at Ross Point Quarry. 

Overview of lapilli tuff DHLT (pyroclastic flow deposits) at Dicksons 

Hill. Note the massive texture. 

Phonolite dyke (D) cutting lapilli tuff DHL T. Note the characteristic 

green colour. 

Pumiceous lapilli tuff on the saddle between Harbour Cone and 

Dicksons Hill. Note the yellowish strongly weathered surface. 
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PLATE 23 

Overview of lapilli tuff at "nameless hill". Note the massive 

appearance of the upper part and bedding in the lower part. 

Well developed bedding in the lapilli tuff. Pencil 15 cm. 

Dune structure in the lapilli tuff. Transportation (arrow) from right to 

left, suggesting Sandymount was the source. 
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7. 7. 7 Interpretation 

The lithic-rich lapilli tuffs HCLT, RQLT, and DHLT are interpreted together because it 

is inferred that all of them were erupted from the same vent, which is discussed below. SMLT 

shows features similar to those of the former ones, but geometry of the dunes suggest a source 

to the south. A possible eruptive vent may be Sandymount, based on the present topography 

and because no other hill is located to the south. Differences in clast composition are interpreted 

to have resulted from changing eruption style, as discussed below. There are three possible 

explanations for variable proportions of schist clasts versus pumice clasts, which are (1) 

eruptions occurred from different vents; (2) variable proportions resulted from a vent with 

changes in fragmentation site or (3) change in eruption style. 

(1) There are three possible sites that may be interpreted as eruptive sites (a) Harbour 

Cone, (b) Hoopers Inlet and (c) Sandymount. (a) Harbour Cone is inferred to have functioned 

as a vent because of its cone shape, subsequent lava flow eruptions, dome intrusion, and 

because it is partly surrounded by lapilli tuff. (b) Lava flows that derived from Sandymount 

suggest that it was also a vent. Based on bed geometry in unit SML T and the morphology of the 

hill it is the only possible source of unit SML T to the south. (c) Hoopers Inlet has been 

interpreted as a vent site on the basis of a positive gravity anomaly beneath it. An almost a 

circular positive isostatic anomaly in the Harbour between Portobello and Port Chalmers was 

shown by Reilly (1971). He estimated an anomalous mass below sea level of about 2.1 x 

1013kg (35 mgals contour), which is equivalent to a volume of about 105km3
• He pointed out 

that the anomaly overlaps another anomaly zone to the north-west. Data lacks seawards, which 

made it difficult to obtain a better estimate at this stage. Newer unpublished data from Chris 

Evans (1990, third-year project stored in the Geology Department at the Otago University) 

including more data, however, show a large positive anomaly centred at Hoopers Inlet (GR 290 

805) of 145 flN/k.g, which may suggest that Hoopers Inlet was an important vent. These data 

seem to be reliable (Peter Koons pers. comm.) but the situation offshore remains unknown. 

If tephra erupted from all three vents the differing composition of the tephra may be due 

to different deposits having been scoured from different vents. 

(2) The variable proportions of mainly schist and quartz pebbles may be interpreted in 

terms of changing fragmentation site. A deep explosion locus ( -700 m) is inferred for schist 

and quartz pebble-rich deposits. 

(3) Variable clast populations may also be interpreted in terms of changing eruption 

sty le. Abundant pumice in the deposits indicates magmatic fragmentation. Such deposits are 

mainly formed by Plinian or sub Plinian eruptions (Walker et al., 1971; Wilson, 1976; Sparks 

and Wilson, 1976; Wilson, 1980b), whereas lithic-rich pyroclastic flows mainly form by dome 

collapse or explosions associated with the dome formation (figs. 7.11, 7.12). Explosive activity 

in close association with dome growth is very common (Newhall and Melson, 1983). Such 
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Figure 7.11 Model showing a Plinian eruption column, pf=fluid pressure, pc=conduit pressure; 
b) diagram showing a phreato- Plinian eruption column and collapsing margin of eruption 
column 

flows commonly contain abundant poorly vesiculated products of the dome but pumice also 
occurs (Fisher and Schmincke, 1984). Surge deposits, which may deposit in front of the 
pyroclastic flows (Sparks and Walker, 1973; Fisher, 1979) may be identified by the presence of 
dune bedded horizons. Cross-bedded surge deposits have been reported to be more poorly 
sorted than those composed of a single bed (Sparks, 1976). Keeping this in mind the lapilli 
tuffs are interpreted as follows. 

Alllapilli tuffs but the pumiceous unit SLT are channelised or form topographic highs 
that suggest that they represent paleovalley fillings (by topographic inversion). Unit SLT has 
been correlated with other pumice-rich deposits on the Peninsula. The distribution is wider (up 
to 10 km from Hoopers Inlet) and not confined to paleovalleys and comprises mainly pumice, 
which may indicate that these lapilli tuffs represent air-fall deposits. This leads to the 
interpretation that the pumice-rich deposits may have formed by magmatic fragmentation 
perhaps by sub Plinian eruption (Walker et al., 1971; Wilson, 1976; Sparks et al., 1978; 
Wilson, 1980a). The inferred vent was beneath Hoopers Inlet, which is supported by the fact 
that beneath the inlet is a positive gravity anomaly (see above). 
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volcanic lithic clast rich 

accidental lithic 

Figure 7.12 Pyroclastic flow formed by dome collapse, pf=fluid pressure. pc=conduit 
pressure; b phreatomagmatic reactions led to the formation of base surges during second stage 
of eruption 

The schist poor lapilli tuff HCLT at Harbour Cone and SMLT near Sandymount were 

formed by shallow level explosive fragmentation. Eruption probably took place in very shallow 

water or in a subaerial environment. A high degree of magmatic fragmentation is 

indicated by the presence of abundant pumice. Variable amounts of volcanic lithic clasts were 

ripped off the wall of the conduit and thrown together with the juvenile pumice and ash out of 

the vent during an explosive eruption. The massive and poorly sorted character of the lapilli tuff 

suggests deposition from pyroclastic flows (Fisher and Schmincke, 1984). The composition of 

HCLT and SMLT may imply formation by dome collapse or explosions associated with the 

dome formation. Nearby intrusives show that doming was not uncommon on this part of the 

Peninsula, which may suggest that dome collapse was the process that led to the formation of 

the lithic-rich pyroclastic flow deposits. Such flows commonly contain abundant poorly 

vesiculated dome-like fragments but pumice of the same composition also occurs (Fisher and 

Schmincke, 1984). The inferred erupting vents were Harbour Cone and Sandymount. 

Pyroclastic flows can also follow from initial Plinian or sub Plinian eruptions, which may have 

occurred in Hoopers Inlet. An initial sub Plinian/ Plinian phase will be followed by pyroclastic 
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flows when either gas content of erupting magma decreases or vent widens. The inferred vent 

in this case is Hoopers Inlet. However, a Plinian eruption would produce much more fines and 

distribute tephra over a much wider range (several tens or hundreds of kilometres) than the 

pumice-rich deposits on the Peninsula. 

The dune bedded parts of unit SMLT may represent surge deposits, which were 

deposited in front of the pyroclastic flows (Sparks and Walker, 1973; Fisher, 1979). 

The schist-rich lapilli tuff RQLT, as well as the quartz pebble-rich lapilli tuff DHLT, 

was formed by deep level explosive fragmentation. The deep phreatomagmatic explosions may 

have been induced by local reductions of conduit pressure Pc (figs. 7.11 & 7.12, Barberi et al., 

1989; Wohletz, 1986). This means, if in these zones the pressure of the fluid Pf in the wall rock 

exceeded the conduit pressure Pc' water gained access to the conduit and phreatomagmatic 

reactions occurred, which caused fragmentation in deeper zones and led to the formation of the 

schist-rich deposits. Eruption probably took place in very shallow water or in a subaerial 

environment. A relatively high degree of magmatic fragmentation also is indicated by the 

abundant pumice. The massive and poorly sorted character of the lapilli tuffs also suggests 

deposition from pyroclastic flows (Fisher and Schmincke, 1984). Pyroclastic flows spread out 

in fan-like lobes often following paleovalleys. The shape of the outcrop at Ross Point Quarry 

and the poor sorting as well as lack of any bedding and grading support formation as valley

filling deposits. Relatively hot emplacement is suggested by the formation of the columnar 

joints (e.g. Ross Point Quarry). The schist rich lapilli tuff at Ross Point Quarry and the quartz 

pebble-rich lapilli tuff DHL T are interpreted to have been formed by phreatomagmatic 

fragmentation (figs. 7.11, 7.12) of uprising magma in contact with ground water. The 

abundance of rounded schist clasts and quartz grains suggests a deep explosion locus ( -700 m), 

probably within the Taratu Formation (see chap. 1) rather than in the schist because an 

explosion in the schist would produce more angular clasts. The lapilli tuff at Ross Point Quarry, 

nameless hill, and Dicksons Hill must have been strongly cemented soon after deposition. 

7. 7.8 Lapilli tuff (TBLT) 

This pumiceous lapilli tuff, unit TBLT, crops out at the shoreline of Turnbulls Bay, 

Otago Harbour (GR 255 821). Plate 24 and 25 shows stratigraphic columns of the section from 

which plate 25 is a close-up from parts of the section on plate 24. It is very different from the 

pumiceous unit SLT in being very well stratified, with sedimentary structures well preserved. 

The exposed thickness of TBLT at Turnbulls Bay is up to 8 m. It overlies well-bedded 

sandstones (Sst; plate 24) with a sharp erosional contact and is partly overlain by the Ross Point 

Quarry lapilli tuffRQLT and the pumiceous lapilli tuff (SLT). The lapilli tuff is planar bedded, 

with bed thickness ranging between 2 and 30 cm. The unit has been subdivided into five 

lithofacies (A-E), separated by lithological discontinuities. Often the subunits may also be 

distinguished by a change of colours from whitish to yellow, brown and grey-blue. The beds of 
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unit TBLT are broad and lensoidal alternating between coarse- and fine-grained subunits that cut 

into the underlying sandstone. 

Lithofacies A occurs above the sandstone but also at various levels in the outcrop with a 

thickness of up to 1 m. Locally subunit A is brown iron stained but commonly it is blue-grey in 

colour (plate 24). The base of the unit is always massive to slightly normally graded, passing 

upward into horizontal bedding. This massive base is poorly sorted, coarse-grained and 

commonly clast supported. Alternating diffusely developed coarse and fine beds are each 

slightly normal graded or structureless (plate 24). Bedding planes are slightly undulating and 

commonly defined by variation in grain-size. Individual layers are moderately sorted. Coarse

grained layers are clast supported. Locally large clasts are dispersed throughout the subunit. 

Occasionally there are small remnants of wood not larger than few millimetres. 

Channel-filling lithofacies B forms metres wide and up to 30 cm thick lenses, which cut 

into subunit A. Subunit B shows scour filling structures, cross stratification and undulating 

bedding planes (plate 24, 25). Common in lithofacies B also are wave-generated structures such 

as wavy beds. Alternating coarse and fine beds within the channel are inversely graded, 

massive or rarely normally graded (plate 25). Channels are filled with coarser material 

consisting mainly of pumice with rare lava clasts. 

Lithofacies C comprises a coarse-grained pumiceous lapilli tuff. It consists only of 

pumice and is similar to the coarse-grained parts of subunit B. At various levels subunit C 

occurs as large lensoidal bodies (plate 24, 25). It is locally normally to inversely graded, but is 

more commonly structureless. 

The tuff comprising lithofacies D is a distinctive dark grey colour and is fine-grained 

(plate 24, 25). It appears as horizons within subunit A and locally in the channel-filling subunit 

B as fine laminae, which are commonly laterally continuous, but locally also pinch out (plate 

24 ). Total thickness of layers ranges from a few millimetres up to 5 cm. These layers 

commonly show wavy structures (plate 25). 

Lithofacies E also occurs at various levels in the outcrop with a thickness of up to 60 

cm. It resembles in many ways the fine-grained parts of lithofacies A in being also a fine

grained pumiceous lapilli tuff. Individual layers are better sorted, normally graded and bedding 

is better developed (plate 24, 25). One distinct feature of subunit E is well-developed decimetric 

planar-tabular cross stratification (plate 25). 

There are unusual weathering surfaces on the bedding planes of the sandstones, 

commonly iron stained and hexa- or pentagonal and reminiscent of mudcracks. 
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2,3 

PLATE24 

Sedimentary log of Turn bulls Bay section 

Overlying lapilli tuff, interpreted as pyroclastic flow deposit. 

Lapilli tuff (lithofacies A) interpreted as hyperconcentrated flow 

deposits, an overview (3) and close up (2). 

4 Channel-fill structure (lithofacies B). 

5, 6 Lithofacies Cas lensoidal bodies within lithofacies (A). 

7, 8 Cross bedded sandstone facies (Waipuna Bay Formation) underlying 

the volcaniclastic succession. 
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PLATE24 



PLATE25 

Sedimentary log of Turn bulls Bay section 

(counting photos from bottom to top) 

1, 2 Close-up of channel-fill facies (lithofacies B, lower two photos) 

3 Wave-generated structures within lithofacies D 

4 Tabular cross beds of lithofacies E 
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7. 7 .8.1 Interpretation 

The Tumbulls Bay lapilli tuff (lithofacies A-D) is interpreted as alternating 

hyperconcentrated flood-flow deposits (lahars) and normal stream flow deposits with local 

debris flow deposits (Smith, 1986; Cronin et al., 1997; Lecointre et al., 1998), which is 

indicated by the change from diffusely bedded parts (lithofacies A) representing 

hyperconcentrated flood flow deposits to well bedded, cross-stratified part (lithofacies E) and 

structureless parts. A lahar is a general term for rapidly flowing mixture of rock debris and 

water (other than normal stream flows) from a volcano (Smith and Fritz, 1989). The name lahar 

is Indonesian for volcanic breccia transported by water (Fisher and Schmincke, 1984). Normal 

stream flow deposits, which are dominated by tractive grain-by-grain sediment deposition 

mechanism, show different sedimentological features, such as cross stratification (Smith, 

1986). Hyperconcentrated flood-flow deposition is inferred for the coarse-grained deposits, 

rather than debris flow deposition, because of lack of matrix support or reverse grading (Smith, 

1986). The deposits are instead characterised by normal grading and horizontal stratification, 

which suggests deposition from hyperconcentrated flood-flow (Smith, 1986). 

Hyperconcentrated flood flows are dominated by rapid grain-by-grain aggradation from both 

suspension and traction (Smith, 1986). The deposits at Tumbulls Bay are dominated by pumice 

clasts, which implies that they are derived from a volcano or from pumiceous deposits. The unit 

most closely resembles the pumiceous lapilli tuff SL T. This lapilli tuff (SL T) has been 

interpreted to be formed by explosive eruptions in Hoopers Inlet. Together, this leads to the 

interpretation that unit TBL T has been deposited by lahars. 

The flow strength can be predicted by the morphology of the tabular cross beds (two

dimensional bedforms). Such cross beds are low-energy ripples and commonly developed in 

low velocity, shallow channels (Boothroyd, 1984). 

Unit TBLT displays a broad, lensoidal stratification that cuts into the underlying 

sandstone. The sandstone show abundant evidence for deposition in a tidal-influenced 

environment and has been interpreted as being deposited in an estuary (see chap. 2). It is 

therefore inferred that formation of unit TBLT occurred as follows. Lahars were generated by 

remobilization of pumice-rich deposits on the flank of a volcano (Hoopers Inlet Volcano) by 

water. The main source of the water that mobilised the tephra was most likely water and steam 

that was stored in the pre-existing rocks, which is indicated by the water-rich environment, 

and/or rain water. The lahars most likely followed a pre-existing valley or riverbed that entered 

the inferred estuary in a channel. It is common for debris flows generated on volcanoes to 

follow radial drainage paths and are completely, or partially, confined to channels containing 

water (Cronin et al., 1997; Smith, 1986)). They may frequently be diluted to hyperconcentrated 

flood flows (Smith, 1986). The channel-like appearance and the fact that it cuts into the 

sandstone unit that has been interpreted as estuarine deposit (see chap. 2), supports this 

interpretation. It is also supported by the presence of wave-generated structures in sub unit D. 
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By dilution of the debris flows as they travelled through stream channel or as they entered the 

estuary, the debris flows transformed into hyperconcentrated flood flows. The fine-grained 
subunit D may have been deposited by normal suspension sedimentation in the estuary during 

high tide. The wave-generated structures in subunit D indicated a shallow marine environment. 

Together with the fact that underlying sandstones apparently show evidence for deposition in an 

estuary supports the idea. A possible scenario is shown in fig. 7.13. 

Only subunit E (in contrast to subunit A) may be interpreted as normal dilute stream

flow deposit, because of the distinct appearance with cross-stratified layers. 

To summarise, unit TBLT has been subdivided into several subunits based on different 
sedimentological features. It is inferred that deposition occurred from debris flows (lahars) that 
transformed into hyperconcentrated flood flows and normal stream flows, which have been 
formed by dilution of the debris flows. An estuary is inferred as the depositional environment, 
where the channel-filling units were deposited at low tide and whereas subunit D was deposited 
by suspension settlingduring high tide periods. 

lahars formed by 
remobilization of pmniceous 

tephra probably from 
Hoopers Inlet 

transformation of hyperconcentrated 
flood flows into normal stream flows 

Figure 7.13 Diagram shows possible scenario to generate deposits at Turnbulls Bay. 
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7.8 DOLERITE 

On top of the Harbour Cone (figs. 7.19, 7.20) and on Patons Hill there are black, 

medium to coarse-grained dolerites in the form of knobs. The dolerites contain plagioclase, 

olivine, and pyroxene crystals. Very well developed, radiating, hexagonal and octagonal 

columnar joints (up to 0.5 m) are obvious. The columns are predominantly with often strongly 

weathered outer rims. 

The morphology of the hill and the radial orientation of the columns suggest that the 

dolerite is a plug. The dolerite most likely intruded into a vent, and cooled from its outer surface 

towards a central region to form the radial pattern. This is supported by the fact that other lava 

flows (e.g. at Harbour Cone) show flow directions away from the hill, suggesting that the hill 

represented an eruptive source. 

7.9 LAVA FLOWS 

Several basaltic and phonolitic lava flows appear in the area around Harbour Cone. The 

basalt lava exposed at the western side of Harbour Cone (GR 268 808) is melanocratic, 

porphyritic and holocrystalline with large phenocrysts of olivine (up to 8 mm), titanaugite (up to 

10 mm) and plagioclase. Flow direction to the west is indicated by the dip of the flow to the 

west and flow banded crystals. These phenocrysts are supported in a fine groundmass of 

plagioclase, clinopyroxene, magnetite, and apatite. An outcrop at the Highcliff Road (GR 266 

806) of the same basalt flow shows columnar joints with brownish weathered surfaces. The 

lava flow most likely also erupted from the Harbour Cone vent, which is indicated by the steep 

dips of the flow to the west together with the flow banded crystals and the fact that Harbour 

Cone is the only hill to the east. 

Most other basalt outcrops in the mapped area of the southern part of the Peninsula are 

found along a ridge south and south west of nameless hill (GR 284 783). The lavas have a 

thickness of about 5-10 m. The basalt that covers the area around nameless hill forms a sub

horizontal sheet overlying the lapilli tuff and is fine-grained and grey-black in colour, 

weathering to red brown. Locally the basalt is spheroidally weathered and in many places the 

basalt is columnar jointed. Column diameter commonly range from 0.3 m to 1 m. The vertical 

orientation of the columns suggests a subhorizontal cooling surface, consistent with 

interpretation of the unit as a lava flow. The second lava flow forming the hill of Sandymount 

(GR 292 770) and reaches the nameless hill (GR 284 783) is composed of coarsely porphyritic 

basalt. 

Phonolite crops out along Sandymount Road (GR 270 788) and on the flanks of Dicks 

Hill (GR 272 789). Locally the phonolite is strongly weathered, but fresh surfaces are grey

green. Dicks Hill represents a phonolite dome that intruded and uplifted pre-volcanic 

sedimentary rocks (see chap. 2). The phonolites tend to be very hard and are very fine-grained. 
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They are composed of nepheline, orthoclase, aegirine, with phenocrysts of nepheline, kaersutite 

and aegirine. Nepheline often forms euhedral crystals. 

Columnar jointed phonolite at the eastern side of Harbour Cone (GR 275 808), 

underlying the dolerite, appears as a pale white-grey weathered rock, which is green on a fresh 

surface. It also appears at Portobello Road (GR 265 824). Similar phonolitic rocks (mainly 

dykes) are also present at Allans Beach (see chap. 6). The phonolite shows feldspar microliths 

forming a flow aligned, trachytic texture. The phonolite exposed along the base of Harbour 

Cone and Dicksons Hill (GR 274 818), and between Portobello Bay and Edwards Bay (GR 

265 824) is strongly altered. 

7.10 DYKES 

Phonolitic dykes radiate outward from Hoopers Inlet (fig. 7 .3). They are commonly 1 

to 5 m thick and are similar to the phonolite dykes present at Allans Beach and elsewhere (chap. 

6), in being commonly whitish where weathered and greenish on fresh surfaces. Phonolite 

dykes at the shoreline of Turn bulls Bay, Broad Bay, the saddle between Harbour Cone and 

Dicksons Hill, and on Harbour Cone itself all radiate outward from Hoopers Inlet (fig 7.4). 

7.11 PYROCLASTIC BRECCIA 2 (PYB 2)/LAPILLI TUFF (LT) 

Pyroclastic breccia (PyB 2) is exposed at the terminus of a spur that runs SW from 

"nameless hill" (fig. 7.14). The breccia crops out in the form of an ellipse about 70 m long and 

about 25 m wide (GR 278 778). Large clasts forming the breccia range in size from a few 

centimetres up to 3 m and are subround to subangular. Large fine-grained basalt clasts show 

strongly and irregularly vesiculated, glassy chilled margins. Locally there are also a very few 

quartz grains, subround and commonly less than 5 mm in size. The larger basaltic clasts are 

supported in a lapilli tuff matrix. Sideromelane glass shards are abundant in the matrix and are 

often palagonitised, but remnants of glass shards are preserved. These glass shards are slightly 

vesicular. 

A lapilli tuff that surrounds the pyroclastic breccia (fig. 7.14) has the same clast 

composition as the breccia. Good outcrops are rare because most of the area is covered by 

grassland. The patchy outcrops permit limited examination of the lapilli tuff and the outcrops are 

not large enough to show any sedimentary structures. 

7.11.1 Interpretation 

The high proportion of vesicular sideromelane glass shards in the matrix of the breccia 

and the strongly chilled margins of the clasts within the breccia suggest explosive interaction of 

basaltic magma with water. The apparently low abundance of pre-volcanic clasts suggests 

interaction with surface water rather than ground water (Heiken, 1972, 1974; Lorenz, 1975). 
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The breccia is interpreted as an explosion breccia filling a vent, which is also supported 
by the subcircular outcrop pattern. 

The surrounding lapilli tuff is interpreted to have been erupted from the same vent as the 
breccia, based on the similar clast composition. 

7.12 BRECCIA PIPES/DYKES 

At the shoreline of Turnbulls Bay there are two very unusual and interesting outcrops of 

breccia (in the vicinity of GR 255 821; plate 26). The breccia outcrops are between one and two 
metres wide with sharp contacts to the Turnbulls Bay lapilli tuff and the sandstone beds. Clasts 
range in size from a few millimetres up to 40 cm (plate 26). They range in composition from 
mudstone and sandstone to garnet-bearing albite-porphyroblastic schist (Alan Cooper 1999 
pers. corn.), which are also very common within the Port Chalmers Breccia (Alan Cooper 1999 
pers. corn.). Large angular clasts from the Turnbulls Bay lapilli tuff described above are also 
present. The matrix is dirty brown and muddy. 

7 .12.1 Interpretation 

The breccias comprise a wide range of pre-volcanic clasts, including garnet-bearing 
albite-porphyroblastic schist. The breccias are interpreted as phreatic explosion breccias 
(Barberi et al., 1992) developed along pre-existing fractures. Phreatic explosions are common 
in active geothermal systems (e.g. Muffler et al., 1971) and in or around active vents between 
eruptions (e.g. McPhie et al., 1990). The hard and strongly iron-stained deposits around the 
breccias at Turnbulls Bay indicate hydrothermal activity. These kind of explosions occur when 
subsurface superheated water (groundwater) flashes to steam as a result of rapid reduction in 
confining pressure (McPhie et al., 1993). Deposits are dominated by non-juvenile lithic clasts 
as are the breccias at Turnbulls Bay. Although, the muddy matrix may imply deposition from 
debris flows, the steep dipping contacts (90°) to the adjacent units and the unusual composition 

do not support this idea. Nowhere else are remnants of breccia with such a composition, which, 
in addition rules out deposition from debris flows. 



PLATE 26 

left Overview phreatic breccia dyke; note the different clasts especially the 

clasts from Turnbulls Bay lapilli tuff (TBLT). 

right Close-up of the breccia; note the large clasts of garnet-bearing albite-

porphyroblastic schist( S). 
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PLATE26 
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7.13 ERUPTIVE HISTORY 

This part of the Otago Peninsula was characterised by eruption of melts of bimodal 

composition (phonolite/trachyte and basalt) and a change from shallow submarine eruptions to 

subaerial ones. Relative ages and the eruptive as well as depositional environments of single 

eruptions have been established on the basis of deposit characteristics and interbedded epiclastic 

units as well as on assumed contemporaneity of sediment and igneous rock in peperite. The 

eruptive history of the southern part of the Otago Peninsula can be summarised as follows (fig. 

7.15). 

The oldest eruption site on this part of the Peninsula is at Sandfly Bay, and is 

characterised by pillows, peperites, hyaloclastite, and Surtseyan eruption products. Sandstone 

within the peperites most closely resemble sandstones from the Caversham Sandstone (see 

chaps. 1, 2, 3). With an outcrop elevation (60 m) and the interpreted emergent volcanic activity 

at Sandfly Bay, the water depth should not be higher than +50 m in relation to present sea level. 

It is therefore inferred that eruption took place in a shallow marine environment during 

uppermost Altonian inferred from the Haq et al. (1988) sea level curve. This inference is based 

on the fact that peperites form by the intrusion of magma into unconsolidated wet sands, and the 

penecontemporaneous age of peperite and host sediment. The youngest beds of the Caversham 

Sandstone Formation are interpreted to be of upper Altonian age (Sikumbang, 1978), which is 

in good agreement with the inferred age of the Sandfly Bay succession. This age is a maximum 

age, however, because it is not known how long the Caversham Sandstone remained 

unconsolidated. The Sandfly Bay eruption products are basaltic in composition. A long period 

of volcanic quiescence and erosion, as well as deposition of epiclastic material, followed. 

Peperites (type 1) at the base of the succession at Boulder Beach (north and south) and 

Lovers Leap were formed by the intrusion of coarsely porphyritic basalt into sand of the 

W aipuna Bay Formation. Eruptions probably took place during Lillburnian, based on the age of 

the WaipunaBay Formation (Lillburnian-Waiauan, see chap. 2 and Sikumbang, 1978), With a 

maximum outcrop elevation of the upper pillow unit at Lovers Leap of 70 m a water level 

greater than + 70 m compared to the present sea level is indicated and deposition during 

Lillburnian time is suggested. 

The first eruption at Hoopers Inlet followed, during middle to lower Lillburnian, also in 

a submarine setting. The marine setting is supported by the fact that the lapilli erupted from a 

Hoopers Inlet vent, is interbedded and/or overlain by sedimentary rocks of the Waipuna Bay 

Formation (see chap. 2) at Varleys Hill, Lovers Leap and Tumbulls Bay. Sills that intruded the 

yellow tuff at Boulder Beach north formed peperites, indicating contemporaneous eruptions. 

The first, subaqueous, eruption at Hoopers Inlet (Hoopers Inlet 1) produced pumice-rich 

tephra, phonolitic or trachytic (see chap. 9) in composition that was deposited in a shallow 

marine setting. Eruption style probably was initially similar to that inferred for unit C at Allans 

Beach (see appendix 2). Approximately at the same time, or shortly after, the Boulder Beach 
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eruption took place. Pyroclastic deposits at Boulder Beach, that are inferred to have been 

formed in a shallow marine environment, are also characterised by a more evolved composition 

(trachyte/phonolite; see chap. 9). 

During the next eruptions, which probably took place in upper Lillburnian/ lower 

W aiauan, the little volcano at Lovers Leap, and probably also the vent S/W of Sandymount, 

formed. These eruptions involved magma/water interaction in a shallow submarine 

environment, where abundant water was available for magma/water interaction to form 

sideromelane-rich tephra. The interpretation is based on the presence of interbedded marine 

sedimentary rocks of the Waipuna Bay Formation and comparison with the Haq et al. (1988) 

sea level curve. Interpreted shallow marine volcanic activity at Lovers Leap and recent outcrop 

elevation of about 110 m above sea level suggests that the water depth should have been greater 

than + 110 m in relation to present sea level. These together suggest that eruption took place in 

somewhat deeper marine environment during Lillburnian. 

A longer period of quiescence, erosion and deposition followed, during which most of 

the tephra from the small eruptive centres S/W of Sandymount, Sandfly Bay, and Lovers Leap 

was eroded. 

The lithic-rich pyroclastic flow deposits at Harbour Cone (HCLT), Ross Point Quarry 

(RQLT), nameless hill near Sandymount (SMLT) were formed by magmatic explosions and 

dome collapse at Sandymount, Harbour Cone and/or Hoopers Inlet, probably during lower 

Waiauan (relative low sea level see fig. 7.14). The deposits DHLT and RQLT are distinctive 

due to their large amount of schist clasts indicating substantial quarrying during fragmentation 

suggesting an interaction of the magma with groundwater. 

An explosive eruption took place at Hoopers Inlet (Hoopers Inlet 2), probably also 

during W aiauan, initiating the formation of the pumiceous lapilli tuffs around Hoopers Inlet 

(SLT) along Portobello Road and elsewhere on the Peninsula, which are inferred as pyroclastic 

fall deposits. Laharic deposits at Turnbulls Bay are inferred to have formed by remobilization of 

pumiceous lapilli tuff into lahars of pumice-rich deposits probably from a Hoopers Inlet vent. 

Deposition took place in an inferred estuary. 

Phreatic breccias, with steep (90°) and sharp contacts to adjacent units, were formed 

after the pumice-rich laharic deposits because they cut these deposits. The breccias have been 

interpreted as phreatic dykes. 

Lava flows, which mainly erupted from Harbour Cone, Sandymount, and Peggys Hill, 

overlie remnants of the pyroclastic successions. The dome intrusion at Dicks Hill (chap. 4) 

lifted up the pre-volcanic sedimentary units (and probably also pre-existing volcanic 

successions) and accelerated erosion of the overlying pyroclastic units. Dyking occurred 

throughout the development of the southern part of the Otago Peninsula. 
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CHAPTERS 

NORTHERN PART OF THE OTAGO PENINSULA 

The chapter provides an overview, brief description and very brief interpretation of the 

geology of the northern part of the Otago Peninsula . Outcrops are accessible along the 
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shoreline and 

along Portobello 

Road, but are 

extremely limited 

due by extensive 

farming, soil and 

vegetation cover. 

Taiaroa Head is a 

wildlife reserve 

and a special 

permit from the 

department of 

conservation is 

necessary to gain 

access. 

The 

Figure 8.1 Locality map; numbers at the side refer to New Zealand Map 
Grid Projection from topographic map 260 144 & J44 Dunedin. Grey
shaded area shows seawater. 

subdivision of the 

northern part of the 

Peninsula is also 

based on different localities with local names in the same manner as in chapter 6. Fig. 8.1 

shows a locality map with the studied areas. 

8.1PYRAMID 

The Pyramids, named for their distinctive shape, are located approximately 5 km NE 

from Portobello (fig. 8.1, plate 27a). The area around the pyramids is owned by the Yellow

eyed Penguin Trust and permission is necessary to get access to the land. They lie in a line 

running NE towards a columnar jointed outcrop to the NE (pyramid 3) and are tens of metres 
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apart. The smallest pyramid (GR 328 846) is about 35 m high and marked by well developed 

columnar jointed lava. The second pyramid (GR 327 847) is about 68 m high and also shows 

well developed columnar jointing near the upper centre of the pyramid. 

A wide variety of pyroclastic rocks form the area around the Pyramids (fig. 8.2). They 

are briefly described and interpreted below, mainly focusing on the pyroclastic units. 

8.1.1 Pyramid 1 

The basaltic lava, which forms the first pyramid (GR 328 846), shows well-developed 

columnar joints (plate 27 b). It consists of irregular, wholly radiating clusters. The columns 

trend NE and plunge with ea. 400 to the SW. The plunge increases to the west up to 60°. All 

columns are 4 or 5 sided with diameters of about 25 - 40 cm. The basalt is coarsely 

porphyritic with augite, olivine and plagioclase as phenocrysts. Occasionally there are patches 

of breccia between the columns (plate 27 b), which might indicate that the lava forming the 

first pyramid intruded a breccia. The brecciated material also could be weathering debris from 

the columns. A close examination was not possible due to dangerous access. 

Radiating columns commonly form in response to irregularities in the top surface of 

lavas, so producing an irregular upper cooling surface and front, or where external water 

permeates the top of the flow and create local cooling points (Cas and Wright, 1988). 

Radiating or rosette-like clusters of columns may form from the cooling of enclosed feeder 

lava (Cas and Wright, 1988). 

8.1.2 Pyramid 2 

The second pyramid (GR 328 847; plate 27 a & c) is made up by several pyroclastic 

units, including tuffs, lapilli tuffs, and lapilli tuff breccia. The stratigraphic units comprising 

the Pyramid 2 succession are units PyB 1, PyB 2, LSILT and T. The units are listed and 

briefly described below. 

8.1.2.1 Pyroclastic breccia 1 (PyB 1) 

On the eastward side of the second pyramid is a breccia, which is poorly sorted and 

poorly bedded. The contact with the adjacent pyroclastic unit (LSILT see below) is sharp and 

very steep. The breccia is formed mainly by subangular to subrounded basaltic boulders and 

supported in a strongly altered vitric lapilli tuff matrix. The boulders are formed of coarsely 

porphyritic plagioclase basalt. The lapilli tuff matrix is composed of plagioclase basalt, 

sideromelane glass shards, tachylite and a few pyroxene crystals. The basalt fragments are 
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glassy with patches of sideromelane. The sideromelane glass shards are non- to strongly 

vesiculated and contain feldspar phenocrysts. Vesicles vary in size but are usually spherical. 

Commonly the glass shards are heavily altered. 

8.1.2.1.1 Interpretation 

The breccia is interpreted as vent-filling breccia, on the basis of its unsorted, unbedded 

character and its steep dipping contacts to the adjacent units. 

Interaction of magma with water during fragmentation is indicated by the presence of 

sideromelane glass shards. The presence of tachylite records fragmentation of variably cooled 

magma by water and air (Fisher and Schmincke, 1984; White, 1991b). 

The absence of epiclastic sedimentary and schist xenoliths in the breccia indicates no 

deep quarrying of the substrate. This also indicates an interaction of magma and groundwater 

in a basaltic aquifer. Basaltic blocks in the substrate of Surtla, a satellite vent of Surtsey, are 

thought to be disrupted dyke material from the feeding conduits, or blocks of lava flows 

(Kokelaar, 1983). 

8.1.2.2 Pyroclastic breccia 2 (PyB 2) 

Another breccia occurs about 50 m northwest from the previous one (plate 27 c & e). 

The breccia is dominated by large basaltic boulders, which are supported in a strongly altered 

vitric matrix, yellowish in colour. The outcrop is of a distinct round shape (plate 27). Clasts 

from pre-volcanic strata are lacking. The breccia is poorly sorted and poorly bedded. Contacts 

to adjacent units are not exposed. Both, the basaltic lithic clasts and the sideromelane glass 

shards, are composed of plagioclase basalt, which indicates that the lithic clasts are juvenile. 

8.1.2.2.1 Interpretation 

This breccia with the distinct morphology, poor sorting and poor bedding may also be 

interpreted as vent-filling breccia. The vitric matrix may have formed by interaction of up

rising magma with surface water because interaction with groundwater would disrupt more 

material from pre-volcanic strata especially from the aquifer. 

8.1.2.3 Tuff(T) 

Tuff forms a 1.5-m thick band dipping 230/10 (plate 28 a). The tuff is well bedded, 

sorted and normally graded (plate 28 b). The bedding planes and scour surfaces are easily 

delineated by sharp grain size variations. They converge laterally and are between 2 and 5 cm 

thick. Locally thin cross-laminated lenses accompany faint scour filling structures. Scours are 

up to 0.5 m wide and a few centimetres deep. The tuff comprises broken plagioclase needles, 
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blocky and Y -shaped sideromelane glass shards, which are supported in a very fine-grained, 

brown, iron-stained matrix of altered vitric shards. Composition and general appearance are 

very similar to the tuff-forming unit BT at Allans Beach (see chap. 6). 

Reverse faults and a tabular body of columnar jointed basalt cut the lapilli tuff. The 

displacement on the faults is several tens of centimetres. The lapilli tuff unit, described below, 

overlies the tuff unit. 

8.1.2.3.1 Interpretation 

This unit contains abundant broken crystals, which is indicative of a pyroclastic origin. 

The presence of sideromelane glass shards indicates interaction with water during 

fragmentation. 

Bedding features, cross stratification and normal grading suggest deposition from 

turbulent density currents (Lowe, 1982; McPhie et al., 1993). Gas-escape pipes and 

carbonised vegetation, which are indicative for hot emplacement, and accretionary lapilli are 

missing. Thus positive evidence for subaerial deposition and evidence of water droplets, 

which are essential to form accretionary lapilli, is lacking. 

There was repetitive mild erosion and deposition, with deposition occurring mostly by 

rapid suspension sedimentation (ungraded and normally graded) and rarely by traction 

sedimentation (lamination). This facies probably represents a mixture of high to low 

concentration turbidity current deposits (Lowe, 1982), which were deposited during an earlier 

event. Similarities to unit BT at Allans Beach (see chap. 6) may allow correlation of the two 

units. This would suggest a pre-Clifdenian or pre-Lillburnian formation of the Pyramid tuff 

unit T. 

A possible source of the tuff is the small vent (recent breccia PyB2, see above) 50-m 

westwards of the second pyramid (see above). 

The tuff unit T was subsequently cut by explosion breccia 1, described above, which 

was followed by the formation of the overlying unit LS!LT. 

8.1.2.4 Lapillistone/lapilli tuff (LSIL T) 

The lapilli tuff unit crops out on the western and eastern flanks of the pyramid. On the 

eastern flank the tuff has steep-dipping contacts with the breccia unit (plate 28 a) and is 

faulted against a tuff unit (T), described above. Total exposed thickness is about 3 m. The 

thickly bedded (5-15 cm) parts of the unit are structureless, well sorted and contain abundant 

well rounded mud clots (0.5 cm in diameter), lapilli, and accretionary lapilli (plate 28 c&d) 
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altered sideromelane glass shards and tachylite. A few beds show openwork texture. Some 

beds contain round lapilli in the middle part and show a thin inversely graded zone at the 

base. These beds occur mostly near the breccia and pass downward into a thinly bedded lapilli 

tuff. The tuff beds are well bedded with a bed thickness of 0.1 to 1 cm. Beds dip gently at 

100110 away from the massive breccia. The beds locally are separated by very fine-grained 

tuff laminae. Of interest are abundant micro reverse faults (up to 20-mm offset) and locally 

large reverse faults (up to 1m offset) cutting the unit (NE/SW trending). 

8.1.2.4.1 Interpretation 

The unit is formed by relatively well sorted beds of sideromelane-bearing ash and 

lapilli that are inferred to represent fall beds and inferred surge deposits, which is 

characteristic of phreatomagmatic deposits (Houghton and Schmincke, 1989). Accretionary 

lapilli and well-developed bedding in sideromelane-rich tuff are common features of base 

surge deposits (Houghton and Schmincke, 1989). 

Deposition of unit LS/L T is inferred to have occurred from base surges with the 

presence of water droplets within the tephra upon deposition indicated by the presence of 

accretionary lapilli. The presence of accretionary lapilli indicates limited water as free 

droplets in surges. 

The lithic content of the deposits is low relative to deposits of most phreatomagmatic 

eruptions (Lorenz, 1986) but comparable with phreatomagmatic events where relatively 

shallow fragmentation can be inferred (Walker, 1973; Kokelaar, 1983). The mud lapilli layers 

demonstrate that the mud and ash were all freely aggregating in an eruptive cloud (White, 

1996). 

8.1.2.5 Lava 

The basaltic lava, which forms the second pyramid, shows well-developed columnar 

joints (plate 27 a&d). Also here the columns are commonly 4 or 5 sided with diameters of 

about 25 - 40 cm. The columns are vertical at the summit and many columns have collapsed 

and form debris around the foot of the pyramid. The basalt is coarsely porphyritic with augite, 

olivine and plagioclase as phenocrysts. Also at this pyramid patches of breccia are lodged 

along the column, indicating that basalt intruded breccia. A close examination was not 

possible due to dangerous access. Radiating or rosette-like clusters of columns may form from 

the cooling of enclosed feeder lava tubes (McPhie et al., 1993) as indicated by the close by 

vent-filling breccia (see section 8.1.2.2). 
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About 200 m to the north there are other columnar jointed basalts exposed (plate 27 t). 

A spectacular rosette of columnar joint radiating out from the axis forms the bottom. The 

diameter of the rosette is about 7 m. The basalt has a sharp contact to the adjacent units (LT 

see section 8.5.1 and lava flows). Radiating columns, such as described above, commonly 

form in response to irregularities in the top surface of lavas, so producing an irregular upper 

cooling surface and front, or where external water permeates the top of the flow and create 

local cooling points (Cas and Wright, 1988). The rosette may represent the front of the flow. 

Degraff & Aydin (1987) mentioned that columns in fans are anomalous and result from 

thermal stress regime that is different from that which produced master joints. 



a 

b 

c 

d 

e 

f 

PLATE 27 

Overview Pyramid 1 and 2. 

Breccia pockets between columns ofbasalt (arrow). 

General morphology of the two breccia outcrops at the pyramids. Note 

the columnar jointed lava at the top of pyramid 2 (left). 

Close up of columnar jointed basalt at Pyramid 2. Note the debris of 

lava at the foot of the Pyramid. 

Close up ofthe breccia 50 m northwest of Pyramid 2. 

Columnar jointed basalt 200m north of Pyramid 2. Note the 

spectacular rosette (stippled lines) in the lower part. 
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PLATE27 

f 



PLATE 28 

a Unit (T) faulted against unit (LS/LT). 

b Close-up of unit (T). Note the well bedded character of the unit. 

c, d Unit LS/LT adjacent to the pyroclastic breccia at Pyramid 2. Note the 

mudclots (M) in the lower art and the accretionary lapilli (A) in the 

upper part. 
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PLATE 28 
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8.1.3 Summary 

The development of the Pyramids area can be summarised as follows. There probably 

were two stages of the development; ( 1) a submarine stage and (2) an emergent stage. The 

first stage is marked by turbidite deposits T , which are inferred to have formed under entirely 

submarine conditions, based on with correlation to unit BT at Allans Beach. The overlying 

base surge deposits, containing accretionary lapilli , indicate subaerial volcani sm. Contacts to 

pre-volcanic epiclastic sedimentary rocks, which would help constrain interpretation of the 

date onset of volcanism at the Pyramids, are lacking, as are peperitic structures. Based on the 

depositional features and comparison to the Haq et al. ( 1988) sea level curve a shallow water 

environment is inferred , although the turbidites would have had to form in deeper water. 

However, on the basis of the up to 150 m change in sea level , compared to the Haq et al. 

( 1988) sea level curve, and correlation to unit BT at All ans Beach , it is likely that formation 

of the turbidites took place pre-Ciifdenian or pre-Lillburnian. The overlying base surge 

deposits have been formed subsequently during a low stand of sea level , probably Waiauan. 

The last stage of volcanic activity at the Pyramids is marked by basalt that intruded into the 

breccias. Figure 8.3 shows a cross section through Pyramid 2. 

A 
H (m) 

0 lOO 

c 

a 

200 

cross section A .. B 

Pyramids 
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B 

800 900 D (m) 

legend see volcanlogical map (ri g. 8.2) 
'-. erosion surrace \ rault '\\ / radiating columns 

Figure 8.3 Cross section A-B from Pyramids (legend see geological map) . 
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8.2 MC CARTNEY IDLL 

McCartney Hill (GR 300 836) consists of basaltic lava flows and is surrounded by a 

lapilli tuff, mapped as basaltic agglomerate by Benson (1969). Good outcrops are found 

below McCartney Hill at the parking place (GR 319 841) near the Pyramids, and along 

Portobello Road. The lapilli tuff is described and interpreted below. 

8.2.1 Lapilli tuff (LT) 

The lapilli tuff forming this unit has similar appearance to the pumice deposits at 

Allans Beach (see chap. 6). Undulating beds are massive to normally graded, and beds range 

in thickness from 10 to 50 cm (plate 29 a & b). Exposed thickness is at most 10 m. Locally 

the beds shows weak cross stratification. Beds dip radially away from McCartneys Hill. 

Clasts consist mainly of pumice, and are sub-angular. Some larger pumice fragments (up to 

10 cm) show chilled, cracked and irregular margins surrounding a more highly vesiculated 

interior ("cauliflower bombs", Lorenz, 1973). In some places near the base of the exposed 

unit there are lithic fragments, mainly basaltic lithic clasts inferred to have been picked up in 

the vent. Also common are iron concretions, 5-15cm in diameter (plate 29 d). There are no 

accretionary lapilli. Vesicularity of the pumice is visually estimated at 70%. In many places 

the pumice glass is strongly altered to zeolites, shows devitrification structures and has a pale 

creamy colour in thin section (plate 29 c). The pumice lapilli are tightly packed with only a 

minor (1-2%), largely devitrified, vitric ash matrix. Some clasts have a "woody" appearance 

resulting from strongly stretched vesicles. The vesicles locally have very irregular shapes and 

vary greatly in size. 

8.2.1.1 Interpretation 

The abundance of highly vesiculated pumice clasts records expansion of magmatic 

volatiles (e.g. Fisher and Schmincke, 1984). The apparently uniform vesiculation of about 

70% suggests that there was a high degree of magmatic fragmentation. High vesicularity of 

the pumice clasts reflects a high gas content. The presence of cauliflower bombs, in contrast, 

indicates contact with water during fragmentation (Lorenz, 1973). The presence of cross 

stratification does not support deposition from Plinian fall but from currents. The absence of 

reworked and abraded clasts or of any evidence of time gaps suggests primary pyroclastic 

origin. McCartney Hill itself might have been the erupting vent from which deposition of the 

lapilli tuff occurred, indicated by the radially outward dip directions of the beds. 



PLATE 29 

a, b Views of lapilli tuff (LT) outcrop at the parking place near the 

Pyramids. Note the well-developed bedding. Person is about 1.8 m. 

c 

d 

Photomicrograph of unit pumiceous (LT). Note the woody texture 

caused formed in response to shear of vesiculating magma against 

walls of the vent. Short side of the photo is 2 mm. 

Close up of lapilli tuff (LT). Note the iron concretions. Hammer tip is 

about 15 cm. 
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PLATE29 

b c 
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8.3 WELLERS ROCK 

Wellers Rock (Te Umukuri) is located NE of Otakou along Portobello Road (GR 324 

875). Lavas, peperites, sandstones and volcaniclastic rocks form the area. The succession is 

briefly described and interpreted below with the main focus on the pyroclastic units. 

8.3.1 Massive lapilli tufT (ML T) 

Crudely bedded, massive lapilli tuff (plate 30 a & d) crops out on both sides of the 

road at W ellers Rock. Exposed thickness of the lapilli tuff breccia is about 3 m. The lapilli 

tuff also crops out along the road to Pipikaretu Beach (GR 326 868; Pipkaretu Road). Beds at 

Wellers Rocks and Pipikaretu Road dip radially away from Kaika Hill. The structureless 

lapilli tuff is greenish-brown and crops out on both sides of the road. Clasts forming the unit 

comprise mainly sideromelane glass shards, pyroxene crystals and few angular volcanic lithic 

fragments (basalt) up to 15 cm in size. The blocky glass shards are commonly vesiculated 

with varying vesicle size and reach a size up to 3 mm. The clasts are supported in a vitric tuff 

matrix. 

8.3.1.1 Interpretation 

The lapilli tuff consists mainly of sideromelane glass shards, lithic basaltic clasts, and 

crystals, strongly suggesting an interaction of erupting magma with external water. 

The massive appearance and poor sorting of the unit may be interpreted as rapid high 

concentration suspension sedimentation (Lowe, 1982), deposition from a pyroclastic flow or 

from debris flow (hyperconcentrated flow) in either a subaqueous or a subaerial environment. 

Evidence for hot emplacement such as gas-escape pipes or welding features are lacking, 

which does not support deposition from a hot pyroclastic flow. Features indicative of debris 

flow deposits, such as isolated fragments floating at the top of the beds, as well as a high clay 

content are not shown within the unit, which does not support deposition from debris flows. 

The thick bedded unit is interpreted to be emplaced by a high concentration density 

current in which the large volumes of sediment ejected from the vent suppressed turbulence 

and produced depositional features similar to those of pyroclastic flow deposits (Fisher et al., 

1987; Valentine, 1987; Schumacher and Schmincke, 1990). 

These together with the presence of marine fossils in overlying units (see below) and 

the presence of overlying pillow lavas suggest a submarine depositional environment. Dip 

directions of the unit indicate Kaika Hill as possible source. 
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8.3.2 Lapilli tuff (LT)/sandstone (Sst) 

The lapilli tuff unit is well bedded and normally graded. Exposed thickness is about 2 

m (plate 30 d). Alternating fine- and coarse-grained beds are commonly between 3 and 7 cm 

thick. The vitric lapilli tuff is made up of mostly sideromelane glass shards, abundant quartz 

grains, basalt, sideromelane glass shards, bivalves, foraminifers (plate 30 b & c), bryozoan 

and broken crystals of plagioclase, olivine and pyroxene. The contact with the overlying 

sandstone beds is planar and seems to be gradational. Beds are essentially planar and laterally 

continuous. The overlying sandstone layers are composed of sandstones of the Waipuna Bay 

Formation (see chap. 4), and are normally graded and thinly bedded. The sandstones also 

contain abundant sideromelane glass shards. 

8.3.2.1 Interpretation 

Well-bedded lapilli tuff characterises the lapilli tuff/sandstone unit, which is overlain 

by sandstone of the Waipuna Bay Formation. The presence of quartz grains within the lapilli 

tuff indicates that the sandstone probably was not consolidated during eruption and/or 

deposition of the lapilli tuff. Forarninifers and bivalves within the deposits lived in a shallow 

submarine environment (Ewan Fordyce 1999 pers. corn.). Minimum water depth was about 

40 m, based on field relations to other units (overlying pillows at an elevation of 30 m asl.). 

The presence of sideromelane glass shards strongly suggesting an interaction of 

erupting magma with external water. Vesiculated shards are apparently formed mainly by 

explosive fragmentation of vesiculating magma (Sheridan and Wohletz, 1983; Wohletz, 1986; 

Heiken and Wohletz, 1991). 

Deposition of the thin, planar bedded, normally graded unit may imply that this unit 

was deposited from turbidity currents. Turbidites may have formed in a sheltered marine 

environment where beds could not be reworked by waves. Explosion in the unconsolidated 

sands of the Waipuna Bay Formation and the turbulence of the flows caused mixing and 

deposition of the lapilli tuff together with the sand. 

Deposition from grain flows generated by, for example, instabilities on the flank of the 

small volcano is unlikely because typical features such as reverse grading are lacking. 

It is unlikely that fossils are excavated from the vent because bivalves would break 

during eruption and the underlying thick-bedded unit (MLT) also would contain macrofossils. 
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8.3.3 Pillows (P) 

A pillow basalt unit (plate 30 e), at an elevation of about 30 m, forms the uppermost 

unit of the sequence at Wellers Rock. Commonly the pillows are packed with vitric matrix of 

altered sideromelane glass shards (hyaloclastite, Carlisle, 1963) in between. The pillows are 

mostly leaflike or irregularly subelliptical to amoeboid in shape. Individual pillows are 

elongated and small spherical pillows generally infill space between larger pillows. The 

pillows display surface features, which include glassy rinds and contraction cracks. Locally 

the pillows are brecciated. Exposed thickness of the unit is about 5 m thick. 

8.3.3.1 Interpretation 

The pillow basalt unit formed while a lava flow was erupted into shallow marine water 

or unconsolidated water-saturated sediment (see above). This interpretation is based on the 

presence of the vitric tuff, the pillow-shaped boulders and the general field relations to the 

adjacent units described above and below. 

8.3.4 Pillow breccia (PB) 

The pillow breccia unit forms a distinct round - oval plateau on the wave-cut platform 

at Wellers Rocks. The pillows are fairly regular in size and shape (plate 30 f). The breccia 

contains basaltic pillows up to 3 m thick. Individual pillow tubes are up to 40 cm in diameter. 

In most cases the pillows are isolated and space between the pillows is occupied by 

hyaloclastite, yellowish-brown in colour (plate 30 f). The pillows themselves have thin skins 

composed of fresh brown clear glass (sideromelane). Characteristic is pillow rind fragments 

up to 20 cm with strongly chilled and irregular margins. Glass forming the <1 cm thick 

margins is yellowish due to hydration. 

8.3.4.1 Interpretation 

The presence of pillow lava and hyaloclastite indicates a subaqueous environment and 

rapid cooling (Carlisle, 1963; Honnorez and K.irst, 1976). The pillow structures result from 

protrusion of elongated lobes (Moore, 1975). They could have formed either by intrusion as 

sills (e.g. McPhie, 1993) dykes or as small lava flows into the water saturated tephra or into 

water.. 
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8.3.5 Summary 

To summarise, deposition of pyroclastic units at Wellers Rocks occurred from 

turbidity currents and high concentration density currents. Turbidites may have formed in a 

sheltered marine environment were beds could not be reworked by waves. The succession at 

Wellers Rocks has formed in a shallow marine setting (at least 40 m depths based on 

elevation of overlying pillows). Marine fossils are also present within the deposits. 

Sandstones of the Waipuna Bay Formation that contain shallow marine fossils are likely to 

have been deposited during Waiauan time (see chaps. 2 and 3). This is in agreement with the 

Haq et al. (1988) sea level curve (see chap. 1), which shows a sealevel of+ 50 m in relation to 

the present sea level during lower W aiauan time. 



PLATE 30 

a, d Bedded lapilli tuff and sandstone (LT) and massive lapilli tuff (ML T) 

at Wellers Rocks. 

b,c 

e 

f 

Foraminifers within sandstone at Wellers Rocks, indicating a shallow 

marine depositional environment. Long side of the photo is 2 mm. 

Upper pillow basalt unit at Wellers Rocks. Note the partly brecciated 

pillows. 

Pillow breccia forming part of the oval of Wellers Rocks. Note the 

pillow (P) and the surrounding hyaloclastite (H). 
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PLATE30 b&c 

f 
e 
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8.4 RYANS BEACH 

The area around Ryans Beach (GR 345 860) displays a variety of breccias (PyB) and 

lapilli tuff (LT). The succession is capped by a lava flow. The units are listed and briefly 

described below. 

8.4.1 Pyroclastic breccia (PyB) 

Pyroclastic breccias are exposed in two places at Ryans Beach; (1) at the southern end 

of the beach (GR 345 857; plate 31 a); (2) at the northern end of the beach (GR 344 863; plate 

31 b). Both breccias are unbedded and poorly sorted with blocks up to 1 m supported in a 

vitric lapilli tuff matrix. The blocks forming the breccias are of olivine-augite basaltic 

composition. The breccias both at the south and north ends of the beach show steep dipping 

sharp contact with adjacent units. In the south the breccia is overlain by a kaiwekite flow 

(Marshal!, 1906), who defined kaiwekite, (see chap. 9), and in the north by a basalt lava. 

A less coarse-grained breccia with more matrix is exposed near the breccia in the 

north underlying a stratified unit (see below). 

8.4.1.1 Interpretation 

The breccias, both the southern and the northern, are interpreted as vent-filling 

breccias. This interpretation is supported by their steep dipping contacts, poor sorting, and 

poor bedding. Interaction of magma with water during fragmentation is indicated by the 

presence of sideromelane glass shards. The absence of epiclastic sedimentary and schist 

xenoliths in the breccia indicates no deep quarrying of the substrate (Fisher and Schmincke, 

1984). The second breccia in the north below a stratified unit may have formed due to 

remobilization of explosion-breccia and gravitational downward movement as a mass flow. 

8.4.2 Lapilli tuff (LT) 

The lapilli tuff unit appears at the northern end of the beach adjacent to the vent-filling 

breccia (plate 31 b-d). Exposed thickness is about 60 m. Alternating thick and thin beds form 

the unit. The thinly bedded parts of the unit are fine-grained with clasts ranging in size 

between 2 and 5 mm, whereas the thick beds are coarser grained. Close to the vent breccia 

beds dip at 20° to the NE away from vent and at 1 oo to the NE further away from the vent. 

Beds in the bedded part are normally graded and locally there is small-scale low angle cross-
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stratification. Bedding planes are delineated by faintly concentration of cauliflower-textured 

clasts. The lowermost structureless part is the thickest with 0.5 m thickness. Clast 

composition in both, the thinly bedded and the thickly bedded parts is the same. They are 

composed of basaltic lithic clasts (plagioclase-augite-olivine-basalt), phonolitic/trachytic 

lithic clasts, sideromelane glass shards, pyroxene and plagioclase crystals, a few clasts of 

mica-rich sandstone (probably Waipuna Bay Formation, see chaps. 1 and 2), and quartz 

grains. The sideromelane glass shards are commonly vesiculated with varying vesicle size and 

irregularly shaped vesicles, and heavily altered to zeolites. The quartz grains are idiomorphic 

to subrounded. Occasional outsized (up to 30 cm) clasts are dispersed throughout the unit. 

Bomb sags are absent. Accretionary lapilli, gas-escape pipes, vesiculated tuff, and ash-coated 

lapilli are lacking. 

The unit is overlain by a coarsely porphyritic lava flow that shows well developed 

columnar jointing. The contact to the overlying lava flow is irregular and the base of the lava 

flow is brecciated. 

8.4.2.1 Interpretation 

The lapilli tuff consists mainly of vesiculated sideromelane glass shards, lithic clasts, 

cauliflower-textured clasts and crystals, strongly suggesting an interaction of erupting magma 

with external water. Shards are apparently formed mainly by explosive fragmentation of 

vesiculating magma (Sheridan and Wohletz, 1983; Wohletz, 1986; Heiken and Wohletz, 

1991). Widely varying clast vesicularity reflects complex variation in the relative timing of 

vesiculation and water-induced fragmentation (Houghton and Wilson, 1989). Fragmentation 

probably took place within the Waipuna Bay Formation, which at that time was probably not 

completely consolidated, because quartz grains seem to originate from the sands, rather than 

from the basement schist or the Taratu Formation. Quartz clasts from the Taratu Formation 

are commonly rounded pebbles consisting of several quartz grains and the abundance of 

quartz in the schist is not sufficient to form so many quartz grains in the deposits. 



a 

b 

PLATE 31 

Breccia (PyB) at the southern end of Ryans Beach. The breccia is 

overlain by a kaiwekite flow and loess (LF). 

Breccia (PyB) at the northern end of Ryans beach. Note the steep 

dipping contacts to the adjacent unit (LT). 

c, d Overview and close-up oflapilli tuffunit (LT) at Ryans Beach. 
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8.4.3 Summary 

Ryans Beach compnses two vent breccias, one at the southern end and one at the 

northern end; adjacent to the northern vent is a lapilli tuff. A fragmentation locus within the 

sands of the Waipuna Bay Formation is indicated by the presence of quartz grains in the 

deposits. Formation during Waiauan is indicated, considering the unconsolidated stage of the 

sandstone during eruption and by comparison to the Haq et al. (1988) sea level curve. The 

absence of shallow water fossils in the sandstones has commonly been used to infer a 

somewhat deeper marine environment (Scott, 1991) and correlation to the older members of 

the Waipuna Bay Formation. In this case, however, only few sand grains are within the 

deposits and any original sandstone outcrop is lacking. It is not clear weather the sandstones 

fragments are shallow marine or deeper marine and therefore also the age is unclear. 

c 
H (m) 

legend see volcanlogical map (fig. 8.2) 

D 

\ .. erosion surface 

Figure 8.4 Cross section C-D from Ryans Beach, legend see geological map Pyramids page 8-1. 
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8.5 TAIAROA HILL 

Taiaroa Hill (GR 326 855) is dome shaped and is covered on the eastern side by 

boulders of phonolite or trachyte over an area of about 200 m in diameter. The phonolite is 

formed by pyroxene and alkali feldspars, is medium-grained and has a brown weathering rind. 

The western side exposes porphyritic basalt with phenocrysts of feldspar, augite and olivine. 

To the south, parts of a tuff ring are preserved. 

8.5.1 Lapilli tuff (LT) 

Lapilli tuff, forming part of a tuff ring (GR 332 855) around Taiaroa Hill is poorly 

sorted and poorly bedded in the lower part and grades into a more stratified part. It crops out 

between pyramid 2 and Taiaroa Hill from 5 to 30 m above sea level. Beds there are delineated 

by the concentration of the dark crystals in specific planes and dip gently away from Taiaroa 

Hill. The large crystals are commonly concentrated in the coarse-grained beds (plate 32 a&b ). 

Low angle cross stratification is common. Bed thickness ranges from 10 to 20 cm. The 

exposed thick-bedded part has beds ranging in thickness from 30 to 70 cm, is about 10 m 

thick, whereas the thin-bedded part is about 20 m thick. 

The lapilli tuff comprises large olivine crystals, blocky and vesiculated sideromelane 

glass shards, coarsely porphyritic basalt and large augite crystals up to 2 cm. Vesicle size 

varies within the glass shards. The clasts are commonly subangular and supported in a 

limonitized and hematized vitric matrix (plate 32 c). 

8.5.1.1 Interpretation 

Angular basalt clasts and abundant sideromelane glass shards in the lapilli tuff indicate 

explosive interaction of magma with water. Varying vesicle sizes imply variable clast 

viscosity (Mueller and White, 1992). 

A shallow water environment may be inferred based on the abundant sideromelane 

glass shards, lack of subaerial indicators such as accretionary lapilli and dune bedded 

structures. 



PLATE 32 

a, b Lapilli tuff forming part of a tuff ring around Taiaroa Hill. Note the 

concentration of the dark crystals in specific planes, which are 

commonly concentrated in the coarse-grained beds. 

c Handspecimen of the lapilli tuff Note the large crystals in this crystal

rich tuff. 
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8.6 KAIKA HILL 

Kaika Hill (GR 334 860) is on private land and access was prohibited. However the 

area was briefly checked. Large boulders of basalt cover the top of Kaika Hill. The basalt is 

porphyritic with phenocrysts of pyroxene, olivine and feldspar. Parts of a tuff ring are 

preserved around Kaika Hill, which are described below. 

8.6.1 Lapilli tuff (LT) 

A ring of lapilli tuff is formed around Kaika Hill. The unit is 2 to 3 m thick and 

greyish to greenish in colour. The tuff is well bedded, moderately sorted and normally graded. 

Beds dip radially away from Kaika Hill. Benson (1969) previously mapped the unit as older 

floodplain conglomerate. The vitric tuff is strongly zeolitized but still exhibits broken feldspar 

crystals, altered sideromelane glass shards and a few sandstone clasts (Waipuna Bay 

Formation). Glass shards are slightly vesiculated. There are no accretionary lapilli or dune 

bedded structures. 

8.6.1.1 Interpretation 

The presence of sideromelane glass shards indicates variable interaction of erupting 

magma with abundant water (Heiken and Wohletz, 1986). The absence of reworked and 

abraded clasts suggests a pyroclastic origin for the detritus rather than being flood plain 

conglomerates. Kaika Hill as the source is indicated by the beds that dip radially away from 

the hill. 

8.70TAKOU 

The pyroclastic units, which are described and interpreted below, comprise lapilli tuffs 

and a pyroclastic breccia. The breccia crops out north of the Otakou Marae (GR 323 871) 

whereas the lapilli tuffs crop out 700 m to the west of Otakou (GR 313 872). 

8.7.1 Pyroclastic breccia (PyB) 

The breccia is poorly sorted and poorly bedded and composed of mainly volcanic 

boulders and clasts (plate 33 a&b). The up to 1 m large boulders are mainly subrounded to 

rounded whereas the smaller clasts are subangular. Contacts with adjacent units are not 

exposed. The outcrop is cone-shaped. Close examination of the breccia was not possible due 
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to dangerous access. A feeder dyke intruded the breccia forming well-developed radiating 

columnar joints (plate 33 c). 

8.7.1.1 Interpretation 

The poorly bedded and poorly sorted characters of the breccia, as well as the general 

similar appearance to other breccias described earlier suggest that this breccia is a vent filling 

deposits breccia. The distinct cone-shaped form and the subsequent intrusion of a feeder dyke 

also support this interpretation. Reworking in the vent may have caused the rounding of the 

larger boulders. 

8.7.2 Lapilli tuff/lapilli tuffbreccia (LTILTB) 

The lapilli tuff to the west of Otakou is formed by a structureless lower lapilli tuff 

breccia, a stratified upper lapilli tuff and a uppermost structureless lapilli tuff breccia (plate 33 

d & e). The massive parts are poorly sorted and do not show any internal structures. The 

exposed lower part is about 3 m thick and the uppermost part is about 10 m thick. The 

stratified lapilli tuff is well bedded, with beds about 5 - 15 cm thick. Locally low angle cross 

stratification occurs. Beds are faintly normal to slightly inverse graded or massive and dip 

gently at 15 degrees to the SW away from the vent breccia. 

The upper contact to the lava flow is very irregular with lobes of lava penetrating 

down into the lapilli tuff breccia. A few lobes even seem to be detached (plate 33 e). 

Clasts forming the lapilli tuff and the lapilli tuff breccias are all of volcanic source. 

The clasts comprise coarsely porphyritic basalt, large pyroxenes up to 2 cm in diameter and 

abundant sideromelane glass shards. Cavities within the unit are locally filled with zeolites. 

Dykes partly shield the unit. 

8.7.2.1 Interpretation 

The lapilli tuff consists mainly of sideromelane glass shards, lithic basaltic clasts, and 

crystals, strongly suggesting an interaction of erupting magma with external water. 

Tephra forming the unit are composed entirely by material derived from the eruption 

itself and therefore the succession has been interpreted as eruption-fed (White, in press), 

which is supported by the partly preserved original morphology (cone-shaped vent and tephra 

beds in the same elevation, relationship to adjacent units). 

The irregularly formed contact with the upper lava flow with detached lobes of dyke 

in the lapilli tuff may be interpreted as peperite which formed as magma got in contact with 
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PLATE33 

Overview of pyroclastic breccia in Otakou. 

Close up of breccia m Otakou. Note the unsorted und unbedded 

character of the unit. 

Well developed feeder intrusion filling the vent in Otakou. 

Lapilli tuff breccia (LTB) and lapilli tuff(LT) forming part of the tuff 

ring of the Otakou volcano. The succession is overlain by a lava flow 

(LF). 

The same unit to the north. Note the peperitic structures at the contact 

to the lava flow with lava clasts detached from the main body. 
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wet and unconsolidated sediments (for more details on peperite forming processes see chap. 5 

and app. 1). The presence of such peperites indicates a wet depositional environment. 

8.8 PIPIKARETU BEACH 

Access to this beach was difficult because the path crosses private land with a wildlife 

reserve. Fieldwork could only be done during low tide and before the afternoon period when 

yellow-eyed penguins occupy the area. The beach mainly exhibits lava rocks, peperites, 

magma mingling and only minor pyroclastic units. 

8.8.1 Peperites 

The base of the succession near the sea is formed by peperites of type 1 which have 

been described earlier (see chap. 5 for more details). 

8.8.2 Lapilli tuffbreccia (LTB) 

A lapilli tuff breccia unit is exposed at the southern end of the beach within a little 

cove at an elevation of about 10 m above sea level (GR 347 867). The lapilli tuff breccia is 

crudely bedded and graded. The unit comprises red-brown scoriaceous clasts and is 

distinctive due to the red colour. 

Exposed thickness is about 30 cm but varies. The top and the bottom are very irregular 

in contact with lava flows. The lava flows are coarsely porphyritic (plagioclase-augite

olivine-basalt, Benson, 1969). 

8.8.2.1 Interpretation 

This unit is characterised by its weak bedding and grading as well as small thickness. 

It is interpreted as tephra generated by autobrecciation of a lava flow (McPhie et al., 1993). 

The tephra has been thermally oxidised (red) by the contact with the lava. 

8.9 CLARKS HILL AND SHEPPARDS HILL 

Clarks Hill (GR 286 825) and Sheppards Hill (GR 295 827) are both covered by lava 

flows. Pyroclastic deposits around the hill have been correlated with the lapilli tuff, which 

erupted from Harbour Cone/Hoopers Inlet (see chap. 7). However a small outcrop of a lapilli 

tuff to the north of Sheppards Hill has similarities (poor bedding, poor sorting and clast 

composition), to the lithic-rich pyroclastic flow deposits (lapilli tuff) from Harbour Cone (see 
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chap.7). This lapilli tuff is either a remnant of a pyroclastic flow deposit from Clarks and/or 

Sheppards Hill or it is part of the Harbour Cone pyroclastic flow deposits. 

8.10 HILL 201 

A nameless hill (GR 337 888) with a radio station on top is 201 m high and therefore 

called hill 201. The hill is formed by several lava flows and a variety of pyroclastic units 

outcrops around it. The 201 m high hill has a flat top, capped by lava flows, and look like a 

low-rim volcano. Lava flows make up the upper 100 to 120 m. The flat top has a diameter of 

about 500 m and below the lava flows the diameter reaches 1 km. Lava flows comprise 

olivine-augite-basalt, plagioclase-augite basalt, plagioclase-olivine basalt and trachybasalt 

(Benson, 1968). A phonolite dome to the south of the hi11201 and to the west of the Penguin 

Beach formed a small hill (Hautai Hill; GR 338 884) and probably caused uplift of the 

pyroclastic units at the Penguin Beach (fig. 8.5, 8.6). 

Radiating dykes and faults around the hill may indicate that hill 201 is an eruptive 

centre. Pyroclastic flow units at Penguin Beach and in the road cut between Taiaroa Head and 

Penguin Beach (fig. 8.6) are also probably related to this centre as are the pyroclastic and 

other volcaniclastic units at the foot of hill 201 along Portobello Road. 

Access to hill 201 was prohibited and units were thus correlated from photographs 

using colour and dip directions of the beds. 

8.10.1 Lapilli tuff (LT) 

Lapilli tuff crops out at the shore between Harrington Point and Pilot Beach (GR 333 

895; fig. 8.28) and seems to be the oldest unit in this area (plate 34 a). The outcrops can easily 

be reached via the gun emplacements along a path. Slumping of soil covers parts of the 

outcrop. 

The beds of lapilli tuff show very low angle cross-stratification and wavy bedding 

(plate 34 c), which commonly occur within intercalated fine-grained tuff beds. Locally scour

filling structures or channels are 0.5 m thick and 3 m wide (plate 34 d). The channels are 

filled with coarser material (clasts up to 7 cm). Beds dip at 5 degrees to SE away from hill 

201. Larger clasts are locally concentrated in beds up to 5-20 cm thick). Finer clasts are in 

thinner beds, usually not thicker than 5 cm. Clasts comprise sideromelane glass-shards, 

aphanitic basalt, pumice, a few polycrystalline quartz grains and abundant pyroxene crystals 

(plate 34 b&e ). Accretionary lapilli, carbonised vegetation and dune structures are lacking. 



Hautai Hill 

Fig. 8.5 Overview hill including Penguin Beach. Note the faults (stippled lines) that caused down sag of at several places, probably initiated by the 
dome intrusion (Hautai Hill). The proposed vent is marked as stippled circle. Note also the lapilli tuffs LT on the small headland and in the road cut 
between Taiaroa Head and Penguin Beach. 
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8.10.1.1 Interpretation 

The presence of sideromelane glass shards and vesiculated clasts suggests fragmentation of 

vesiculating magma by interaction of magma with water. Absence of sedimentary and schist 

clast from underlying strata indicate a shallow explosion locus, suggesting either interaction 

of magma and surface water or magma and ground water in shallow depth (basalt horizon). 

The lack of indicators of subaerial deposition (accretionary lapilli, carbonised 

vegetation) and the presence of wave-generated structures (wavey bedding) in the lapilli tuff 

suggests a submarine depositional environment. A possible source of the tephra is the 

nameless hill to the north (see below) based on the dip directions in beds of the unit. 

The unit is interpreted as having originated from a subaerially erupted tephra that has 

been reworked and deposited in a shoreface (shallow marine) environment. Reworking is 

indicated by the presence of wave-generated structures. 

8.10.2 Lava flow/sill 

Platy-jointed, 3 m thick plagioclase-augite-olivine basalt overlies the lapilli tuff (plate 

34 a). To the north of the lapilli tuff is an outcrop of radiating columnar jointed olivine-augite 

basalt. The intrusion is overlain by a massive lapilli tuff, exposed in an inaccessible cliff. 

8.10.3 Lapilli tuff2 (LT2) 

Lapilli tuff along Portobello Road at the foot of hill201 (GR 332 894 and 333 895) is 

crudely stratified with crudely bedded and normally graded layers. Maximum exposed 

thickness of the lapilli tuff is about 5 m. The unit consists of alternating coarse-grained and 

fine-grained layers, of which the coarse-grained beds are usually the thicker. Bed thickness 

ranges from 5-30 cm but the thickest beds are usually only in the lower part of the outcrop 

(plate 35 a). Beds dip at 140/20 towards hill 201. Some of the beds seem to be amalgamated. 

The lapilli tuff comprises volcanic clasts, tachylite, sedimentary clast from pre-volcanic strata 

and crystals of olivine, pyroxene and feldspar. Volcanic clasts are usually dense to slightly 

vesiculated. The matrix is formed by vitric tuff comprising sideromelane glass shards, 

tachylite, pyroxenes and broken feldspars. The glass shards in the matrix are strongly 

palagonitised and limonitized. 
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8.10.3.1 Interpretation 

Crude stratification is generally found in channelized deposits (Crowe and Fisher, 

1973), or in near-vent areas resulting of rapid emplacement of either confined or near-vent 

surges of high concentration (Sohn and Chough, 1989). Normally graded beds are generally 

deposited from turbulent suspension, from which coarse grains can be segregated and settle 

faster than the fine ones (Chough and Sohn, 1990). This unit probably represents a turbulent, 

high to low-concentration base surge deposit near the vent such as described by Chough & 

Sohn (1990). The unit may represent another facies of the tuff ring described above (see 

section 8.10.3). Alternatively the lapilli tuff may have formed by remobilization (sliding 

inside the tuff ring) of phreatomagmatic tephra from the inferred tuff ring, which is supported 

by the dipping of the beds towards hill 201. 

Interaction of magma with water during fragmentation is indicated by the presence of 

sideromelane glass shards. However, the presence of pre-volcanic clasts indicates significant 

explosive quarrying, due to phreatomagmatic vent excavationc(interaction of magma with 

ground water, rather than surface water). Such hydrovolcanic eruptions commonly produce 

low-standing tuffrings with bowl-shaped craters (Lorenz, 1975; Wohletz and Sheridan, 

1983)). Explosive hydrovolcanic eruption plumes commonly collapse to form base surges that 

spread outward from the base of the eruption column (Moore, 1967; Wohletz and Sheridan, 

1983). 

The presence of tachylite records fragmentation of variably cooled magma by water 

and air (Fisher and Schmincke, 1984; White, 1991a). The inferred source of the base surges is 

hill 201. The present morphology (flat hill) of hill 201 with a diameter of about 1 km below 

the lava flows is similar as to other maars and tuff rings (e.g. Lorenz and Buechel, 1980a, 

1980b; Lorenz, 1986; Buechel, 1993), which may support this interpretation. The prior 

shallow marine-emergent vent (see section 8.10.1) was probably reactivated by interaction of 

magma and groundwater. 

When erupting magma encounters abundant water, hydrovolcanic eruptions may be 

only moderately explosive and may produce tuff cones rather than tuff rings or maars 

(Wohletz and Sheridan, 1983). The factors determining whether a tuff ring or maar forms 

during a hydrovolcanic eruption are not well established but probably reflect the interplay 

between magma vesiculation, eruptive flux rate, and water source and supply rate during the 

eruption (Heiken, 1971; Lorenz, 1986). A tuff-ring is a large volcanic crater surrounded by a 

ring-like rim of pyroclastic debris (tuff or lapilli tuff; Lorenz, 1986). Many tuff-rings are 
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located in water-rich environments (Camus et al., 1981; Wohletz and McQueen, 1984; 

Lorenz, 1986), for example, the Azores in shallow marine setting (Camus et al., 1981); in 

shallow lakes (Central Oregon, Heiken, 1971); in gravel rich fluviatile environments (Menan 

Buttes, Idaho, Hamilton and Myers, 1962); or on coastal reefs and jointed basalts (Oahu, 

Hawaii). One main difference between tuff rings and maars seems to be that tuff rings do not 

cut into pre-volcanic country rock below general ground (Buechel, 1993). However, the tuff 

ring of hill 201 is inferred to have formed by reactivating a pre-existing vent, therefore it is 

difficult to distinguish whether it is a maar or a tuff ring. 

8.10.4 Penguin Beach 

Access to Penguin Beach (GR 343 885) is via private land. The beach is kept as 

wildlife refuge and access for fieldwork was denied. Photos taken from the sea show a variety 

of volcaniclastic units along the beach and at the small headland (GR 346 886) north of the 

beach. 

A general steep dip of the units to the north (fig. 8.5) may be related to a dome 

intrusion nearby (Hautai Hill). 

The lapilli tuff that crops out at the little headland (Rerewahine; GR 346 886) has 

been previously mapped as "Port Chalmers Breccia" like the lapilli tuff at Harbour Cone (fig. 

8.6 Benson, 1968). In a third-year project (Hutchinson, Otago University, Geology 

Department, 1979) the lapilli tuff was described as unsorted, massive, very hard, block

bearing lapilli tuff composed of a wide variety of clasts. Clasts comprise volcanic fragments 

(basalt, phonolite), abundant juvenile pumice, few schist and sedimentary rock fragments 

from underlying strata. Deep seated crustal fragments or plutonic igneous clasts are 

apparently absent. Clast size varies from a few millimetres up to one metre, but large clasts 

are rare. The clasts are commonly subangular, with blocks being subrounded. Overall the 

lapilli tuff seems to be very similar in general appearance and clast composition to the lapilli 

tuff described at Harbour Cone (see chap. 7). Lapilli tuff, similar in composition and 

appearance, also crops out on the road from Taiaroa Head to Penguin Beach (GR 330 890) 

and on the road cut of Portobello Road (GR 333 886; plate 35 b). The lapilli tuff is made up 

of mostly subangular clasts, variable in composition including volcanic lithic clasts, schist and 

sedimentary clast from underlying strata, abundant pumice clasts ( 40 % visual estimated), and 

crystals of olivine, pyroxene and feldspar. Clasts size range from few millimetres up to tens of 
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centimetres in diameter. The clasts are supported in a vitric tuff matrix. Sorting, grading and 

bedding overall are poorly developed. 

8.10.4.1 Interpretation 

The lapilli tuff contains abundant pumice clasts subangular to angular in shape, which 

indicates a juvenile origin and a high grade of magmatic fragmentation. The massive and 

poorly sorted character of the lapilli tuff indicates deposition from a pyroclastic flow (Fisher 

and Schmincke, 1984). Features indicative of debris flow deposits such as isolated fragments 

floating at the top of the beds and inverse grading, as well as the relatively high juvenile 

pumice content of the lapilli tuff does not support deposition from debris flows. However, 

overall appearance, such as composition, hardness of the rock, and sorting are very similar to 

the pyroclastic flow deposits on the southern part of the Peninsula (see chap. 7). Both of them 

have previously been mapped as "Port Chalmers Breccia" (Benson, 1969). It therefore has 

been interpreted in the same way, as a pyroclastic flow deposit. The inferred vent, from which 

eruption occurred, is the hill 201, based on radiating dykes and faults around the hill. 

Alternatively the pyroclastic flow could have formed by dome collapse or explosions 

associated with the dome formation in this area. 

8.10.5 Lake deposits (LD) 

In the road cut of Portobello Road northwest of hill 201 (GR 333 896) a sequence of 

lake deposits, including alternating red mudstone and lapilli tuff/tuff beds occurs. The unit has 

been subdivided into several subunits (A-E). Maximum exposed thickness of the sequence is 

about 4 m (plate 35 d). 

Subunit A comprises mudstone beds that reach a thickness of about 50 cm but the 

cream coloured (plate 35 f&g) single mud beds are commonly laminated at a scale of 0.2 -

0.5 cm. Many layers contain organic material (leaves; plate 33 h). The leaves have been 

identified as Nothofagus (Oliver, 1936; Campbell, 1985; Pole, 1993). The mudstone beds 

vary in colour from cream to red. 

Subunit B is formed by thin layers (2-1 0 cm) of light cream coloured, laminated and 

very light (low density) material, which are considered to be layers of diatomites (plate 35 f). 

Subunit C comprises lapilli tuff and tuff layers which are normally graded and 

accumulated in beds up to 40 cm thick. They dip at 326/20. Beds fine and thin upwards and 

the uppermost exposed layer is only 5 cm thick. The tuff beds locally show cross lamination. 

Bedding contacts are sharp and planar, locally scoured in the thinly bedded mud layers. Clasts 
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in the lapilli tuff are subangular to subrounded and comprise volcanic lithic fragments, 

sideromelane glass shards, feldspars, and pyroxenes. Glass shards are blocky and either 

strongly vesiculated or less vesiculated. 

Subunit D is formed by lapilli tuffllapillistone layers that are nearly clast supported. 

Beds are 1 to 6 cm thick and commonly slightly reverse graded. Upper and lower bedding 

contacts are sharp and planar. 

Clasts forming the lapilli tuff/lapillistone are subrounded and comprise volcanic lithic 

fragments, sideromelane glass shards, feldspars, and pyroxenes. The grade of vesiculation of 

the glass shards varies from high to low. 

Subunit E comprises a reddish-brownish lapilli tuff unit (plate 35 e) that underlies the 

leaf-bearing beds and the upper lapilli tuff beds. This lapilli tuff comprises subrounded to 

subangular volcanic clasts, relicts of highly vesiculated clasts, plagioclase, pyroxenes and 

olivine crystals. These clasts are supported in a red-brown muddy matrix. Beds are alternating 

coarse -and fine-grained. The maximum exposed thickness is about 10 m. 

A fault striking W-E cuts the leaf-bearing beds and the lapilli tuff beds at the northern 

end of the outcrop along Portobello Road. Beds south of the fault dip gently at 115/10 and 

those north of the fault the beds dip more steeply at 335/45. 

8.10.5.1 Interpretation 

This unit is characterised by alternating leaf-bearing mudstone layers and lapilli 

tuff/tuff layers. The fine-grained character of the mudstone beds together with the presence of 

leafs is indicative of lake sedimentation. Normal grading and cross stratification within the 

lapilli tuff beds suggests deposition from currents. The lapilli tuff/tuff (subunit C) layers show 

good evidence of lateral transport (cross lamination) and are interpreted as turbulent mass 

flow deposits into the lake. Beds of subunit D are believed to have deposited from grain 

flows, which is suggested by their inversely graded character. The tephra forming these layers 

may have been reworked from primary phreatomagmatic tephra, which is indicated by the 

abundance of sideromelane glass shards. The unit has been interpreted as alternating normal 

lake deposits (subunit A), turbulent mass flow deposits (subunit C) and grain flow deposits 

(subunit D), which is not an uncommon feature for normal lakes and e.g. maar lakes (e.g. 

Heinz et al., 1985; Smith, 1986b; Drohmann and Negendank, 1993). The mud layers (subunit 

A) formed in a lake or pond during pauses in volcanic activity. Pauses of volcanic activity are 

also indicated by the presence of diatomites (subunit B), which are fine-grained siliceous 

sediments made up predominantly of skeletal remains of microscopic plants called diatoms. 
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Diatoms comprise a diverse group of unicellular organism, which commonly accumulate on 

lake floors (Talbot and Alien, 1996). With an estimated accumulation rate of about 0.01 

cm/year (Gordon, 1959; Benda and Windheusen, 1979) the pauses of about 1000 years are 

indicated by the thickness of the beds. The presence of diatomites also indicates a lake 

1 pelagic sedimentation 

2 grain flows 

3 turbidites 

4 crater rim deposits 

5 Crater pyroclastic 
deposits 

Figure 8.7 Possible paleoenvironmental reconstruction of the crater hill 201 during Waiauan. the 
original lake is estimated to have been about 900 m in diameter. The contact between the subunits 
is grossly oversimplified. ' 

developed rather than only a pond. The lake may have formed within the earlier formed tuff 

ring (fig. 8.7), because clast composition of the lapilli tuff (subunit C) and lapillistone 

(subunit D) are very similar to that of the earliest lapilli tuff (see section 8.10.1) that formed 

in this region. 

The subrounded character of the clasts in subunit B and C indicates a certain amount 

of reworking (abrading) of the clasts. A primary volcanic fallout origin for such beds is 

effectively ruled out by the grain population, which reflects a history of abrasion and 

concentration of sturdy clasts that is inconsistent with deposition directly from a volcanic 

eruption. Alternating normal lake deposits, turbidite deposits and grain flow deposits indicate 

that lake sedimentation and mass flows occurred repeatedly. 

The red lapilli tuff/tuff layers (subunit E) may be interpreted as reworked 

volcaniclastic layers, which formed prior to normal lake sedimentation within the same basin. 
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The fault at the northern end of the lake deposits suggests a failure of the lake wall, 

which is indicated by a dramatic change in dip. 

8.10.6 Lapilli tuff breccia (L TB) 

The lapilli tuff breccia crops out along Portobello Road at the foot of hill 201 in a 7m 

wide outcrop (GR 333 894). Exposed thickness is about 5 m. Upper and lower contacts are 

not exposed. The massive lapilli tuff breccia does not show internal structures as sorting, 

grading or bedding (plate 33 c). Unlike the inferred pyroclastic flow deposits (see section) the 

unit is dominated by monolithologic block and gravel sized, non-vesicular, angular, volcanic 

lithic clasts but few a vesiculated clasts are also present. Some of the volcanic lithic clasts 

have a breadcrust structure. Pre-volcanic clasts are absent. In thin section the clasts contain 

abundant plagioclase crystals (probably phonolite or trachyte ). The clasts are supported in a 

vitric tuff matrix. 

8.10.6.1 Interpretation 

This unit is characterised by a monolithologic composition and interpreted as being 

deposited from a block and ash flow. Unlike in pumice-rich pyroclastic flow deposits 

vesicularity does not seem to play an important role regarding fragmentation of the lava as 

most of the clasts are non-vesicular. It is assumed that the main driving force that produced 

the flow was gravity and not highly explosive disruption, otherwise the deposits probably 

would contain more exotic clasts. When the material moved downward mechanical stressed 

lava rocks and minor gas-driven fragmentation produced finer particles. Once the flow was 

expanded it probably followed gullies or channels driven by gravity process. A similar 

process was described by Carrasco-Nunez (1999) 

The mechanisms that produce block and ash flows have been controversially 

discussed in the literature. Since the most recent eruption of Unzen these processes have been 

studied even more extensively. Two models are favoured, one of which involves gravitational 

dome collapse as proposed for the displacement of the unit described above (e.g. Stoiber and 

Rose, 1969), the other involves explosive dome collapse (La Croix, 1904; Mellors et al., 

1988; Sato et al., 1992; Ui et al., 1999)). 
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PLATE 34 

Overview of lapilli tuff unit (LT) at the sea shore between Harrington 

Point and Pilot beach. CB = columnar jointed basalt. 

Close up of lapilli tuff LT. Note the alternating fine- and coarse

grained beds. Note the large pyroxene crystals (black spots). 

Close up of lapilli tuff LT. Note the wavey bedding (W) indicating 

shallow marine environment. 

Channel within the lapilli tuff, filled with coarser material. Arrow 

shows an unusual large clast (5 cm) in the lapilli tuff. 

Alternating coarse- and fine-grained beds of the lapilli tuff. Note the 

black spots representing large pyroxene crystals. 
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PLATE34 
a 

e 



a 

PLATE35 

Lapilli tuffLT 2 along Portobello Road at the foot ofhill201. Note the 

crudely bedded layers. 

b Lapilli tuff breccia interpreted as pyroclastic flow deposits along 

Portobello Road at the foot ofhill201. 

c Block and ash flow deposits along Portobello Road at the foot of hill 

201. 

d Overview of lake deposits along Portobello Road at the foot of hill 

201. 

e Reddish-brown lapilli tuff that underlies the leaf-bearing beds. 

f & g Fine-grained, well bedded lake deposit. Note the layer of diatomite 

(D). 

h Hand specimen of leaf bearing beds. 
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8.10.7 Summary 

The reconstruction of the area around hill 201 is difficult because of incomplete 

mapping. Prohibition of access to several places has led to gaps in the observations. From the 

collected data and photo interpretations the eruptive history of the area around hill 201 may 

be summarised and modelled as follows. Fig. 8.8 gives an overview of the development 

through time. 

The oldest eruptive products are the lapilli tuffs at the present shoreline between 

Harrington Point and Pilot Beach. They formed in a shallow marine environment. The 

eruption probably took place at the same time (upper Lillburnian, lower Waiauan) as the 

small basaltic eruptions elsewhere on the Peninsula (e.g. Pyramids, Ryans Beach, Wellers 

Rocks). This inference is based on (1) that all these mapped eruptive centres lie in the first 

eruptive phase of Benson (1969), (2) the similar magma composition of these eruptive 

centres, (3) the shallow water environment and (4) general field relations (present elevation). 

However, a tuff ring was formed that breached sea surface. 

A longer period of quietness followed, during which a lake formed within the tuff ring 

by undercutting the groundwater level. Lake sedimentation periodically was interrupted by 

mass flows, which formed due to remobilization of the tephra from the tuff ring. 

The last explosive eruptions were caused by dome collapsing that initiated the 

formation of pyroclastic flows. Domes probably intruded the pre-existing vent and/or the 

margin of the pre-existing tuff ring. This model may be favoured because nearby located 

dome intrusions show that doming was not uncommon in this part of the Peninsula, which 

may suggest that explosive dome collapse was the process that led to the formation of the 

pyroclastic flow deposits. The formation of the pyroclastic flow deposits most likely took 

place approximately at the same time than the ones at the southern part of the peninsula (see 

chap. 7). This suggests a Waiauan age for these deposits. Phonolite domes all belong to 

Benson's (1969) third eruptive phase, indicating also a Waiauan age. 

Non-explosive or poorly explosive dome-collapse produced the block and ash flow 

deposits that crop out along Portobello Road. 

After an erosional period the remnants of the lake deposits, the tuff ring deposits and 

the pyroclastic flow deposits were preserved by lava flows. Benson (1969) distinguished 

several lava flows ranging from basanite to olivine-basalt and trachy-basalt. 
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Figure . 8.8 Development o f the area around hi 11 20 l th rough time. ( l ) Submarine to emergent stage capped 
partl y by lava rl ow l; (2) phrcatomagmatic stage fully subaeri al with development of tufT ring; (3) devel opment 
or lake With lake sedimentati on and mass i'l o\\·s; (4) failure or lake wall and heavy rain generated lahars; 
subsequent phreatomagmatic explos ions generated schist-ri ch tephra that also contained mantle x:cnoliths, 
whi ch was remobilised into pree:-;.i sting ri vers (see secti on 8 1 1.2; (5) dome intrusion and subsequent dome 
collapse generated pyroclas tic !'lows as \\'ell as block and ash f'l ows; dome intrusion also caused local stress, 
w hi ch caused cracks and dyke intrusions around hill 20 1; (6) lm·a !'l ows preserve remnants of the earlier 
SUCCeSSIO n. 
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8.11 TAIAROA HEAD 

The Taiaroa Head complex is situated at the northern end of the Otago Peninsula. It is 

kept as a wildlife reserve where Royal Albatrosses have chosen to nest (the only mainland 

colony in the world). Permission is necessary from the Department of Conservation to gain 

access to the complex. Most of the succession has been mapped previously as "Older 

Floodplain Conglomerates" (Benson, 1969). The 75 m high northern tip of the Peninsula is 

about 500 m long and 300 m wide composed of several types of breccia, lapilli tuff breccia 

and lapilli tuff that are capped by lava flows (fig. 8.9, plate 36) and briefly are described 

below. 

8.11.1 Lapilli tuff breccia!lapilli tuff 

This unit has steep dipping contacts with the adjacent breccia near pilot Beach 

(western side of Taiaroa Head; GR 331 888) is formed by alternating beds of lapilli tuff and 

lapilli tuff breccia. The whole unit is about 10 m thick. The layers of fine-medium-grained 

bedded lapilli tuff alternate with the thick normally graded parts (plate 36 a-c). The coarse

grained beds are up to 3m thick, whereas the fine-grained beds are up to 20 cm thick. The 

fine-grained bedded parts are commonly also up to 2m thick. The unit is moderately stratified, 

with beds being normally graded. Stratification is better developed in the finer-grained parts. 

Contacts are gradational. Crossbedding or ripples are absent. The clasts are supported in a 

brown clayey matrix. 

Clast composition in both parts is similar. Clasts comprise abundant (between 10 and 

20%, visual estimate) whitish mudstone clasts (similar to the lake deposits described above), 

volcanic fragments, light green irregular clasts, few brown clasts, sandstone clasts and schist 

fragments (10%) from underlying strata and lapilli bearing mantle xenoliths 

Lapilli tuff breccia crops out at the eastern side of Taiaroa Head (GR 334 889) 

adjacent to breccia with similar composition. This lapilli tuff breccia also contains spindle 

bombs bearing mantle xenoliths up to 20 cm in diameter. 

8.11.1.1 Interpretation 

Thick normally graded, coarse-grained beds form this unit and thin normal graded, 

fine-grained beds, such as occur by deposition from mass flow deposits. The production of 

such thick units was probably related to extensive volcanic activity and rapid mobilisation of 

the pyroclastic material. They may have been deposited from hyperconcentrated flood flows 

(Smith, 1986a) which were initiated either by a phreatomagmatic eruption, or by lake release, 
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processes which are not uncommon for the formation of lahars (e.g. Fisher and Schmincke, 

1984; Lecointre et al., 1998; Pierson and Scott, 1985; Smith, 1986b). Hyperconcentrated flow 

deposits closely resemble those of subaqueous, coarse-grained, high density currents and 

probably share transport and depositional characteristics (Walker, 1975; Lowe, 1982; Smith, 

1986a). The hyperconcentrated flows must have been turbulent enough to allow differential 

settling and development of graded beds (Smith, 1990; Smith and Lowe, 1991 ). In general 

there are those hyperconcentrated flows that are a direct result of eruptive activity and those 

that are not temporally related to eruptions. The latter may still be be related indirectly to 

previous eruptions if heavy rains or crater lake overflow/failure mobilise recently erupted, 

loose pyroclastic and autoclastic debris (Williams, 1952; Crandell, 1971; Neall, 1976; Siebert, 

1984; Smith and Lowe, 1991; Maizel, 1997; Manville et al., 1998). In the Taiaroa Head case 

flow deposits are likely to be related to a lake breakout, which is indicated by the heterolithic 

clast assemblage and the high content of rounded clasts (Scott, 1988; Smith and Lowe, 1991). 

The only lake deposits recognised on the Peninsula are the ones near hi11201 (see above). The 

source of the hyperconcentrated flow deposits may therefore be hill 201. The main source of 

the water that mobilised the mass flow was most likely water and steam that derived from the 

pre-existing rocks and the lake within an inferred former tuff ring. The presence of a lake is 

indicated by the abundance of clasts from the lake deposits. The lahar most likely followed a 

pre-existing valley or river bed that entered the sea. There is no indicator of river deposits 

south ofhi11201, which indicates the hyperconcentrated flow was not fed from further south. 

8.11.2 Brecciallapilli tuff (B/LT; eastern and western side) 

The breccia (subunit 1; GR 334 900) is poorly sorted and has steep cross-cutting 

contacts with adjacent units. Beds form a concave geometry near the contact and show 

extensive slump scars (plate 37 b & c). The unit has been subdivided into severallithofacies. 

Lithofacies 1 is formed by a thick breccia up to 30 m . Locally the breccia is faintly 

bedded and slightly reverse graded with fine-grained layers and lenses (lithofacies 2) . The 

crudely developed beds commonly have irregular tops and bases. Coarse-grained layers are 

laterally discontinuous over several meters and commonly grade into fine-grained beds 

(lithofacies 2; plate 37 b & c). Fragments (lava clasts, non-juvenile) reach a size up to 1 m and 

are subangular to subrounded. Usually the large bombs are subrounded, while the smaller 

clasts are sub angular. These lava fragments are often strongly, irregularly vesiculated and 

chilled. Also present are lherzolite nodules, which range in size from a few mm to ea. 20 cm. 
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They are composed of coarse-grained subhedral olivine, coarse subhedral clinopyroxene and 

anhedral chrome spinel. The nodule host is olivine-augite-basalt, often as spindle bombs 

(plate 38 b). The rims of the bombs often are weathered to clay. The lherzolite-bearing 

spindle bombs are strongly vesiculated. Vesicles in the middle are up to 0.5 cm, round to 

irregular, while near the rim they are small (1-2 mm) and locally elongated outward. They are 

well-developed in radial arrangement all around the bombs. Volcanic clasts in the breccia 

range from fine-grained, vesiculated, pyroxene-olivine-basalt with flow bands defined by 

concentrations of plagioclase and pyroxenes, to phonolite and trachyte. These clasts also 

occasionally contain next to mantle xenoliths also schist xenoliths. There are also grape

shaped goethite fragments and locally unsorted clasts similar in appearance to the lake 

deposits along Portobello Road at the foot of hill 201 (plate 38 d). 

Clasts forming the matrix consist of red and brown weathered vesiculated lava clasts, 

large pyroxene, olivine and plagioclase crystals, rare mud clasts, limestones and schist (plate 

38 a). The glass in the matrix is strongly altered and red or brown iron stained and/or is 

formed by tachylite or palagonite. Grains in the matrix are between 0.1 and 1 cm. 

The breccia on the western side (GR 332 899) has similar clasts composition and 

appearance. Also the contact to the adjacent units is steep, concave and sharp. 

Lithofacies 2 is formed by alternating coarse (framework grain size 0.5 cm on 

average) and fine (2 mm in average) lapilli beds are between 2 and 5 cm thick (plate 38 c & 

d). These layers in the lower part are commonly red, framework supported with rounded 

lapilli and slightly normal- to reverse-graded (plate 38 c & d). The coarse layers show a 

decrease in the packing of larger clasts from clast supported to matrix supported. Near the 

present sea level fine-grained beds of subunit 2 show cross beds (plate 38 c). Clast 

composition in subunit 2 is similar to subunit 1. A larger outcrop at Pilot Beach that has been 

correlated to subunit 2 is 3 m thick and comprises alternating massive and stratified layers. 

The bedded, moderately sorted, fine to medium grained lapilli tuff consists of rounded mainly 

volcanic clasts (basalt with mantle xenoliths, syenite, phonolite or trachyte ), schist fragments 

and sedimentary clasts from underlying strata (mudstone, sandstone, limestone, quartz 

grains), broken plagioclase, pyroxene and olivine crystals, irregularly vesiculated strongly 

altered glass shards and only few whitish mudclasts (lake deposits). Beds are slightly normal 

to reverse graded and show open framework structure. The alternating coarse (grain size 0.5 

cm in average) and fine (2 mm in average) beds in the upper part are between 2 and 5 cm 

thick, where usually the coarser beds are thicker. Beds show locally scour-filling structures, 
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up to 20 cm wide, filled with coarser material of the same composition. The matrix between 

the clasts appears brown probably from clays or altered glass shards. 

The structureless parts of the lapilli tuff show similar clasts composition to the 

stratified ones but those parts are matrix supported. Clasts range from 1 mm to 3 cm in size. 

Fine-grained layers in the upper part of the unit form lithofacies 3. Beds are normally 

graded and destinguished by their yellow colour (subunit 3) and finer grain-size. 

8.11.2.1 Interpretation 

The unit composes three lithofacies; (1) a breccia; (2) red lapilli tuff lenses and layers 

in the lower part of the unit and (3) yellow fine-grained layers and lenses in the upper part of 

the unit. The three lithofacies have been deposited by different processes but in the same 

environment. Steep dipping contacts with adjacent units have been used in previous chapters 

as a criterion to locate vent-filling breccias. The steep dipping contacts in this case are 

different in being concave and interpreted as slump scarces. 

Lenticular units similar to the ones at Taiaroa Head in the breccia unit have been 

reported from (1) foresets, toesets and bottomsets of Gilbert-type deltas and other delta fronts 

in normal marine or lacustrine environments (Colella et al., 1987; Postma and Cruickshank, 

1988), (2) coarse-grained deposits of high-density turbidity currents (e.g. Hendry and 

Middleton, 1982) (3) deposits from hyperconcentrated flows at points of flow expansion in 

subglacial eskers (e.g. (Brennand, 1994) and (4) alluvial fan deposits related to unconfined 

sheetfloods (e.g. Blair, 1987). 

The lithofacies are closely related to one another. Relatively thick coarse breccia beds 

(lithofacies 1) commonly grade into multiple layers of fine-grained tephra of lithofacies 2. 

Beds of lithofacies 1 are commonly underlain or interbedded with beds of lithofacies 3. 

Common inverse grading of gravel in a sand matrix suggests a cohesionless sediment 

flow in which clast interactions were dominant (Sohn et al., 1997). Undulatory upper surfaces 

with large protruding clasts and positive relief suggest relative flow strength. The sediment 

flow (lithofacies 1) therefore can be described as cohesionless debris flow or modified grain 

flow (Lowe, 1976; Lowe, 1979; Lowe, 1982; Postma, 1986; Nemec and Steel, 1988). The 

lateral variations of grading pattern may suggest flow unsteadiness and change in flow 

rheology along length and /or width of the flow (Kim et al., 1995). Similar deposits have been 

interpreted as involving high-density turbulent flows (e.g. Colella et al., 1987; Postma et al., 

1988). Structures, such as traction, well-developed normal grading or scour surfaces between 

beds, are indicative of deposits from high-density turbulent currents (Sohn et al., 1997), and 
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are lacking, which does not support deposition from high-density currents. The inverse graded 

beds may be interpreted as being deposited from freezing of successive traction carpets at the 

base of highly concentrated flows as commonly modelled (e.g. Colella et al., 1987; Nemec, 

1990). Lowe (1982) pointed out that traction carpets may develop under the influence of 

dispersive pressure and in upper-stage plane bed conditions. 

Whatever their origin, hyperconcentrated flows or debris flows are considered to 

represent the initial phase of flooding in both alluvial fans and rivers (Blair and McPherson, 

1994). Hyperconcentrated gravity flows are believed to represent a transitional stage between 

debris flows and turbidity currents (Mutti and Normack, 1991; Mutti et al., 1996). Such a 

flow may have produced lithofacies 1, which represents the internally unstratified unit 

composed of overall crudely graded breccia. As flow became diluted turbulence developed 

resulting in the transformation into high and low density turbidity currents from which 

lithofacies 3 deposited (Postma, 1984). The sudden transformation of these flows into 

turbidity currents is recorded by distinctive sedimentary units, called 'flood-generated 

sigmoidal bars" (Mutti et al., 1996), which represent a very common type of one-event 

deposit in many systems (Weirich, 1989; Mutti et al., 1996). They typically develop in 

association with the transformation of hyperconcentrated flows where entering a waterbody or 

where these flows undergo transformation at the break of a slope (Barcat et al., 1989; 

Fitzgerald et al., 1990). The process recorded by vertical and lateral succession of 

depositional divisions within individual sigmoidal bars is essentially a hydraulic jump similar 

to that described by Weirich (1989) for the transformation of a debris flow into a turbulent 

density current in an artificial lake, accompanied by flow expansion 

The openwork lenses within the succession may also be interpreted as gravel bar 

deposits in which fine-grained layers are interbedded with coarser layers (e.g. (Rudoy and 

Baker, 1993). Openwork gravel sequences may also develop on foreset slopes, where high 

energy traction currents prevent the deposition of fines and deposit short lenses of matrix-free 

granules or gravels (Lawson, 1982) as described for lithofacies 1 and 3. 

Stratified bedforms associated with cross bedding and reverse grading as described for 

lithofacies 2 and 3 are indicative of turbulent high and low density flow deposits and common 

features in alluvial fan (e.g. Maizel, 1997). Dilution of the flow and the formation of turbulent 

flows may have occurred as flows entered the sea, which is indicated by the present near

shore position of the deposits. 
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The clast composition in the Taiaroa Heads successions is very distinct in comparison 

to other successions on the Peninsula in containing abundant schist clasts and mantle 

xenoliths. A deep phreatomagmatic explosion locus for the eruption of the primary 

volcaniclastic material is therefore indicated. The source of the tephra is not clear because 

none of the pyroclastic deposits on the Peninsula contains either mantle xenoliths or abundant 

schist (except for a few pyroclastic flow deposits in the southern part of the Peninsula; see 

chap. 7). One reasonable explanation is that hill 201 (inferred to represent a vent; see section 

8.10.3) is the eruptive centre of the primary tephra. Non of the primary tephra is exposed, 

either because all the tephra has been remobilised shortly after eruption, eroded by the time or 

is covered by lava flows. Another possible source may be Pilot Point 5 km to the west on the 

present mainland near Murdering Beach. Lherzolite xenoliths have been found there within 

lava flows (Mclntosh, 1989). Sea level must have been much lower than present sea level to 

have a connection between the peninsula and the mainland. This would, however, suggest that 

deposition of the Taiaroa Head units occurred quite late in the history of the Dunedin 

Volcanic Complex, probably lower Tongaporutuan, based on the comparison to the Haq et al. 

(1988) sea level curve, which shows quite a dramatic sea level fall during that time (see chap. 

1' fig. 1.3). 

8.11.3 Lapilli tuff 3 (L T3; Pilot Beach) 

The lapilli tuff (GR 333 898) is very hard, pale white on the fresh surface and red 

outside. It comprises pumice clasts up to 3 cm and volcanic clasts up to 4 cm, but average 

grain-size ranges between 2 and 3 cm. Clasts are usually subangular. Epiclastic and schist 

clasts are rare. Volcanic clasts, ranging in composition from phonolite, to trachyte and basalt. 

The clasts are supported in a limonitic matrix, probably former vitric tuff. The massive lapilli 

tuff is poorly sorted and poorly bedded without any internal sedimentary structures. Collapsed 

pumice clasts or other welding features are lacking. Overall composition and general 

appearance are very similar to the lapilli tuff that crops out along Portobello Road and the 

road between Taiaroa Head and Penguin Beach (see above). 

8.11.3.1 Interpretation 

The massive and poorly sorted lapilli tuff is also interpreted as a pyroclastic flow 

deposit (for more details on depositional and eruptive processes of such eruptions see chap. 7 

and above). The same source is inferred (hill 201 or dome collapse) as the similar lapilli tuff 

described above. 
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8.11.4 Lava flows 

An olivine-augite basalt has a sharp contact to the underlying lapilli tuff. Subhedral 

olivine phenocrysts represent the dominant phenocryst in this lava, but augite and 

glomeroporphyritic clusters of plagioclase are also common. The groundmass is typically 

intergranular, with abundant plagioclase laths, granules of olivine, pyroxene and scattered 

opaque. 

A plagioclase-augite basalt overlies the previous one. Plagioclase forms the dominant 

phenocryst phase and shows often a sieved texture and strong oscillatory zoning. Pyroxenes 

are also common but olivine appears in minor amount. The groundmass is composed of 

plagioclase microliths, flow aligned, which gives a trachytic texture and granules of pyroxene, 

alkali feldspar and scattered opaques. 

8.11.5 Summary 

The reconstruction of Taiaroa Head is difficult because of limited access to the area. 

From the collected data and photo interpretations the eruptive history of Taiaroa Head may be 

summarised and modelled as follows. 

The oldest products at Taiaroa Head are the laharic deposits. The lahars may have 

been initiated by local failure along the northern side of hill 201. 

The following event is characterised by alluvial fan deposits related to unconfined 

sheetfloods. 

Pyroclastic flow deposits and lava flows covered the volcaniclastic beds subsequently. 



PLATE36 

a, b Overview photo and line-drawing of laharic deposits at Taiaroa Head 

(western side). Note the alternating breccia layers and lapilli tuff 

layers. 

c, d Close-up of laharic deposits at Taiaroa Head (western side). Note the 

alternating breccia layers and lapilli tufT layers. 
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PLATE37 

Overview Taiaroa Head 

Photo and line drawing of breccia unit (BILT) at the eastern side of 

Taiaroa Head. Note the concave geometry near the steep contact and the 

discontinuous beds. 
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PLATE38 

Close-up of matrix from the breccia unit at Taiaroa Head lithofacies 1. 

Red framework supported parts within lithofacies 2. Note the spindle 

bomb in the middle. These spindle bombs commonly contain mantle 

xenoliths. P 4 refers to the position where photo was taken (see fig. 

8.9). 

Red framework supported parts within lithofacies 2. Note the cross 

beds in the upper part of the photo. P 5 refers to the position where 

photo was taken (see fig. 8.9). 

Large fragment of the lake deposits within the lithofacies 2. P 6 refers 

to the position where photo was taken (see fig. 8.9). 

Lapilli tuff at Pilot Beach most closely resembles the red layer 

(lithofacies 2) within lithofacies 1 at the eastern side ofTaiaroa Head. 

P 6 refers to the position where photo was taken (see fig. 8.9). 
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8.12 ERUPTIVE HISTORY OF NORTHERN OTAGO PENINSULA 

The reconstruction of the eruptive history of this part of the Otago Peninsula is rather 

difficult with limited access to the land but a possible solution is presented here. It is even 

more difficult to establish the relative ages of the different units since interbedded epiclastic 

rocks are very rare. The best way envisaged to get a plausible time frame was to correlate 

units with similar magma composition, similar eruptive products and correlation with the Haq 

et al. (1988) sea level curve (fig. 8.9). 

The oldest eruptive product is the tuff unit at Pyramid 2 that has been correlated to the 

oldest tuff unit (LT) at Allans Beach (pre-Lillburnian; see chap. 6) and the pumiceous unit 

that may have erupted from McCartneys Hill (Lillburnian; approximately during the same 

time as Hoopers Inlet 1 (see chap. 7). The pumiceous unit crops out from present sea level to 

approximately 30 m. 

The units at Wellers Rocks are interbedded and mingled with sandstones of the 

W aipuna Bay Formation, suggesting a W aiauan age. A shallow marine environment is 

indicated by the presence of foraminifers (Ewan Fordyce 1998 pers. corn., Scott, 1991)). 

Small eruptive centres such as Ryans Beach, Taiaroa Hill, Kaika Hill, Hill 201, Otakou, and 

Pyramid may have also formed during Waiauan but their deposits are not clearly fully 

submarine successions and age indicators are lacking. According to the Haq et al. (1988) sea 

level curve Lillburnian was a time of sea level highstand. Very shallow marine to emergent 

eruptions therefore most likely did not occur during this time. Wellers Rocks with its 

interbedded layers of sandstones from the Waipuna Bay Formation are inferred to have been 

deposited also during W aiauan. The Otakou succession overlies the Wellers Rock succession, 

but is approximately at the same elevation, which suggests that it is more likely that the 

shallow marine eruptions took place during the Waiauan. 

A lake formed within the tuff ring at hill 201 and alternating lake deposits and mass 

flow deposits indicate that lake sedimentation and mass flows occurred repeatedly. These 

deposits were previously been interpreted as Older floodplain Conglomerates (Benson, 1969). 

Faulting at the northern end of hill 201 initiated lahars from which deposition of lapilli tuffs 

and lapilli tuff breccias at Taiaroa Head occurred. However the presence of abundant water in 

the near environment and probably heavy rain fall led to the formation of lahars from which 

the breccias and lapilli tuff breccias occurred. 
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The succeeding event is characterised by alluvial fan deposits related to unconfined 

sheetfloods, previously also mapped as Older floodplain Conglomerates (Benson, 1969). The 

source of these deposits are not exactly know but it is inferred that the original tephra was 

formed by phreatomagmatic reaction of rising magma with groundwater. The explosion led to 

the reactivating of the vent at hill 201 with a deep explosion locus, which is indicated by the 

abundant schist clasts in the deposits. The presence of lherzolite nodules in the volcaniclastic 

deposits suggests a fast rising magma (see chap. 9). Hill 201 is suggested as source of the 

primary tephra because there are no river deposits south of hill 201, which indicates the river 

has not been fed from further south. As discussed in section 8.11.2 another possible source 

may be Pilot Point 5 km to the west on the present mainland near Murdering Beach, based on 

the presence there of lherzolite-bearing lava flows (Mclntosh, 1989). This would, however, 

suggests that deposition of the Taiaroa Head units occurred quite late in the history of the 

Dunedin Volcanic Complex, probably lower Tongaporutuan, based on comparison with the 

Haq et al. (1988) sea level curve, which shows quite a dramatic sea level fall during that time 

(see chap.1, fig. 1.3). 

The last pyroclastic eruption at this part of the Peninsula is marked by widespread 

formation of pyroclastic flows by dome collapse. The pyroclastic flows spread from Harbour 

Cone (see chap. 7) and deposited around Clarks Hill and Sheppards Hill as well as from hill 

201 and deposited at Taiaroa Hill, along Portobello Road and Penguin Beach. 

Non- or mildly explosive dome collapse in the area around hill 201 led to the 

formation of block and ash flow deposits. 
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In this part of the thesis results from microprobe glass analysis (section 9.4) and whole 

rock XRF analysis (sections 9.6) are discussed and interpreted. It is an attempt to combine 

geochemical results with the physical volcanological results from the first part of the thesis 

and support models and interpretations. The studies of the analysed glass shards provide an 

overview of common features, morphology and shapes and show the variety of glasses, which 

are commonly produced by magma/water interaction (section 9.2). Alteration has played an 

important role during the history of the volcaniclastic rocks on the Peninsula. Section 9.3 

therefore gives an overview of the problems involved. Newly discovered mantle xenoliths 

within volcaniclastic deposits at Taiaroa Head are discussed in section 9.5. 

9.2 GLASS STUDIES 

The formation of volcanic glass is mainly dependent on the cooling rate of the melt 

and the viscosity of a stable silicate liquid (Fisher and Schmincke, 1984). When silicate melts 

are cooled rapidly below their crystallisation temperature, they will first form supercooled 

liquids and then a solid amorphous substance called volcanic glass (Carmichael, 1979). The 

composition of these volcanic glasses therefore represents the initial composition of the melt. 

There are two types of basaltic glass; (1) tachylite that is completely charged with Fern

oxides and (2) sideromelane that is commonly transparent. The cooling rate determines which 

variety is formed. Water has a much higher heat capacity and conductivity than air (Carslaw 

and Jaeger, 1947) and absorbs large amounts of vaporisation heat, and as a result cooling rates 

at magma/water contacts are much higher than when lava erupts in air. The abundance of 

sideromelane is thus a criterion for recognising the quenching of basaltic magma by external 

water. 

Detailed descriptions of volcanic glass morphology and textural analysis of volcanic 

glass are provided in appendix 3. These descriptions show that there are different types of 

glass. A short summary follows. 
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9.2.1 Descriptions of volcanic glass shards 

There are mainly two kinds of glass shards; (1) basaltic sideromelane glass shards and 

(2) more evolved glass shards/pumice. The sideromelane glass shards are commonly 

yellowish-brown in colour and vary in size. They are blocky, slightly vesiculated, strongly 

vesiculated or non vesiculated and show fractured surfaces. The grade of palagonitization 

varies and occurs commonly along fractures and rims of vesicles but locally also affect the 

whole shard. Fibrous palagonite occur generally at the rims of vesicles, whereas gel

palagonite occurs at the margin of the shards. Fibrous palagonite also may occur at the margin 

of the shards penetrating into the shard generally at bubble wall structures. Gel-palagonite 

occurs as opaque patches in plane parallel light. 

Pumice shows a different appearance. Vesicles within the pumice clasts are locally 

tube-like, which gives the pumice a woody appearance. In many places the pumice glass is 

strongly altered to zeolites and calcite, shows devitrification structures and has a pale creamy 

colour in thin section. Individual pumice fragments have a sub-trachytic texture defined by 

feldspar crystallites. Feldspar phenocrysts are also present. 

A full description of the analysed glass shards is provided in appendix 3. 

9.2.2 Summary and conclusion 

The glass shards analysed by microprobe have a wide variety of shapes and 

composition. Generally there are two groups; (1) basaltic sideromelane glass shards and (2) 

pumice. 

Liquids with very low viscosity and those rich in water are difficult to quench to glass 

because in these melts rapid nucleation and growth rates will lead to the formation of 

crystallites. Thus highly viscous rhyolites and phonolites generally form entirely glassy 

pyroclasts (pumice, Fisher and Schmincke, 1984). 

Most of the basaltic sideromelane glass shards are vesiculated. These shards are 

apparently formed by a combination of vesiculating magma and quenching by water or steam. 

The abundance of spherical vesicles is consistent with vesiculation at shallow depths near the 

vent (Heiken and Wohletz, 1991). Glass shards with irregularly shaped vesicles however 

imply variable viscosity within the shards (Mueller and White, 1992). In general the greater 

abundance of vesicles is a reflection of more complete gas exsolution from the melt or higher 

gas content, whereas the greater abundance of microlites is an indicator of more complete 

crystallisation. 
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Deposits made of glass shards, which may show all transitions from blocky through 

slightly vesicular with scalloped edges to highly vesicular, are characteristic of shallow water 

eruptions (Fisher and Schmincke, 1984). 

Tephra of basaltic composition commonly contains quench crystals similar to those 

found in experimental runs (Carmichael, 1979; Ryan and Sammis, 1981). Crystallisation of 

abundant microlites occurs in response to high degrees of undercooling and supersaturation 

(Swanson et al., 1989). Bubble wall shards are generated if the magma is highly vesiculaed 

(>70%) prior to mixing with external water (Fisher and Schmincke, 1984; McPhie et al., 

1993). Woody pumice forms in response to shear of vesiculating magma against the walls of 

the vent McPhie et al., 1993). Sideromelane glass shards are often palagonitised showing all 

transitions between fibrous palagonite and gel palagonite to the end product smectite. 

9.3 ALTERATION AND WEATHERING 

"Alteration involves any change in mineralogical composition of a rock brought about 

by physical or chemical means, especially by the action of hydrothermal solutions" (Bates and 

Jackson, 1987), whereas "weathering includes a destructive processor group of processes by 

which earthy and rocky material on exposure to atmospheric agents at or near Earth's 

surface are changed in colour, texture, composition, or form, with little or no transport of the 

loosened or altered material" (Bates and Jackson, 1987). "Diagenic processes are part of a 

continuum between weathering (subaerial or submarine) and metamorphic changes, which 

occur beneath the surface at elevated temperatures and pressures" (Fisher and Schmincke, 

1984). Resulting products are commonly smectites, zeolites, and varied polymorphs of silica 

(collectively often called palagonite). A alteration in volcanic terranes is related to three 

successive alteration events, which are (1) hydrothermal alteration due to cooling of the 

erupted products or hydrothermal venting, (2) weathering in a subaerial or submarine 

environments, (3) late superimposed hydrothermal alteration due to hot fluid circulation along 

fissures and cracks through the volcanic pile. 

Alteration (including weathering, diagenesis, hydrothermal alteration) has influenced 

the chemistry of the analysed rocks to varying grades. Volcanic glass is particularly 

susceptible to alteration because it is thermodynamically unstable and decomposes more 

readily than nearly all associated mineral phases. 

Abundant glass shards (see sections 9.2 and appendix 3) from samples from the Otago 

Peninsula were difficult to analyse by microprobe because of the bewildering textural 
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varieties resulting from the extensive dissolution of glass, the precipitation of diagenetic 

minerals and because of the broad on microprobe beam diameter compared with sizes of 

unaltered glass domains. These rocks may even have changed in texture and composition 

prior to diagenesis during initial weathering and transport. Such changes are impossible to 

separate from subsequent diagenetic processes. Also the grade of alteration varies. It seems 

that the alteration of the pumice (trachyte, phonolite) differs from alteration of sideromelane. 

There is no intermediate product like palagonite involved in the alteration of the pumice. 

Initial hydration of the pumice involves alkali ion loss, but minor overall chemical changes 

(Fisher and Schmincke, 1984), a reason probably for the high alkali loss in the phonolitic 

samples from the Peninsula. Alkali ion loss is commonly followed by a stage of glass matrix 

destruction and precipitation of secondary phases in the pore space created by the dissolution 

of the glass. On the other hand sideromelane glass shards are often palagonitised. Palagonite 

was first described by Sartorius von Waltershausen (1845) as a yellow to brown wax-like 

substance, which he named palagonite. Palagonite is extremely widespread in the basaltic 

tuffs. Peacock (1926) has shown in his study of palagonite from Iceland, that conversion of 

sideromelane to palagonite involves the addition of 18 to 30 weight percent water, oxidation 

of iron and loss of calcium and sodium. Other studies from Surtsey showed that 

palagonitization of sideromelane involves depletion in N~O, Al20, Si02 and CaO, and, in 

addition, MgO and K20 are lost from glass (Jakobsson and Moore, 1986). It has been 

suggested that the most important factor during alteration is the pH of the pore solution (Brey 

and Schmincke, 1980). However, it also seems that temperature is an important factor as 

suggested by studies of Moore (1966), Fumes and Fridleifsson (1974), Fumes, 1975) and 

Dudoignon (1997) commonly caused by hydrothermal activity, during periods of effusive and 

intrusive activity (Jakobsson and Moore, 1980). 

Pumice commonly is replaced by zeolites, whereas sideromelane displays different 

stages of palagonitization. Perlite does not result from cooling (Fisher and Schmincke, 1984). 

Water which has been taken up usually appears to be present in the glass as H20-molecules 

rather than H+ and /or OH- ions, because accompanying ion exchange is limited (Fisher and 

Schmincke, 1984). Fisher & Schmincke (1984) also argued that the most notable chemical 

change is the decrease of Na and an increase in K by ion exchange with groundwater or 

surface water, potassium may be depleted during more advanced alteration. One sample in 

particular (VH230) that has been analysed by XRF has an unusually high amount of K20, 

which may be related to ion exchange with ground- or surface water. Others (AB glass, 
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VH323) show only a slight decrease in K20, whereas three samples (PyPum, AB30, AB 13) 

are more depleted in K20. These samples are also depleted in N~O. There is a notable 

increase in Ti02 in three samples (AB-BT2, BB84g, BB84y) and a strong depletion in one 

sample (AB34). Brey & Schmincke (1980) reported that in samples from Gran Canaria, a 

decrease in Na and K is related to an increase in Ti. In samples analysed by XRF this process 

seems not be related, which may indicate that glass alteration was not or not the only acting 

weathering process. In their study Brey & Schmincke (1980) suggested the following 

decreasing order of mobility during palagonitization, based on their calculations: Na, K, Si, 

Ca, Mg and Fe. 

Aluminium, magnesium, phosphorous, and iron seem to be fairly stable in the samples 

analysed by XRF. However, there are two samples (BB84g, BB84y) that seem to be heavily 

altered, because they always plot out of the common trend. One sample (AB34) behaves very 

differently compared with common alteration trends. It shows an unusual behaviour in almost 

all plots. It has for example the highest values for MnO and Fe20 3, relatively low values for 

MgO and CaO. It also shows a quite high value for LOI, which may suggest that hydration of 

the sample was extensive, but the high values for MnO and Fe20 3 cannot be explained by 

alteration. The sample may instead have been influenced by hydrothermal activity, which 

caused precipitation of manganese and iron (metasomatism). An attempt to study the effect of 

metasomatism, which may have affected the pumice at Allans Beach by intruding dykes, has 

been made in trying to analyse samples from different distances from the dyke. The pumice 

near the dyke, however, was too weathered and consisted almost only of clay minerals, which 

made analysis impossible. The direct contact of dyke and pumice is marked by a fused zone 

(see appendix 1 for more details on fusing), which commonly gives good results but locally 

the fused regions are a mix of phonolitic glass and basalt from the dyke. (see section 9.4). 

Plots of Loss on Ignition (LOI) against Si02 (fig. 9.1) scatter broadly within a general 

trend of decreasing Loi with increasing Si02, which is unexpected because higher evolved 

samples are commonly stronger altered 

This can readily be explained by the fact that the basaltic samples with high values of 

LOI are samples from tephra, which is rich in sideromelane. The generally high sideromelane 

content of such samples may be considered as a hydrous source. The lowest values in the 

basalts clearly is shown for the lava rocks. The pumiceous samples (AB30, AB 13, PyPUM), 

in comparison, show high values of LOI. The samples AB 13, AB30 and PyPum (the same 

samples that plot in the andesite field; all pumiceous) with a quite high Si02 content show the 
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Figure 9.1 Plots of Loss of Ignition (Loi) against Si02. Symbols are explained in fig. 9.3 

highest values of Loi in the more evolved samples, which suggests a high effect of 

weathering. In general the influence of weathering seems to be not very strong as illustrated in 

plots of N~O and K20 against CaO and N~O and K20 against MgO (fig. 9.2). Potassium 

oxide shows a linear trend and only a few samples seem to have lost significant N~O. 

The rocks on the Peninsula are several millions of years old. The original chemistry of 

the aqueous environment and the time the rocks were subjected to such an environment is 

unknown. In addition the composition of the pore fluids, the porosity and the permeability, 

and their change through time are not known. There are too many factors that may have 

influenced the history of the rocks and a combination of all is possible. However, the 

microprobe analyses and the XRF analyses both show that the loss in alkali is significant and 

causes the major problems in classifying the rocks. 
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9.4 MICROPROBE ANALYSIS 

Analyses were made with a JEOL JXA-8600 super electron microprobe housed in the 

Geology Department, University of Otago, using an accelerating voltage of 15 kV, a 

specimen current of 0.03 rnA, and an electron beam diameter of 10 - 20 J..Lm. All samples 

(polished thin sections) were analysed by comparison with standard minerals, using the ZAF 

software. Standards and techniques have been described by Nakamura (1973). The results of 

the microprobe glass analyses are shown in appendix 3. 

9.4.1 Problems 

One problem arose trying to find a standardised statistical method for an average value 

of measurements from the same sample. For the average value of the measurements always 

the arithmetic mean has been used because other methods (geometrical mean, linear 

regression) seemed to be useless as shown in appendix 3. 

The other main problem with the microprobe analyses on the glass shards was that 

many glass shards are altered and have low oxide total and depletion of alkalis. The results 

range from about 80% total to 99%. If plotting the raw data on a TAS diagram most of the 

samples plot in the field ranging from basalt to trachyte. Obvious is the very low value of the 

alkalis, especially Na:zO. Published analysis of volcanic rocks from the Dunedin area (Price 

and Compston, 1973; Price, 1974; Price and Chapell, 1975; Price and Coombs, 1975; Coombs 

et al., 1986), as well as XRF analysis in this study, see above) show that basanites to 

phonolites are very common in the Dunedin volcanic rocks. It seems that the low totals are 

mainly related to the high loss of alkali. The loss of high amounts of alkali (mainly Na:zO) is 

not only caused by leaching but also during microprobing of the evolved glasses 

(phonolite/trachyte). The elements seemed to be volatilised in the glass. Similar problems 

have been reported by Pouclet et al. (1999)). Compared with whole rock analyses from the 

same samples of fused glasses and pumice the loss in Na:zO ranges from 2-6% and in K20 

from about 3% apparently only caused by the microprobe itself. In figs. 9.2 the values of the 

alkalis are plotted against MgO and CaO. Plots scatter wide, especially the plots against 

Na:zO, which most likely shows the effect of alteration (variable leaching of alkali from glass). 

With such a high loss of alkalis a distinction between trachyte and phonolite could not be 

made, because it seems that relative with the loss of alkali Si02 rose. Stokes & Lowe (1988) 

as well as Reay (1998 pers. corn.) suggested to increase the beam diameter and move the 

sample during measurement to minimise loss of alkali but for the more evolved glasses this 
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did not have a positive effect on the results. However, analyses are considered to be accurate 

when total of oxides is >97% and trace element data from the whole rock analysis have been 

used to separate phonolites from trachytes (see below). Since the low totals of the most 

samples were mainly related to the hydration, which is related to alteration of glass in 

combination with a loss of alkali, no statistical methods are useful to normalise the totals to 

100% because the loss of variable elements may vary. A relative normalisation of all elements 

therefore would not show the true values. As shown in figs. 9.3 most of the samples shift from 

left to right after recalculating to 100%. The result is that abundant samples plot in the dacite 

field, which is very unrealistic for the rocks of the Dunedin district. 

To summarise the use of microprobe glass analysis is only useful if the glass does not 

show any signs of alteration (e.g. palagonitization, hydration). Commonly the basaltic 

sideromelane glass is more stable than the more evolved glasses. A classification based on the 

microprobe analyses is therefore of only limited use. 
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Figure 9.3 TAS diagrams of microprobe analyses to show the results of microprobing (left diagram) and 
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9.5 MANTLE XENOLITHS 

Xenoliths and megacrysts are know in southern New Zealand from the Kakanui 
Mineral Breccia in North Otago, in parts of the Waipiata Volcanics (Central Otago, Reay and 
Sipiera, 1987; Reay et al., 1991) in West Otago within the Alpine Dyke Swarm (Cooper, 
1971; Cooper, 1979; Cooper, 1986, Cooper et al., 1987) and in plugs and flows of the 
Dunedin Volcanic Complex. Highly oxidised Cr-diopside bearing xenoliths are known at 
Pilot Point east of Purakanui in an altered trachyandesite host. Peridotite xenoliths are found 
also in the Port Chalmers Breccia (Tony Reay, pers. corn.). A basanite at Saddle Hill on the 
southern flank of the inferred volcano contains an assemblage of pyroxenite xenoliths 
(Kesson and Price, 1972). The only occurrence of lherzolite xenoliths on the Otago Peninsula 
was found in a lava flow at Taiaroa Head (Reay and Sipiera, 1987). 

During this study lherzolite xenoliths were discovered within volcaniclastic deposits at 
Taiaroa Head (fig. 9 .9) underlying the xenolith-bearing lava flow of Reay & Si pi era ( 1987). 

Figure 9. -J. (a) Spindle bomb bearin g mamk xenoliths (pen is about 15 cm): (b) lherzolite xenoliths within vo lcanic las ti c deposits: (c) Another example of co red lapilli bearing xenoli ths: (d ) PholOmicrograph of lherzolite nodule. 
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The mantle xenolith-bearing spindle bombs were deposited as river-reworked clasts 

from tephra (see chap. 8). The peridotite lherzolite nodules, which range in size from a few 

Table 9-1 Microprobe analyses from lherzolite xenoliths. Samples are from volcaniclastic deposits 
at Taiaroa Head, Otago Peninsula, in comparison to analyses from Reay & Sipiera (1987) and 
Mclntosh (1989). 

Taiaroa Head Reay & Sipiera (1987) Mclntosh (1989) 

01 opx cpx 01 opx cpx 01 opx cpx 

Si02 41.06 54.54 51.45 39.3 57.6 52.2 40.36 54.61 52.72 
Al203 0 4.46 5.75 0 1.35 2.57 0.04 4.77 5.24 
Ti02 0 0.07 0.31 0 0 0.31 0.02 0.18 0.04 
FeO 10.25 6.48 2.67 8.82 5.61 2.54 9.11 6.07 2.85 
MnO 0.13 0.15 0 0.16 0.12 0.05 0.06 0.08 0.02 
M gO 47.04 31.28 14.98 51.2 35.7 15.71 49.33 33.16 16.69 
CaO 0.06 0.83 16.95 0.04 0.64 19.86 0.07 0.86 19.76 
Na20 0 0.06 1.23 0 0.1 2.39 0.01 0.06 1.02 
Cr2o3 0.03 0.53 1.01 0.03 0.34 3.12 0 0.46 1.0 

Total 98.58 98.41 94.34 99.55 101.46 98.75 99.34 100.29 99.35 

mm to ea. 20 cm are composed of coarse-grained subhedral olivine, coarse subhedral 

orthopyroxene and anhedral chrome spinel (fig. 9.4). Clinopyroxene and spinel appears as 

finer crystals compared to olivine and orthopyroxene. The nodule host is an olivine-augite

basalt, often in the form of spindle bombs (see chap. 8). The rims of the bombs often are 

weathered to clay. The peridotite lherzolite bearing spindle bombs are strongly vesiculated. 

Vesicles in the middle are up to 0.5 cm, round to irregular, while near the rim they are small 

(1-2 mm) and locally elongated outward. Lherzolite mineral analysis from the Taiaroa Head 

deposits compared to those of Reay & Si pi era ( 1987) are shown in table 9 .1. The presence of 

deep-seated nodules has been widely used as evidence that enclosing magmas have risen 

rapidly from their site of generation to the surface and thus have not undergone crystal 

fractionation within the crusta! environment. This is in contrast to discoveries of xenolith-

bearing highly evolved phonolite lavas (Irving and Price, 1981). However, Griffin et al. 

(1984) argued, if original free volatile content was low, the magma may have been choked 

with nodule material in diapir-like bodies. Kinetic and fluid constraints on deep-seated 

magma migration rates suggest ascent velocities in the range of 10 to 30 m/s, 10-1 to 10 m/s 

and 1 o-z to 5 m/s for kimberlitic, garnet peridotite-bearing and spine I peridotite-bearing 

alkalic magmas (Spera, 1984). These rates demand translithospheric magma transport by a 

fracture as opposed in diapiric mechanism (Spera, 1984). 
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The origin of the volcaniclastic deposits containing mantle xenoliths at Taiaroa head is 

not clear, but a deep phreatomagmatic explosion locus for the eruption of the primary 

volcaniclastic material is indicated by the composition of the deposits (see chap. 8). Mantle 

xenoliths commonly occur in association with deposits of maars and diatremes (e.g. Griffin et 

al., 1984; Lorenz, 1986; White, 1991) These volcanic landforms are uncommon in the Otago 

Peninsula (not for Central Otago ), but may have occurred, especially in association with lake 

deposits (see chap. 8). 

9.6 XRF ANALYSES 

Analyses were made with a Phillips PW 2400 x-ray spectrometer housed in the 

Geology Department, University of Otago. Major element analyses were determined using 

glass discs with Phillips on-line alpha correction data reduction. Trace elements were 

determined on pressed powder discs using a modified method ofNorrish & Chappel (1967) 

About 2-3 kg of rock were collected from each sample with an attempt to get samples 

as fresh as possible. Samples were crushed using a hydraulic ram, and then were reduced to 

powder using the tungsten-carbide mill. The tephra rock samples are not as fresh as lava 

because they are more easily weathered. The collected samples of tephra consist either mainly 

of pumice or tuff (glass shards and minerals). The tephra may contain cements that have 

influenced the results of the trace element analyses. 

9.6.1 Classification 

Classification of the rocks of the Otago Peninsula can be based on chemical 

characteristics. Chemical classification is based on theTAS diagram where total alkalis (Na:zO 

+ K20) are plotted against Si02• Fields are from a chemical classification scheme set up by 

the subcommission on the Systematics of Igneous Rocks of the International Union of 

Geological Science (Le Maitre et al., 1989). Fields in the scheme are from LeBas (1986) 

Rocks plot in the basanite/tephrite, phono-tephrite, and phonolite fields and in all fields from 

basalt to trachyte. Some of the analyses (mainly the tephra samples) show high values of LOI 

and depletion in alkalis probably due to glass alteration (see section 9.3). 

The classification scheme of Le Bas (1986) is shown in fig. 9.5 and its nomenclature 

is used in this thesis. 
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9.6.2 Results 

Major element and trace element data for the rocks of the studied area (Otago 

Peninsula) are presented in table 9.2 and fig. 9.5. 

Various elements have been plotted on standard two-dimensional Barker diagrams. As 
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Figure 9.5 General classification scheme from LeBas (1986) with explanation of symbols and 
classification of analysed rocks from the Otago Peninsula. 
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generally used for the variation diagrams, silica has been chosen as the X-axis. The diagrams 

are used to illustrate trends in the data. 

9.6.3 Major elements 

In the description of geochemistry of continental rift zone volcanic suites Si02, Ti02, 

Al20 2, Fe20 3, MnO, MgO, CaO, N~O, K20 and P20 5 all can be considered major elements. 

However, figures of all the plots are provided in fig. 9.6. The behaviour of the elements is 

discussed below. 

In the analysed samples Si02 ranges from about 42% in the basanites to 67% in the 

trachytes. An increase from 46% - 50 in the basalts to about 55% in the basaltic trachy

andesites and 58% in the trachy-andesites is obvious. The highest amount of Si02 (> 

60%<67%) are indicative of trachytes. Three samples plot in the andesite field. One sample is 

a pumiceous lapilli tuff near the pyramids (PyPum; see chap. 8). It consists mainly of pumice 

and is overlain in the field by a kaiwekite flow. Kaiwekite is a rock named by Marshall (1906) 

and described by Price (1974) as a distinctive porphyritic trachy-andesite. It is believed to 

have formed by magma mixing of trachyte and basalt (Tony Reay 1998 pers. corn.). However 

the sample is distinct by its low value of N~O, probably a matter of weathering (value of LOI 

8.13%). Considering just 2% loss of alkali the sample would plot in the trachy-andesite field. 

This suggests that the composition of the pumiceous unit below the kaiwekite may also be 

Kaiwekite and result from magma mixing. On the other side there are two samples from the 

pumiceous unit C at Allans Beach (AB 13, AB 30; see appendix 2) showing similar 

behaviour. Compared to other samples from the pumice at Allans Beach (ABIV, AB2, 

Abglass) these samples seemed to have gained MgO and CaO as well as P20 5 and lost 

abundant alkali. The samples contain less N~O than K20, which is unusual, in comparison to 

other samples from the Peninsula. This suggests that the unusual behaviour of the samples 

resulted from alteration, particularly, by leaching. 

The sample (AB glass, fused pumice) which plots in the tephri-phonolite field also 

seemed to have suffered from weathering (value of LOI 6.83% ). Considering only a few 

percent of N~O loss the sample would plot in the phonolite field. The trachytes along the 

margin between trachyte and phonolite also show a high value of LOI. It is possible that those 

samples also plot in the trachyte field because of alkali loss. The distinction between 

phonolites and trachytes is based on trace element chemistry and discussed below. 
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Titanium oxide tends to decrease in abundance as silica increases (fig. 9.6). There are 

samples, commonly basanites and basalts that reach a Ti02 content of 4.5%. Phonolites and 

trachytes have low Ti02 content commonly less than 1%. However there are also samples that 

do not show a linear reduction with silica, which may be the result of magma mingling. Two 

samples (AB 181, AB 85) are good examples to demonstrate this. These samples are from 

fused peperites at Allans Beach (see appendix 1). Peperites form when magma intrudes wet 

unconsolidated sediment (see chap. 5). In the Allans Beach case the host sediment was the 

pumice unit. The intrusion commonly causes intensive mixing of magma and sediment. At 

Allans Beach also fusing of the sediment was involved in the process (see appendix 1). AB 

181 and AB 85 are fused samples from these peperites and considered to have formed by 

mingling of basalt and phonolite. Considering, by rough calculations, a mingling of 80% 

phonolite and 20 % basalt, the samples should plot on a line between the two end-members, 

closer to phonolite, which they do. Thermodynamic modelling of peperite formation 

involving fusing is described in detail by Martin (in press). The sample PCHBr seems also to 

be influenced by some kind of mingling, but fusing is not involved. There may be a 

possibility that the pumiceous sample contained few basaltic clasts, which have not been 

recognised during sample preparation. 

Aluminium oxide plotted against Si02 shows an increase of Al20 3 (from ea. 12% -

20%) with increasing Si02 (fig. 9.6). Some samples show abnormal high values of Al20 3, 

(>20%) in comparison to data from Price (1974) which may also be related to alteration 

processes from volcanic glass into clays. 

There is a general trend in the plot of "Fe20 3" against Si02 (fig. 9.6). In general there 

is a "Fe20 3" depletion with increasing Si02• The basaltic rocks, however, have the highest 

"Fe20 3" content with about 12-14%. In comparison the phonolites and trachytes have a Fe20 3 

content ranging from 3-6%. AB 34 (also a fused peperite) shows very high values of Fe20 3 

and MnO, which are higher than that of basalt, cannot be explained by mingling. A certain 

degree of hydrothermal venting may have influenced the peperite, which may be indicated by 

the near-vent position. 

Plots of MnO against Si02 show a broad scatter but it seems that MnO decreases with 

increasing Si02 (fig. 9.6). 

Magnesium oxide shows a broad scattered linear trend when plotted against Si02 (fig. 

9.6). Phonolites and trachyte have a MgO content< 2% whereas the more basic rocks show a 
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value of about 4- 8%. The broad scatter within the basalts and the basanites may reflect a 

variable degree of crystal fractionation. 

Calcium oxide in most of the samples shows a strong negative correlation with Si02 

(fig. 9.6). However there are samples (mainly basalt and basanite) that scatter broadly around 

a general trend, similar to the MgO plot. Amongst the basalts and basanites CaO ranges in 

abundance from about 7% to 10%, whereas in the phonolites and trachytes the CaO content is 

about 2%. 

P20 5 in most of the samples show also a negative correlation with Si02 (fig. 9.6). In 

general the basaltic rocks have P20 5 content in the range of 0.2- 0.8%. The phonolites and 

trachytes are depleted in P20 5 ranging between 0.1 and 0.2%. Two samples (BB84y, BB84g) 

show comparable high values of P 20 5, which may be related to higher amounts of 

accumulated apatite. 

Both alkali oxide plots scatter broad with NazO even stronger than K20. As shown in 

the NazO plot a few samples (ABPUM, AB30, AB13, PyPUM, VH230) have unrealistic low 

sodium contents due to alteration processes (figs. 9.6). Assuming a loss of about 4-5% in the 

samples with very low NazO content also this sample would plot in the phonolite/trachyte 

field. 

9.6.4 Summary 

The series of Barker plots, presented above, shows that there may be a liquid line of 

descent, producing more differentiated lavas as the magmachambers evolve. Elements such 

as potassium, sodium and aluminium become enriched, whereas magnesium, iron and calcium 

become depleted. Some plots show a wide scatter, which may be influenced by alteration 

processes and/or mixing processes. Trends are comparable to those published by Price & 

Chapell (1975) 

Even though some data show a broad scatter, the observed trends may be the result of 

differentiation of the magma before fragmentation and eruption. Crystal fractionation, partial 

melting or both may cause this, although the most comprehensive study by Price & Chapell 

(1975) suggests crystal fractionation. Compston (1973), Price (1974), Price & Chapell (1975), 

Price & Price & Coombs (1975), Price & Taylor (1980), Coombs et al. (1986) have published 

similar results. 

Some of the samples apparently have been altered or have been formed by magma 

mixing (e.g. fused peperites ). A pumiceous lapilli tuff below a kaiwekite flow in 
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Figure 9.7 Vent alignment and suggested fault lines at the Otago 
Peninsula. 

9-19 

the northern part of the 

Peninsula seems to 

have been formed by 

mixing processes but it 

shows similar 

behaviour to altered 

pumiceous samples 

from Allans Beach, 

which suggests (1) the 

pumice below the 

Kaiwekite has been 

altered in the same way 

and (2) it was also 

trachytic or phonolitic 

composition. This 

implies that evolved 

magma was already 

present early in the 

history of the Dunedin 

Volcanic Complex and 

was stored in magma 

chambers. As shown on 

fig. 9.7 the kaiwekite flow together with abundant other erupting vents are aligned SW/NE 

(also the general fault trend in the Dunedin area), which may implicate eruptions along a fault 

line. Considering a magma chamber filled with evolved magma, at the start of a tectonic 

event, a new supply of more primitive magma penetrated the chamber and mixed with the 

evolved magma. This penetration then may have triggered an eruption. Wyers ( 1986) and 

Gourgaud et al. (1989) have suggested a similar scenario for many eruptions. 

9.6.5 Trace elements 

Trace element data for basalts/basanites and more evolved lavas are included in table 

9.3. The discussion is focused on similar behaviour of the trace elements. 
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9.6.5.1 Ce,Nd,La, Y 

The trace elements within this group behave similarly, showing a strong increase in 

abundance from basalt and basanite to phonolite and trachyte. They are commonly enriched 

with increasing Si02 content. Phonolites are most enriched whereas trachytes are only slightly 

enriched. The enrichment of these elements in the phonolites is quite remarkable. Ce rises 

from 50 ppm in the basaltic rocks up to 450 ppm in the phonolites. 

9.6.5.2 Rb, Pb, Sr, Ba 

Rb shows an increase from around 25 ppm up to 360 ppm; Pb varies from about 9 

ppm to 43 ppm. Depletion in Sr is a common feature of the higher evolved rocks. Ba and Sr 

behaviour is in sharp contrast with that of caesium, rubidium and lead. Barium shows variable 

distribution against Si02 but in general all rocks are enriched in barium except the phonolites. 

The same behaviour is true for strontium. Depletion in barium implies removal of alkali 

feldspar. The main factor controlling the barium depletion within the Dunedin rocks may be 

the substitution of Ba for potassium in the alkali feldspars (Price, 1974). 

9.6.5.3 Zr, Th, U 

The trace elements within this group behave similarly, showing a strong increase in 

abundance from basalt and basanite to phonolite and trachyte. They are commonly enriched 

with increasing Si02 content. The enrichment of these elements in the phonolites is quite 

remarkable. Zr rises from about 200 ppm up to about 1700 ppm and U shows an increase 

from 1 to 16 ppm whereas Th increases from 1 to 52 ppm. 

9.6.5.4 V, Ni, Cr Cu, Zn 

The elements within this group behave similarly but their behaviour contrasts sharply 

with the elements from the previous group. V, Cu, Ni and Cr all decrease with increasing Si02 

especially in the phonolites. Ni, Cr and V all behave similar showing depletion from basalt to 

phonolite and trachyte. Depletion in Ni, Cr and V with differentiation is the result of crystal 

fractionation process involving the removal of olivine, titanomagnetite and clinopyroxene 

(Price, 1974). Cu behaves much the same as Ni, Cr and V. In the Dunedin volcanics 
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215,22 
230,43 

60,22 
27,34 
40,23 
49,51 
38.49 
43,22 
44,66 
31.15 
37,26 
44,11 
30,49 
24,34 
69,79 

159,13 
36,56 
42,31 

164,84 
50,08 
87,52 
80.49 

178,95 
35,01 
38,61 

126,18 
92,62 
67,04 
28,92 
79,88 
50,77 
66,23 

110,15 

Zrppm 

256,57 
372,48 
960,50 
857,66 
508.58 
186,88 
472,77 
932,30 
250,83 
222,26 
127,75 

1788,39 
1727,28 
536,54 
153,14 
184,38 
385.42 
178,18 
268,85 
239,34 
184,32 
246,20 
216,27 
198,03 
128,39 
374,74 

1076,96 
257,78 
165,55 

1071,96 
482,97 
391,27 
446,51 

1064,16 
206,02 
199,39 
741,98 
824,32 
409,95 
199,29 
520,89 
579,53 
411.26 
539,81 

Yppm 

28.18 
21,15 
53,73 
54,87 
41.49 
24,25 
40,15 
65,25 
24,37 
26,07 
17,06 

111.86 
94,14 
34,77 
17,44 
33,67 
3!,51 
22,86 
24,25 
25,50 
21,96 
23,65 
24,00 
21,25 
17,79 
38,97 

83,36 
23,79 
24,35 
96,13 
10,99 
74,86 
77,03 
87,98 
26,82 
25,64 
48,45 
35,88 
33,31 
16,42 
57,90 
34,22 
41.46 
47,77 

Srppm 

630,05 
684,79 
64,04 
15,64 

421,65 
513,36 
365,07 

13,24 

503,75 
720,08 
498,55 
23,56 
68,26 

571.69 
408,73 
473,04 
259,49 
634,82 
541.54 
370,07 
527,79 
433,32 
739,54 
542,16 
333,66 
451,61 

31,38 
456,35 
549,94 

13,07 
317,70 
772,88 
928,87 

12.48 
5!0,68 
657,73 
187,83 
230,24 
234,50 
588.49 
385,54 
99,62 

319,11 
131,QI 

Rbppm 

28,46 
39,38 

237,29 
289,08 
169,29 
28,28 
92,61 

287,22 

41,14 
23,25 
14,25 

359,45 
365,06 
206,22 
20,37 
30,15 
89,96 
22,56 
49,16 
40,15 
27,38 
25,07 
44.42 
28,34 
13,39 
58,06 

196,04 

35.48 
25,86 

283,96 
116,23 
67,07 
68,20 

250,88 
38,15 
24,55 

156,92 
203,18 

99,50 
30,16 

103,36 
226,10 
148,61 
197,61 

Table 9-3 Trace elements from selected rocks of the Otago Peninsula (XRF analyses) 

Thppm 

6,45 
6,77 

45,96 
48,98 
21.49 

3,57 
15,39 
42,85 

6,24 
4,61 
1,23 

63,05 
60,93 
21,86 
2,01 
2,74 

10,90 
2,79 
7,29 
7,61 
3,87 
5,65 
4,36 
4,13 
1,53 

11,84 

43,39 
6,01 
3,12 

53,84 
16,95 
10,08 
9,17 

48,83 
5,21 
2,55 

25,65 

31.42 
14.44 
3,96 

14,98 
14,94 
17,27 
27,83 

Pbppm 

8,26 
11.60 
27.20 
37,13 
20,09 
4,50 

15,12 
23,07 

6,60 
5,74 
3,13 

42,15 
43,03 
18,14 
4,10 
4,43 

12,74 
3,54 
9,24 
7,74 
4.44 
7,59 
6,85 
5,54 
4,94 

10,71 
34,12 
8,60 
3,54 

34,64 
16,99 
9,44 

10,83 
51,96 
7,56 
1,75 

10,66 
15,19 
11,01 
5,54 

16,30 
12,20 
20,30 
15,52 

Uppm 

0,63 
0,89 

13,67 
10.42 
3.50 
0,75 
3,50 
7,56 

1.61 
0,74 
0,12 

15,83 
11.76 
4,00 
0,61 

-0,17 
2,69 
0,43 

1.38 
0,37 
1.60 
1.13 
0,86 
1.26 
1,16 
3,33 

9.45 
1.31 
1.15 

13,01 
4,13 

-0,63 
-0,68 
11,54 
0,55 
1.71 
6,61 
7,54 
3,78 
0,08 
3,31 
3,87 
5,90 
4,19 
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copper is probably depleted from basalt to phonolite by the removal of the element during 

crystal fractionation processes involving olivine and titanomagnetite and immiscible sulphide 

(Price, 1974). 

Phonolites seem to be slightly increased in Zn. Incorporation of minor amounts of zinc 

in iron bearing mineral phases controlling the early fractionation of the Dunedin volcanic 

rocks has resulted in a more or less constant level of zinc abundance (Price, 1974). During 

extreme fractionation that led to the development of phonolites, high concentration of zinc has 

been built up in the residual liquids. 

9.6.5.5 Element pattern 

The chondrite-normalized element pattern of the basalts exhibits; (1) a convex-upward 

pattern peaking at niobium and/or lanthanum (appendix 3, fig. 9.9). Plots of basalts 

normalised to om are commonly flat (appendix 3, fig. 9.9), which confirms a chemical 

equivalence of om and continental alkali basalts. 

The pattern for phonolites/trachytes both normalised to chondrite and Offi are similar 

(appendix 3, fig. 9.9). Negative peaks at strontium, phosphorous, titanium and barium are 

characteristic. 



Chapter 9 Geochemistry 

Chondrite, Thompson (1982) 

Ba RB Th K Nb La Ce Sr Nd P Zr Ti Y 

10 

1 

Figure 9.8 Plots of basalt normalised to chondrite and OIB. 

MCH66 

AB31 

AB57b 

AB 57 

AB32 

AB 180 

MCH64a 

.PR 70 

9-23 



Chapter 9 Geochemistry 

1000 

100 

10 

Chondrite, Thompson (1982) 

BaRb Th K Nb LaCe .Sr Nd P Zr Ti y 

100 

10 

1 

0.1 

OIB; Sun (1980) 

Ba Rb U Th K Nb La Ce Sr Nd P Zr Ti Y 

Figure 9.9 Plots of evolved rocks normalised to chondrite and Offi. 
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9.6.6 Phonolite/trachyte problem 

The distinction between phonolite and trachyte has caused some problems. In the T AS 

diagram based on plots of total alkalis against silica a distinction could not been made 

because the amount of alkali loss was unknown. An alkali loss is inferred because Harker 

diagrams show abnormal low values especially for NazO. 

To solve the problem several ternary diagrams in which variable elements have been 

plotted against each other are shown in fig. 9.10. The diagrams are used as general and simple 

method to illustrate the data discussed above. According to Price (1974), elements like e.g. 

Pb, U, Zr have a specific behaviour in phonolites of the Dunedin Volcanic Complex. On 

this basis elements for the plots have been chosen that show similar behaviour and are 

specific for phonolites. 

Contrast between the phonolites and the trachytes are very strong when abundance of 

Sr-Cr-V, Y-Zn-La, Pb-Th-Y, V-Th-Sr and K-Ba-Sr are considered (fig. 9.10). 

The diagrams show a clear separation of the trachytes and the phonolites. However, it 

seems that there are some samples that represent phases in between. 

Sr V 

Sr K 

AB29 . . . .. 
Nd~----------~~~~~ Sr~----~··~~'~·~·~~ 

Figure 9.10 Ternary diagrams of variable trace elements. Those with 
names are the phonolites. 

9.6.7 Summary 

In summary, the 

trace elements show 

specific behaviour from 

basalt to phonolite and 

trachyte. This has been 

especially been useful for 

distinguishing trachytes 

from phonolites from the 

Dune din Volcanic 

Complex, a method that 

can be used in case rocks 

have been depleted in 

major elements 

(especially Na, K) by 

alteration or leaching. 
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9.7 SUMMARY AND CONCLUSION 

The findings of analysed rocks from the Otago Peninsula are in essential agreement 

with those of analysed rocks from the Dunedin Volcanic Complex and the Dunedin Volcanic 

Group elsewhere (Price and Compston, 1973; Price, 1974; Price and Chapell, 1975; Price and 

Coombs, 1975; Coombs et al., 1986; Reay and Walls, 1995). The rocks from the Otago 

Peninsula are most probably a result of fractionational crystallisation 
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processes acting upon mantle-derived basaltic magmas at various levels in the upper mantle 

and crust. This has been previously suggested by (e.g. Price and Chapell, 1975; Coombs et 

al., 1986) for volcanic rocks in the Dunedin area. Variation ofNb and Zr (fig. 9.12) display 

remarkably constant Zr/Nb ratios, which also indicates that the samples may represent 

products of fractional crystallisation of associated basic magmas (Wilson, 1989). 

The Dunedin Volcanic Complex including the Otago Peninsula has been built up in an 

intra-continental setting (fig. 9.13) situated on a continental shelf, which is quite unique. 

Intraplate volcanism in general takes place far removed from plate boundaries and therefore is 
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not explained readily in terms of 

current plate-boundary interactions. 

However, intraplate volcanism may 

reflect a tensional regime which 

results either directly from plate 

motions or indirectly in response to 

structures or conditions imposed by 

plate-tectonic processes (McDougall 

and Duncan, 1980; McDougall and 

Duncan, 1988). A stationary, linear

melting anomaly has been proposed 

for intraplate volcanism in southern 

New Zealand and the Campbell 

Plateau by Adams (1981), Farrar 

(1984), Wellman (1984). Dextral 

shear at the Pacific!Indo-Australian 
plate boundary, which was producing tensional stress across the Camp bell Plateau that 

allowed the eruption of sublithospheric magmas was suggested by Duncan & McDougall 
(1989). Intraplate volcanism is, in part at least, a response to intraplate extensional forces, so 

volcanism should to some degree be controlled by crusta! fractures, which is observed in the 

alignment of eruption centres at all scales and may also be represented by fissure-vent 

systems (Sutherland, 1978, 1983). As shown on the geological map the erupting vents are 

aligned SWINE (also the general fault trend in the Dunedin area), which may implicate 

eruptions along a fissure-vent system. 

Eruptive products are comparable to products of continental rift zones elsewhere. It 

comprises basanite-phonolite suites and alkali-basalt-trachyte suites (Price and Chapell, 

1975). Continental rift zones for example are characterised by high heat flow, broad zones of 

regional uplift, and magmatism is commonly associated with such structures (Wilson, 1989). 

Regional stress during volcanic activity is indicated by the intrusion of dykes in a preferred 

direction (NE/SW; see chaps. 6-8) and magma mixing processes that have been interpreted to 

be related to tectonic events. 

The presence of a magma chamber, or more likely several chambers beneath the 

Dunedin volcanic complex has been verified by geophysical studies of the Otago Peninsula 
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that indicate that there is an anomalous mass centred in the Otago Harbour between 
Portobello and Port Chalmers. Anomaly has been modelled with a cylinder 13 km in 
diameter, and 10 km deep, containing about 600 km3 of olivine gabbro and other, less dense 
basement rocks (Reilly, 1971). Unpublished data from Craig Evans (Otago University, 
Geology Department) shows new and more precise results of a project on the Peninsula. The 
results show that the largest anomaly is beneath Hoopers Inlet (see also chap. 7). 

Lherzolite xenoliths within deposits at Taiaroa Head and schist fragments in various 
deposits on the Peninsula (see chaps. 7, 8) give further evidence for this. The presence of 
lherzolite nodules suggests that the magma did not spend abundant time in a sub-volcanic 
magma chamber, because otherwise such xenoliths would have settled out and/or 
incorporated in the melt. However, most of the deposits at the Otago Peninsula lack such 
xenoliths indicating that the magma was sourced from shallower depth, although in east 
Otago the appearance of lherzolite is common (Reay and Sipiera, 1987). 

The geochemistry itself gives evidence for the presence of a magma chamber. Some of 
the analysed rocks are highly evolved, which suggests that the magma has ponded beneath the 
Dunedin Volcanic complex, there to differentiate. Harker plots of the major elements were 
presented to show the differentiation trends. Also the trace element data shows signs of 
differentiation, with elements such as Cr, Ni, Cu being depleted, while others like Zr, Rb, Th 
and Pb were enriched during fractionation. 

However, the most important fact is, that similar trends have been observed for 
selected samples from the Peninsula in comparison, for example, to those from Price (1974). 
Samples from the Peninsula with this wide range of compositions are all from Bensons (1969) 
first eruptive phase, whereas those from Price (1974) are from all phases. This shows that 
abundant highly evolved rocks already erupted during Bensons first eruptive phase and it 
shows also that evolved magma has been stored beneath the Dunedin Volcanic Complex for a 
very long time most like ly in several magma chambers. 

It is beyond the aim of this thesis to model any differentiation trends but it is obvious 
from the data that a classification into four eruptive phase (Benson, 1969) is very simplified. 
The timing and occurrence of a wide variety of volcanic and volcaniclastic rocks may indicate 
a more complicated scenario than four eruptive phases and is also in agreement with an 
interpretation of the presence of many smaller magma chambers, from which compositionally 
different products erupted at the same time, rather than one large. 
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The Otago Peninsula is part of the Miocene Dunedin Volcanic Complex. The Dunedin 

Volcanic Complex is a several hundred metres thick accumulation of alkalic volcanic rocks, 

erupted during the Middle Miocene (Coombs et al., 1986) in a continental intraplate setting. 

The long duration of eruption is most typical of a volcanic field of multiple volcanoes (Fisher 

and Schmincke, 1984), and the term "volcanic complex" is appropriate because it accurately 

suggests multiple epochs of eruptive activity interrupted by long periods of quiescence and 

erosion. 

Rocks of the Dunedin Volcanic Complex rest on Cretaceous and Tertiary sedimentary 

rocks which are underlain by pre-Cretaceous basement of quartzofeldspathic schist (Haast 

Schist Group, Suggate, 1978). The sedimentary rocks comprise marine sandstones, mudstones 

and limestones, which were deposited on the continental shelf, and a non-marine to marine 

basal unit (see chap. 1 & 2). Miocene marine sediments on the Peninsula (Scott, 1991) give 

evidence of a submarine setting for the early phases of the volcanic activity. Indicators for 

subaqueous volcanic activity are widespread on the Otago Peninsula and include pillow 

basalt, hyaloclastites and peperites exposed along almost the whole southern coast of the 

Otago Peninsula. Interbedded tuffs within marine sandstones and limestones at V arleys Hill 

(chap. 6), Wellers Rock (chap. 8), Lovers Leap (chap. 7) also indicate a submarine 

environment for the early stages of volcanism, as do peperites at various sites (chap. 5). 

Coombs et al. ( 1960a) long ago concluded that during the early stage of the First Main 

Eruptive Phase of the DVC, volcanism took place in a submarine setting, due to the presence 

of pillow basalts and peperites, which they described as "pillows separated by a matrix of 

hard sandstone", at Maori Pa Point (Sandfly Bay-Lovers Leap area). These indicators, 

together with the Haq et al. (1988) sea level curve, were helpful in evaluating the eruptive and 

depositional environment. Haq et al. (1988) recognised a global marine highstand during the 

Miocene with a maximum of+ 150 m during Lillburnian time. International biostratigraphic 

stages have been correlated to New Zealand ones after Morgans et al. (1996). 
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10.2 ONSET AND DURATION OF VOLCANIC ACTIVITY 

To date the onset of volcanic activity it is necessary to determine the age of the 

interbedded sediments. Three formations (Caversham Sandstone, Waipuna Bay Formation, 

School Creek Formation) are important for determine age relations between volcanism and 

sedimentation on the Otago Peninsula. The Caversham Formation is widespread and was 

deposited from the Upper Oligocene (Waitakian, 23.5 Ma) to the Lower Miocene (Upper 

Middle Altonian, 17 Ma) (fig. 1.4 ,Toha, 1993). The Waipuna Bay Formation was formed 

from Lillbumian to Waiauan time (chap. 3), whereas the age of the School Creek Formation 

has been determined as Upper Altonian (Sikumbang, 1978). 

The stratigraphy of the volcanic succession of the Otago Peninsula is based upon the 

order of appearance of these intercalated sediments, overlying or underlying unit contacts and 

relationships to inferred Miocene sea level changes (Haq et al., 1988). The oldest recognised 

units are those interbedded with marine sedimentary rocks or which show peperitic structures 

or contain clastic dykes arising from underlying sandstones (Caversham Sandstone, Waipuna 

Bay Formation; see chaps. 2 & 6-8). 

The oldest eruptive site recognised is Sandfly Bay. Sandstone in the peperite at 

Sandfly Bay is more similar to the Caversham Sandstone (Late Oligocene to Early Miocene), 

in consisting of mainly subangular quartz-grains, lacking mica, and having glauconite grains, 

than to sandstones belonging to the younger Waipuna Bay Formation. This dates the onset of 

volcanic activity on the Otago Peninsula (chap. 4) as Altonian. Also Coombs & Reay (1986) 

reported that there is evidence from an ash bed at Dowling Bay, located on the western side of 

the Otago Harbour (opposite side of Otakou), that there may have been volcanic activity in 

the area as early as the Altonian stage. 

Due to radiometric age determinations on lava flow rocks (e.g. McDougall & Coombs, 

1973) the upper level of 10 Ma could remain. This would indicate a total volcanic activity of 

at least 6.5 Ma, a considerable long period for a proposed shield volcano. 

10.3 VOLCANOLOGICAL MAPS 

In order to represent the early history of the Otago Peninsula a volcanological map 

(see back pocket) has been produced which shows in detail different primary pyroclastic 

deposits, most of which have been previously mapped by Benson (1969) as agglomerates or 

lag deposits. 
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A wide range of pyroclastic deposits is found on the Otago Peninsula, including tephra 

erupted from shoaling volcanoes, and fully subaerial tephra (Strombolian deposits; chaps. 6-

8), which erupted commonly from small volcanoes. A substantial positive gravity anomaly is 

centred beneath Hoopers Inlet (see chap. 7), indicating a buried magma chamber, which 

suggests that it may represent the site of an important vent. Most of the small volcanoes seem 

to have been short-lived eruption centres but locally there are also eruptive centres that were 

active for quite a substantial time or were reactivated during their history. The evolution 

through time is summarised on a diagram (see back pocket). The early history of the Otago 

Peninsula is marked by six stages of volcanic activity, of which four took place in subaqueous 

to emergent environments. This indicates that subaqueous volcanic activity took place over 

quite a long period of time during the early history of the Dunedin Volcanic Complex. 

The Lower Floodplain Conglomerates mapped by Benson (1969) actually comprise 

primary tephra deposits, including a range of pyroclastic and hydroclastic rocks. 

Atypypically, epiclastic (lacustrine) deposits occur at Taiaroa Head (see chap. 8). Correlation 

within each of Benson' s floodplain conglomerates is only locally possible. 

10.4 GEOCHEMISTRY AND TECTONIC SETTING ON THE OTAGO PENINSULA 

Explosive eruptions of several small volcanoes produced a great diversity of tephra 

beds. The tephra ranges in composition from basanite and basalt to trachyte and phonolite, 

typical for intraplate volcanism. Coombs and Wilkinson (1969) postulated a spectrum of 

petrological lineages for the Dunedin Volcanic Complex. The main ones are a moderately 

undersaturated alkali-basalt to trachyte lineage and a strongly undersaturated basanite to 

phonolite one, each of which includes sodic and moderately potassic rock types. A summary 

of the petrography of the principal rock types is given by Price & Chappel (1975). 

It is a striking fact that samples from the Peninsula with this wide range of 

compositions are all found within Benson's (1969) first eruptive phase products, matching the 

range of those examined by Price (1974), which represents all phases. This shows that 

abundant highly evolved rocks were already being erupted during Benson's first eruptive 

phase, and it shows also that evolved magma was repeatedly produced beneath the Dunedin 

Volcanic Complex over a very long time. Some chamber(s) evolved phonolitic magmas by 

extensive fractional crystallisation of basanite. On the other hand some chambers instead 

contained highly evolved trachyte. Basanite, in comparison to basalt, is more silica

undersaturated and contains more alkalis and volatiles. This results in a highly differentiated 
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phonolite containing more alkalis in comparison to trachyte (Cas and Wright, 1987; Fisher 

and Schmincke, 1984). Primitive basanite was stored beneath the chambers. Most of the 

basanites and basalts on the Peninsula contain abundant crystals of pyroxenes and feldspars 

(see chaps. 6-8). Volcanic eruptions may have been triggered by magma influx into the 

magma chambers, which is suggested by magma mixing processes that generated the 

kaiwekite (see chap. 9). Influx of new magma increased the fluid pressures in the magma 

chambers unitil it exceeded the locallithostratigraphic pressure and an eruption was generated 

(Sparks, 1992). 

Volcanic systems with comparable eruptive products spanning such a wide range of 

compositions are best known from hot spot volcanoes. The Eifel Volcanic Field is 

comparable to the Waipiata Volcanic Field (Central Otago), in size and distribution of its 

numerous maars and tuff cones (e.g. Buechel, 1993; Houghton and Schmincke, 1989; 

Nakamura and Kraemer, 1970), rather than to the Otago Peninsula. One part (Laacher See) of 

the Eifel, however, may be directly compared to a part of the Otago Peninsula (Allans Beach), 

although the volume of erupted products is higher at Laacher See than at Allans Beach. The 

Laacher See tuff ring is formed by several pyroclastic flow deposits, base surge deposits and 

fallout deposits. (e.g. Woerner and Schmincke, 1984). At Allans Beach on the other hand the 

bedded phonolitic deposits are formed by a series of aqueous high to low concentration 

particle flows. Pyroclastic flow deposits are not recognised at Allans Beach, which can be 

explained by the water-rich environment (continental shelf). The pumice deposits at Allans 

Beach record deposition from laterally flowing eruption fed density currents. The 

emplacement of high and low concentration pyroclastic density currents in subaqueous 

settings has been documented widely (e.g. Fiske & Matsuda 1964, Kokelaar 1983, Kokelaar 

& Durant 1983, Cashman and Fiske 1991, Nishimura 1992, White 1996, Smellie & Hole 

1997). Most cases discussed are from basaltic or rhyolitic eruptions. Submarine eruption and 

deposition of highly vesiculated phonolitic pumice has not been previously described. 

Compared generally to basaltic, or rhyolitic products of subaqueous eruptions (e.g. Cashman 

and Fiske, 1991; Kokelaar and Durant, 1983; Mueller and White, 1992; Woerner and 

Schmincke, 1984) those preserved at Allans Beach show transitional characteristics. The 

higher degree of vesiculation of the phonolitic pumice clasts at Allans Beach indicates a 

stronger magmatic role than for basaltic scoria. Conversely, bedding is better developed than 

in high flux rhyolitic pyroclastic flow deposits. This may indicate that eruption flux and 

magmatic gas content, which directly control column dynamics, rather than mode of 
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fragmentation, which control grain size, shape and distribution, are the primary controls on 

the transport process of such subaqueous eruptions. 

Hot pyroclastic flow deposits are not recognised at Allans Beach, which may be 

explained by the general setting in a water-rich environment (continental shelf). 

Generally the distribution of both subsurface and surface water exerts a major 

influence on the formation of phreatomagmatic eruption centres such as maars, tuff rings, and 

tuff cones, and the style of eruption (Heiken and W ohletz, 1986; W ohletz, 1986; Wohletz and 

Sheridan, 1983). The types of volcanic centres developed on the Otago Peninsula would have 

been significantly affected by the availability of seawater. The seawater interacted explosively 

with erupting submarine magma, which led to phreatomagmatic explosive activity and growth 

of phreatomagmatic volcanic centres (see chaps. 6-8). 

The pattern of events suggested here for the development of the Otago Peninsula and 

also for the Dunedin Volcanic Complex in general has also been described for other alkalic 

volcanoes. The Dunedin Volcanic Complex began to form by basaltic phreatomagmatic 

eruptions on the Otago Peninsula (Sandfly Bay and elsewhere). Large central-vent 

polygenetic structures growth then began to form (e.g. Alien, 1974; Benson, 1968; Coombs, 

1965; Price, 1974; Price and Coombs, 1975). The final stage culminated in the formation of 

large domes, made up of phonolites, benmoreites, trachyandesites and mugearite (Price, 

1974). Albert-Beltran et al. (1990) recognised a similar sequence of events for the hot spot 

volcanic island of Tenerife (Canary Islands). The Canarian Archipelago consists of seven 

major volcanic islands ranging from Oligocene to Recent. The composition of eruptive 

products from the hotspot volcanoes of the Canary Islands, which are situated near the 

boundary of oceanic and continentallithosphere on a slow-moving plate, is also similar to the 

range found on the Otago Peninsula, but the islands commonly consist of large shield 

volcanoes (Schmincke, 1973; Robertson and Stillman, 1979; Schmincke, 1982; Staudigel and 

Schmincke, 1984; Crisp and Spera, 1987; Clark and Spera, 1990; Hoemle and Schmincke, 

1993; Freundt and Schmincke, 1995; Kluegel, 1997; Staudigel and al., 1986; Ablay, et al., 

1998). Tenerife is the largest island of the canary Islands. Its evolution involved an initial 

submarine stage of activity (seamount-stage), followed by two major stages of subaerial 

volcanic activity (Schmincke, 1973). Also on Tenerife pyroclastic flow deposits form a large 

volume of the total erupted tephra, similar to the Eifel Volcanic Field. The pyroclastic 

eruptions occurred from vents within the summit Las Canadas over the period 1.5-0.17 Ma 

(Bryan et al., 1998). 
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The origin of the Canary Islands (and also the Eifel) is as controversial as the origin of 

the Dunedin Volcanic Complex. A hotspot or mantle plume, a zone of lithospheric 

deformation, a region of compressional block-faulting have been proposed by different 

authors. However, the hotspot theory is established on the basis of comparative studies with 

the prototypical hotspot-related island group of Hawaii and others. The origin of the Dunedin 

Volcanic Complex is still unknown and further investigations are essential to establish its 

beginning. 

The formation of the main Dunedin shield volcano versus small monogenetic 

volcanoes of the Waipiata Volcanic Field (Central Otago) may be related to a sufficiently 

large and persistent magma supply rate. According to Walker (1993) ascending magma 

batches will preferentially follow the still-hot pathway of the preceding batch, whereas a 

monogenetic volcano has commonly smaller and/or episodic magma supply that any 

pathways have cooled down and are no longer favoured routes for the next magma batch. 
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Abstract 

1 

A mound of bedded phonolitic pumice lapilli ash was deposited on the marine shelf, 

(modern Otago Peninsula, New Zealand) during a shallow subaqueous eruption in the 

Miocene. Basaltic dykes subsequently entered the unconcolidated pumice sediment and 

formed an unusual peperite. Dyke-sediment interaction began with weak steam-driven 

mixing, with fluidisation at the contact zone that produced a metres-broad zone in which 

bulbous tongues of the dykes extend into, and locally engulf, host sediment. Irregular, sinuous 

contacts of dykes with the pumice are marked by black, glassy material that formed by partial 

melting, shearing and remoulding of the glassy pumice. 

Such remoulding of host sediment is not a typical peperite feature. Temperature 

evolution, water vapour, load pressure and time, as well as initial contact temperature, control 

the welding and remoulding of puinice and glass shards. A slow cooling rate at the dyke 

contacts is inferred from remoulding textures, and is attributed to continuous feeding of the 

dyke. Seawater may have promoted softening and remoulding of the pumice because Na and 

K, if partially taken into the glass structure, can decrease the melting point of glass 

dramatically and reduce the viscosity of the shards. Remoulding may have occurred by 

continuous conversion of seawater in the peperite to steam, which is inferred to have 

enhanced transfer of Na and K from seawater to pumice glass. 
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Introduction: 

Peperites commonly form when magma intrudes wet unconsolidated sediment 

(Kokelaar 1982, Busby-Spera & White 1987, Maas 1992, Hanson & Wilson 1993). The host 

can be any clastic sediment, and interactive phenomena occur in great variety under a wide 

range of physical conditions (White et al., in press). If the host sediment is wet the intruding 

dyke may be chilled (e.g. Brooks et al. 1982); under some circumstances melting and 

recrystallisation occurs in the host (Jaeger 1959; McPhie & Hunns 1995). Peperites and their 

properties allow recognition of contemporaneous volcanism and sedimentation, and provide 

insight into the nature of subsurface magma transport and host-sediment properties at the time 

of eruption (Kano 1989). Host grain size, permeability, and porosity are important 

determinants of peperite properties (Busby-Spera & White 1987), and material properties of 

the host sediment also affect its response to heat transfer from intruding dykes. Grain 

softening or remoulding is an end-member response of host sediment to intruding magma, and 

the nature of this response is well illustrated by the peperite exposed at Allans Beach, Otago 

Peninsula, New Zealand. 

Geological setting: 

Volcanic rocks exposed at Allans Beach belong to the Dunedin Volcanic Complex, 

which makes up the Otago Peninsula near the city of Dunedin, New Zealand (fig. 1). The 

Dunedin Volcanic Complex was constructed during the middle Miocene and rests on early to 

middle Tertiary marine sediments and Cretaceous basement of quartzofeldspathic schist 

(Haast Schist Group). The youngest marine deposits, comprising the Waipuna Bay Formation, 

are of probable lower Lillburnian age (15 Ma; Stevens 1981) and comprise shallow- water 

limestone, calcareous and tuffaceous sandstone, siltstone, tuff, and "agglomerate" (Benson 

1969). Recent mapping of Allans Beach reveals exposed remnants of small submarine

erupted volcanoes (Martin & White submitted), as indicated by radial dips within pumiceous 

deposits and explosion breccias inferred to represent vent sites (fig. 2). Subaqueously formed 

phonolitic pumice deposits are the dominant facies in the Allans Beach succession. Numerous 

dykes cut the succession, and the more resistant dyke rocks form headlands along which there 

are excellent exposures of both the host pumice and the dyke contacts. Where there are no 

resistant dykes to shield the soft clastic rocks, erosion has formed deep embayments in the 

coastline. 
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Peperites 

Many dikes cutting the Allans Beach succession have peperite at their contacts with 

the host rock. We summarize their origin below. 

Host sediment 

The host sediment for the peperite comprises about 80 m of phonolitic pumice, 

described in detail by Martin & White (submitted) and illustrated in fig. 3. 

The deposits consist entirely of pumice with sub-angular to sub-rounded clasts. 

Average grain-size, estimated from outcrop and thin section, ranges from 0.5 and 2 cm, with 

larger clasts up to 30 cm. Vesicles in the pumice clasts are tube-like, giving the pumice a 

woody appearance. Bulk vesicularity of the pumice clasts is estimated to have been about 

60%. A depth for the eruptive centre of about 200 m below sea level has been estimated 

(Martin & White, submitted). 

Petrography of the dykes at Allans Beach 

The cross-cutting dykes range in composition from basanite/basalt to phonolite. 

Texture of the basalt dykes that form peperites with the pumice deposits at Allans Beach 

ranges from aphanitic to coarsely porphyritic, with varying phenocryst contents. Phonolite 

dykes are either extremely fine-grained and very dense, with scattered micro-phenocrysts of 

feldspar, or are coarse-grained with trachytic texture. They show well developed glassy 

margins 5 - 70 cm thick (fig. 4). Dyke relationships are rather complicated (fig. 5). The oldest 

dykes with pumiceous peperite at their margins are coarsely porphyritic plagioclase-augite

olivine basalt dykes, five of which intrude the pumice at Allans Beach (fig. 5, 6). These dykes 

contain plagioclase, pyroxene, and corroded olivine phenocrysts as large as 0.5 cm. The 

olivines are commonly zoned, and in many cases pseudomorphed by calcite. Pyroxenes vary 

in colour from brown to green and appear in some instances as scattered glomerocrysts; some 

are strongly zoned. The plagioclases are also commonly zoned. 

The phonolite dykes appear to have intruded the pumice at about the same time as the 

basaltic coarsely porphyritic dykes, because there no cross-cutting contacts with the basaltic 

dykes and the sediment was still unconsolidated at the time. 

Shortly after the formation of the first generation of peperite, aphanitic basaltic dykes 

intruded the pumice unit and formed irregular lobes. At site d (fig. 5) an aphanitic dyke 

intruded the first-generation peperite and obscured the contact between the pumice and the 
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first dyke. The aphanitic dykes lack phenocrysts but show abundant vesicles generally filled 

by calcite, clays, and/or fibrous zeolites. 

The last generation of dykes (plagioclase trachy-basalt) intruded the peperite complex 

at site d, and have planar contacts with well-developed chilled margins (ea. 10 cm). The 

planar contacts suggest that the peperite unit was consolidated by the time the third set of 

dykes were intruded. These dykes are moderately porphyritic with small feldspars and 

pyroxenes in a fine-grained groundmass. Plagioclase phenocrysts (- An 50) commonly show 

oscillatory and normal compositional zonation, and locally occur as glomerophenocrysts with 

variolitic texture. In the groundmass feldspar crystals are randomly oriented and intergrown 

with titanaugite. 

Contacts 

The contacts of all dykes forming peperite are sinuous and irregular. The margins are 

marked by black glassy material lying along the contact between the irregular basaltic dykes 

and the pumice. Locally (e.g. sited, f) the dykes extend as meters-long apophyses into the 

pumice (fig. 7, 8), but in other places lobes are less well developed (fig. 9). Some of the lobes 

appear in 2-dimensions to be detached from the main dyke. The contacts of the phonolite 

dykes with the pumice are less irregular (fig. 4) though there are dm-scale protrusions along 

the margins of a ea. 5 m thick dyke, and smaller-scale irregular fingers on a 0.5 m thick 

phonolite dyke. Fingers (fig. 10) or lobes (fig. 4) of pumice locally penetrate the phonolite 

dykes. 

Common along all contacts is a gradational contact zone in which dyke rock and 

pumice are mingled together. These contact zones are dark (fig. 4, 8, 10) and show flow

banding in thin section as a result of shearing and reshaping of the glassy pumice (fig. 11). 

Flow-banding in glass along the contact is interpreted to result from shearing of heat-softened 

glassy pumice clasts due to the intrusion of the dykes. In detail, contact zones are marked by a 

5-50 cm black border which grades commonly outward to an approximately 0.5 m thick 

(dependent on thickness of the dyke) disturbed region, in which there is no bedding in the 

pumice sediment. 

Fused zones are up to 0.7 m, with the thickest occuring at the contact with a 5 m thick 

phonolite dyke (fig. 4). Vesicles in host pumice are flattened and aligned subparallel to this 

dyke's contacts. Mixing of dyke material and host material occurs at all sites along the dyke, 
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and pumice clasts enclosed in the dyke exhibit flow foliation defined by feldspar laths. 

Locally there are also isolated basaltic clasts within the fused pumice (fig. 12). 

The irregular form and fluidal margins of many dykes at Allans Beach suggest that 

they intruded into the pumice while it was still unconsolidated and water-saturated (Kokelaar 

1982, Busby-Spera & White 1987, Kano 1989, McPhie et al. 1993). Though the fused margin 

is not a typical peperite feature, it has been reported to occur in association with intrusions 

into water-saturated pumiceous felsic tephra in Japan and Australia (Kano 1989, McPhie & 

Hunns 1995), and inferred from ejecta of an explosive submarine eruption off Japan 

(Yamamoto et al., 1991). 

Interaction of dykes and sediment 

· The peperite forming process is illustrated diagrammatically in fig. 5 and 13. Several 

dykes invaded the unconsolidated pumice unit while it was wet. The coarsely porphyritic 

dykes represent the oldest generation of dykes cutting the pumice unit at sites a, b, c, d and f 

(fig. 6). Irregular sinuous lobes characterize the margins, and intrusion of a coarsely 

porphyritic basalt dyke ingested and remoulded the pumice from unit PUM. 

At the same time as, or shortly after, the first basaltic dyke was emplaced, phonolite 

dykes invaded the pumice at sites b and f (fig. 5, 6). 

A fine-grained basalt dyke intruded at site d shortly after the initial, coarsely 

porphyritic basaltic dykes, and formed additional peperite and glassy fused zones in the 

pumice. At site d the irregular lobes are very pronounced, probably because the second 

intrusion was diverted around a zone of increased strength resulting from earlier dykes (fig. 

7). The contact at site d between the second dyke and the peperite formed by the first dyke is 

obscured by the younger plagioclase trachy-basalt dyke. Margins of the trachy-basalt dyke 

are planar, sharp and chilled, suggesting that the host was already consolidated at the time of 

its intrusion. 

Pollard et al. (1975) developed a model of viscous flow for the initiation of fingers of 

magma at the periphery of a sill. In their model the bulk density of the host sediment is 

compared to that of the intruding magma. They showed that fingers of magma can grow into 

host sediment if the apparent viscosity of the magma is less than that of the host. This has 

been confirmed by Manickam & Homsy (1993); in addition they showed that with increasing 

viscosity of the intruding magma, a reverse fingering is more likely to occur. This situation is 
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probably represented at Allans Beach by the enclosure of sediment with phonolite dykes as 

shown in fig. 10. 

The viscosity of magma during emplacement can be estimated as a function of 

temperature, phenocryst content, and chemical composition of the melt (Shaw 1972, Bottinga 

& Weill 1972). For the phenocryst content present in the first-generation porphyritic basaltic 

dykes, an emplacement temperature of 1100°C to 1200°C, a viscosity of 30 to 80 Pas has 

been calculated. This suggests that the apparent viscosity of the sediment forming the 

peperites at Allans Beach must have been higher than 30 to 80 Pas at the onset of dyke 

intrusion, assuming a host-sediment density of 1500 kgfm3 and a thickness of 80 m. 

The black glassy material of the margins formed by remoulding and fusion of pumice. 

If initial dyke-contact temperatures are high, the temperature along the contact can be 

sufficient (>glass transition temperature) to fuse the glass in the pumice. It is apparent at 

Allans Beach that the amount of fusion is more strongly dependent on dyke thickness than on 

dyke-emplacement temperature. Extensive fusion of pumice along contacts with phonolite 

dykes at Allans Beach occurred even though phonolite typically has a lower emplacement 

temperature than basalt (Murase & McBirney 1973). Remoulding along phonolite dykes is 

consistent with fusion occurring at relatively low temperature. The transition from unbedded 

to bedded pumice records the transition from cool ( ~< 1 00) unvapourized interstitial sea water 

to steam in the fluidized contact zone in which bedding has been destroyed, and similarly 

suggests relatively low temperatures near the contact. It has been inferred that in submarine 

settings vapour under pressure enhances the ability of salts from seawater to enter volcanic 

glass, where Na and K act to promote depolymerisation and softening, which can facilitate 

shearing and welding (Sparks et al 1980). Schmincke (1967), Ito et al. (1984) and White and 

McPhie ( 1996) have reported welding of glassy host sediments along dykes in subaqueous 

settings. 

Thermodynamic model 

The following thermodynamic model was developed to calculate the contact 

temperature (heat loss during emplacement) and follow the temperature decrease as a function 

of time and distance from the contact for the case of phonolite intrusions and basaltic 

intrusions. To simplify the model the following assumptions and simplifications are made. 

(1) The host sediment is initially at a constant temperature t. (2) Magma is brought 

instantaneously into contact with the sediment. (3) The magma has a definite melting point at 
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Tb at which it is intruded. In addition, convective heat transport of volatiles from the magma 

is neglected. For this model the heat transfer by radiation is also neglected. It is considered 

unlikely to have strongly promoted fusing of pumice in these peperites, although over very 

short time periods it can be significant in heat-transfer from magma across vapour films ( < 4 

seconds; Moore 1975). Tab.l gives values for components and constants that were used for 

calculations. Cooling is inferred to have taken place by conduction and convection. 

The vapour dominated system shown in the model (fig. 13 a, b) involves not only a 

simple heat conductive process from magma to water-saturated sediment, but also a change in 

phase. The magma and water regions are initially in contact upon intrusion (fig. Sa), with 

calculated contact temperatures of 854 °C (basalt) and 699 (phonolite) at x = 0 for initial 

magma temperatures Tc of 1200C and 900C (formula of Jaeger,1959). 

Tb erfrA8 + q T1 erf\ 

T c = ------------------------------------------
erfr A

8 
+ q erf\ 

For this model the glass transition temperature and other properties of the phonolitic 

sediments have been extrapolated from existing rhyolite, dacite and trachyte data, since no 

data are available for phonolites (tab. 1). Known glass transition temperatures (Ryan & 

Sammis 1981) for basalts, basaltic andesite and synthetic silicate glasses range from 580C 

(synthetic glass) and 680C (basaltic andesite) to 630 - 730C (basalts); a value of 620C has 

been taken for the model (tab.). The parameters Ab and As represent boundary conditions that 

conserve the heat flux across the steam-water interface (Germanovich & Lowell 1995) and 

have been calculated after Turcotte & Schubert (1982). The constants rand q are the ratio of 

thermal properties defined by dimensionless fractions. 

The dyke-sediment contact is at the interface Xo at Tc, and the vapour/pumice 

boundary is defined by XI ( X>O), while the dyke occupies the region X < 0. With a 

temperature difference between sediment and basaltic and phonolitic dykes of almost 1200C 

and 900C, respectively, convection will occur. At time t after intrusion, the surface separating 

solid magma from liquid magma will be at Xb=-Xl, representing the melting-point 

temperature Tb of the magma. The planes of solidification will reach the centre of the dykes 

at 
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ts = 2Db2f\ 2 kb = 5.9days (basalt) 

ts = 2DP2f')...P2 kP = 20.2 days (phonolite) 

with Dp=thickness of phonolite dyke, Db=thickness of basalt dyke, \=error function 

constant for basalt (b), Ap=error function constant for phonolite (p); kb=thermal diffusivity of 

basalt (b), kp=thermal diffusivity of phonolite (p); (calculated after Jaeger, 1959). 

The surface of separation at X
8
=X1 separating pumice+vapour (at which all water in 

the pumice is vaporized) and pumice+water will be at the temperature T1 (boiling point of 

water). xb, xp and xs have been calculated after Jaeger (1959) 

0.5 
Xp = 2/..p (kpt) 

X = 2/.. (k t)0.5 s s s 

where \ and Ap = error function constants; kb and kp= thermal diffusivity of basalt and 

phonolite; ks = thermal diffusity of the sediment and t = time. 

The temperature as a function of the distance from the margin of the dyke is shown in 

fig. 14. 

The two-phase convective system of coexisting water and steam is dominated by 

steam as long the temperature exceeds the boiling temperature of the water (fig. 14). The 

model is sketched in fig. 13a, b. 

The interstitial, and partly also the intrastitial, water contained in the unconsolidated 

pumice will vaporize immediately next to the hot dyke. The vapour will flush outwards and 

upwards in the pumice and will persist as long as the heat supply is sufficient, but will 

condense at the margin to the water saturated pumice as soon as the temperature of the dyke 

drops below a critical value. It is inferred that the structureless pumice represents a zone in 

which bedding was destroyed by sediment fluidisation and remobilisation along the dyke 

contacts (Kokelaar 1982). Buoyancy driven movement of vapour-fluidised sediment 

(Kokelaar 1982) along the contact is also inferred to exert a drag force along the contact, 
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resulting in shear flow of remoulded host at the contact-zone. Since it is vapour dominated, 

the vapour/water boundary moves into the pumice to that point where the energy is no longer 

high enough to maintain the vapour phase (condensation boundary). For dyke temperatures of 

1200C or 900C, heat transfer to the water saturated sediment is very rapid. A large fraction of 

the water in the host sediment near the contact will be replaced by steam, and heat will be 

transported away from the dyke by convection and into the pumice clasts by conduction. The 

rate of heat conduction from steam to pumice and from dyke to pumice is dependent on the 

material that forms the sediment, which means .that if the rate of conduction, density, and heat 

capacity of the host sediment are all low, the contact temperature will remain high for a 

longer time. 

Finally, when the temperature is no longer sufficient to vapourise water (<220C for 

seawater at depth) the dyke will cool by heat conduction alone until there is no temperature 

difference between dyke and host, aided by convection of warm water through the host 

beyond the contact. 

Conclusion 

Peperites form by mingling of magma with unconsolidated, generally wet, sediment 

(White et al., in press). A wide range of peperitic structures has been described (Schmincke 

1967, Brooks et al. 1982, Busby-Spera & White 1987, Kano 1989, Maas 1992, Hanson & 

Wilson 1993, McPhie et al. 1993, and others ) but studies of peperites in which the host 

sediment is fused are rare. Fusing is not a typical feature of peperites but has been reported 

previously by Schrnincke (1967), Ito et al. (1984), and McPhie & Hunns (1995). The Allans 

Beach peperites formed by a 2-stage process; (1) a very coarse fluidal mingling of basalt 

and/or phonolite with the phonolitic pumice, and (2) a fine mingling of basalt and/or 

phonolite with a phonolitic fluid formed by fusing and remelting of the pumice. The 

occurrence of host-sediment fusion is strongly dependent on the thermodynamic properties of 

the host, and on the thickness and cooling rate of the dykes; these factors are therefore 

important for thermodynamic modelling. Continued flow of magma through dykes reduces 

the contact-cooling rate (Delaney & Pollard 1981 ), facilitating host-sediment fusion. Cooling 

of dykes with transfer of heat to host sediment in submarine environments has received 

limited attention. In a subaerial environment, extensive welding of a phonolite-glass sediment 

would not occur because the glass-transition temperature is higher in the absence of 

depolymerising salts derived from vapourized seawater. 
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!Parameter SI unit lvalue !Reference 

!Basalt 

heat capacity C J/kg OK ~.0015 Murase & McBirney 1973 

~ruption temperature Tb OK 1200 lwilliams & McBirney 1979 

FOntact temperature Tc OK 854 !calculated after 

Jaeger 1969 

density r kg/m3 ~700 Hoeskuldsson & Sparks 
1997 

thermal diffusity k m2fs 8.3xto-7 IHoeskulds son & Sparks 
1997 

thermal conductivity K IWtm °K 1.8 Carlslaw & Jaeger 1947 

thickness D ~ 1 !measured 

Host sediment wet 

!heat capacity C ~/kg OK k>.0025 Godinot 1987 

~xtrapolated 

~lass transition temperature OK -600 IR.yan & Sammis 1981 
1ft 

~ensity r lkgfm3 -1500 estimated 

!Porosity lctimensionless -0.6 ~stimated 
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hermal diffusity k m2Js ~.5x1o-7 !extrapolated 

thermal conductivity K W/m°K p.5 Snyder & Clark 1966 

Host sediment dry 

~ermal diffusity k m2Js 2x1o-7 extrapolated 

thermal conductivity K W/m°K 0.25 Snyder & Clark 1966 

tphonolite 

~eat capacity C J/kg OK 1000 extrapolated 

!eruption temperature Tb OK 900 " 

~ontact temperature Tc OK 685 ~alculated after Jaeger 1969 

~ensity r lkg/m3 2400 ~xtrapolated 

thermal diffusity k m2/s 3.510-7 !extrapolated 

thermal conductivity K W/m°K 6 extrapolated 

thickness D m 5 measured 

ponstants 

error function constant A.b dimensionless 0.384 calculated after 

~rror function constant A.p 0.84 trurcotte & Schubert 1982 

error function constant A.s ~imensionless 0.42 ~alculated after 

lfurcotte & Schubert 1982 

qb; qp (p=pumice; b=basalt) ldimensionless p.679; 0.2 jcalculated after Jaeger 1969 

b; rp (p=pumice; b=basalt) dimensionless 1.12; 0.42 .,;alculated after Jaeger 1969 

Table 1 
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FIGURES AND TABLES 

Fig. 1 Location of the study area in the South Island of New Zealand. 

Fig. 2 Geological map of Allans Beach 

12 

Fig. 3 Stratigraphic sections of pumice unit C at Allans Beach. The host sediment for 

the peperite comprises about 80 m of phonolitic pumice, which can be subdivided into 3 

distinct subunits (fig. 2): (1) about 5-10 m of structureless coarse-grained pumice at the base 

of the sequence; (2) 50-60 m of medium-bedded lapilli tuff; (3) a thinly laminated tuff at the 

top (Martin & White, submitted). 

Fig. 4 A 5 m thick phonolite dyke (P) with slightly irregular margins intruded the 

pumice unit (PUM). Note the darker band of fused pumice (FPUM) and the basalt dyke (B) 

that intruded the complex later (planar contacts). 

Fig. 5 Sketch of temporal sequence of dyke intrusions. At stage 1 the first dyke 

generation ( coarsely porphyritic) invaded the pumice unit at site a, b, c, d and f. The second 

stage is marked by the intrusion of the second dyke generation (aphanitic) and formed 

irregular lobes. The last generation of dykes (plagioclase trachy-basalt) intruded the peperite 

complex at site d, and have planar contacts. 

Fig. 6 Airphoto of Allans Beach that shows peperite sites and the inferred vent at 

Allans Beach. Site f is out of the photo 500m to the north. 

Fig. 7 Basalt dyke at side b extends as metres long apophyses into the pumice. 

Different dyke generations are marked with 1-3. 

Fig. 8 Second dyke generation (B2) that intrude the pumice unit (PUM) in form of 

irregular lobes. Note the darker bands at the margin of the dykes representing fused pumice 

(FPUM). 

Fig. 9 Slightly irregular margin of a basalt dyke which intruded the pumice at site b. 

Fig. 10 Small-scale irregular fingers on a 0.5 m thick phonolite dyke. Fingers of 

pumice penetrate the phonolite dykes. 

Fig. 11 Photomicrograph of contact zone (coarsely porphyritic basalt B - fused pumice 

FPUM) showing flow banding as a result of shearing and reshaping of glassy pumice 

(FPUM). Long side of the photo is 1.8 cm. 

Fig. 12 Photomicrograph of contact zone showing an isolated aphanitic basalt clasts 

(B) in the fused pumice (FPUM). Long side of the photo is 0.4 cm. 
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Fig. 13 a,b Sketched model of peperite forming process and fusing. Dykes invaded the 

unconsolidated pumice while still wet. The dyke-sediment contact is at the interface Xo at Tc 

(a), and the vapour/pumice (water) boundary (b)is defined by XI ( X>O), while the dyke 

occupies the region X < 0. At time t after intrusion, the surface separating solid magma from 

liquid magma will be at Xb=-Xl (a), representing the melting-point temperature Tb of the 

magma and a vapour zone will develop between the interface at Tc and the vapour/water 

boundary. 

Fig. 14 Temperature profiles as a function of time and distance (l=basalt intrusion; 

2=phonolite intrusion). Tc is the initial contact temperature after the dyke intrusions (8450C 

for basalt and 6990C for phonolite), which is constant until dykes are solidified. Dyke region 

is half a dyke thickness (note x axes change froml to 2). The glass transition temperature of 

the pumice is estimated at 620°C. In the region along the maximum time graph (5.9 days for 

basalt; 20.2 days for phonolite) between contact temperature and glass transition temperature 

the pumice will be fused (max. fused region). In the region along the same graph between 

contact temperature and boiling point of water a vapour phase will develop in which sediment 

will be disturbed by fluidization (max. disturbed region).Below the boiling point of water the 

temperature is no longer sufficient to vaporize water (2200C for sea water at depth) and 

sediment remains undisturbed. 

Tab. 1 Properties used for calculations. 
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Figure 1 
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Massive unit 
5-10m fuick 

-bedding defined by the 
appearance of fine beds or 
laminae 
-poorley defined beds 0.5m 
thick or more 
-ungraded 
-average grain size about 2cm 
-largest clasts about 30cm 
-undulating top and bottom 
-coarser chilled Clast appear in 
patches 

Figure 4 

Transition zone 
5m thick 

separate paper 

-lapilli-size clasts 
-large irregular clasts up to 30cm are aligned 
-concentrated more in the middle part 
-fuey don't show bomb sags 

:~~fu1';,is;ff;,~~f~~;fsaded 
-slightly normal graded. 

from 15-20 cm 

thickness changes from 3-5 cm 
-slightly graded 
-average grain size about 3 mm 
-largest clasts about 1 cm 
-undulating top and bottom 
-trains of coarser clast interupt this sequence 
-trains usually one clast size thick 
-clasts in trains arer aligned 

-bedding thickness changes from3-8 cm 
-slightly normal graded,some larger clasts 
inverse graded 

-largest clasts are about 5 cm long and aligned 
-clasts sub-angular to sub-rounded 
-open framework structure 
-poorley sorted 
-undulating bottom and top 

15 

Bedded division 5G-60m 

-undulating top and bottom 
-beds often show load casts and flame structures 
-change of matrix-rich and matrix-poor beds 
-bofu beds slightly fining upwards 
-slightly normal to inverse graded 
-first fiiting upward cycle is about 50cm thick 
-clasts of matrix-rich beds about 3-Smm 
-clasts of matrix-poor beds 2cm 
-largest clasts about 15 cm 
-matrix-rich layers contain 1cm thick train 
-trains formed by coarse-grained clasts 
-trains usually 1 clast thick 
-some clasts are a(p) a(i) imbricated 
-bedded part in this outcrop about 10m thick 
-bedded part generally abOut 40-SOm 
-intercalated more massive beds of O.Sm 

5 
6 
5 
6 
5 
6 
5 
6 

5 

6 

5 
6 

5 

6 
5 

6 
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D coarsely porpyritic 
basalt dykes 

Fig. 5 
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D fine-grained 
phonolite dykes dykes 
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Fig. 7 
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Fig. 8 

Fig. 10 
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Fig. 11 

Fig. 12 
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ABSTRACT 

1 

The remnant of a small Miocene volcano, consisting largely of phonolitic pumice, is 

preserved on the Otago Peninsula at Allans Beach. Its 80m thick deposits record a variety of 

particulate gravity flows from a subaqueous eruption. Lack of wave generated structures 

suggests deposition below wave base, and for the eruptive centre a depth of about 200 m is 

estimated, based on present day wave climate along the Otago Peninsula and an overlying 

pillow /hyaloclastite unit. 

A thick unit of phonolitic pumice represents the main phase of the Allans Beach 

eruption. A lower, crudely bedded zone at the base is characterized by alignment bedding 

defined by elongated pumice fragments. The overlying part of the unit is well bedded, crudely 

doubly graded and locally shows weak cross stratification. A thin bedded upper zone is fine

grained and lacks clear current indicators. A 20m thick pillowlhyaloclastite unit overlies the 

pumice deposits. 

This phonolitic pumice sequence indicates deposition from dense suspension out of a 

series of closely spaced high particle concentration granular flows, followed by high and low 

concentration turbidity currents, shed directly from a subsiding subaqueous eruption column 

during the waning of an initially higher flux eruption. Development of the eruption column 

was a result of the high gas content of the magma. The column formed and collapsed entirely 

beneath seawater. Pumice shed from the column chilled rapidly and the grains mixed with 

water to form aqueous density currents from which deposition occurred. 
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Introduction 

Small-volume explosive volcanic eruptions form cones, rings, or mounds consisting of 

bedded tephra that is deposited by suspension fall or density currents. Additional bedded 

deposits may form by subsequent redeposition of pyroclastic debris from primary deposits. It 

is essential that the role of transport and deposition in producing the deposits be understood in 

order to allow "removal" of these effects and in order to interpret eruptive processes from 

pyroclastic deposits. For subaerial eruptions, the nature of sedimentation from density 

currents and suspension has been extensively studied, and quantitative models are available 

linking many deposit characteristics with eruptive processes (e.g. Sparks et al. 1997 and 

references therein). Far less has been accomplished for subaqueous deposits (e.g. Cashman & 

Fiske 1991, White 1996, Fiske et al. 1998), in large parts because of the inaccessibility of 

most young subaqueously formed volcanoes. This paper examines a succession of deposits 

that are compositionally distinctive, sufficiently vesicular to imply high magmatic gas 

content, and well bedded. They are inferred to have formed from a single small subaqueous 

eruption, and we specifically address the relation between style of deposition, the nature and 

evolution of the eruption, and the changing role of magma-water interaction during its course. 

Setting 

Volcanic rocks exposed at Allans Beach belong to the Dunedin Volcanic Complex 

(DVC), which makes up the Otago Peninsula near Dunedin, New Zealand. The DVC formed 

from 13-10 Ma and rests on Cretaceous and Tertiary sedimentary rocks which are underlain 

by pre-Cretaceous basement of quartzofeldspathic schist (Haast Schist Group) (Coombs et al. 

1960). The sedimentary rocks comprise marine sandstones, mudstones and limestones which 

were deposited on the continental shelf, and a non-marine to marginal marine basal unit. 

Miocene marine sediments on the Peninsula (Scott 1991) give evidence of a 

submarine setting for the early phases of the volcanic activity. No dramatic sea level change is 

reported during Miocene time, although Haq et al. ( 1987) calculated a global marine 

highstand during the Miocene. Coombs et al. ( 1960) concluded that at the early stage of the 

First Main Eruptive Phase of the DVC, volcanism took place in a submarine setting, due to 

the presence of pillow basalts and peperites, which they described as "pillows separated by a 

matrix of hard sandstone", at Maori Pa Point (Fig. 1). Pillow basalt, hyaloclastites and 

peperites exposed along almost the whole southern coast of the Otago Peninsula further 

support this idea. Interbedded tuffs within marine sandstones and limestones at Varleys Hill 
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(ea. 3 km NW of Allans Beach), Waipuna Bay (Fig.1; Coombs et al. 1960) and along the 

Otago Harbour (Wellers Rock; Martin, unpublished data) also indicate a submarine 

environment for the early stages of volcanism, as do depositional features of the Allans Beach 

succession itself. 

Allans Beach volcanic stratigraphy 

All rocks at Allans Beach were mapped by Benson ( 1969) as products of the first main 

eruptive phase (agglomerates, tuffs and basalts), indicating eruption after a lesser initial 

trachytic eruptive phase of the DVC. 

In this study we recognize 5 pyroclastic units, which are cut by a variety of 

penecontemporaneous and younger dikes (fig. 1 and 2). The pyroclastic units are listed below: 

1. Unit LT is the lowest stratigraphic unit exposed at Allans Beach (fig. 2), and 

consists of fine grained tuff deposits (tab. 1) derived from an early eruption from a different 

vent (MV; Martin & White 1997). 

2. Unit Al consists of basanitic very poorly bedded and poorly sorted juvenile scoria, 

non-juvenile volcanic clasts, pyroxene and feldspar crystals and, locally, sandstone and schist 

fragments (tab. 1). It is interpreted as a high concentration mass-flow deposit, from eruption 

at a western vent WV (fig.2; Martin & White 1997). 

3. Unit A2 consists of schist fragments, a variety of non-juvenile volcanic clasts, 

quartz pebbles, basanitic clasts and scoria (tab. 1). It is interpreted as a near-vent high 

concentration density current deposit, from an eruption at the small vent MV in the middle of 

the field area (figs. 1 and 2) 

4. Unit B is a lithic-rich basanitic lapilli tuff (tab. 1) that locally overlies lithofacies Al 

(fig.2). 

5. Unit C comprises phonolitic pumice deposits of the major eruptive phase at Allans 

Beach, probably also erupted from vent WV (figs. 1 and 2). 

The phonolitic pumice deposits are the main focus of this paper. Unit C is inferred to 

represent the major eruptive phase of the Allans Beach succession. The pumice deposits 

consist of more than 95% pumice, so in this case the term "pumiceous" is not applied because 

it would imply a significant proportion of non-pumice components (cf. Fisher 1961, Schmid 

1981). 

The phonolitic pumice beds of the ea. 80 m thick unit dip radially away from the 

western massive breccia (WV), suggesting that the breccia marks the vent site (figs. 1 and 2). 
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Phonolitic pumice deposits (unit C) 

The pumice succession comprises about 80m of phonolitic pumice, which can be 

subdivided into 3 distinct subunits (fig. 3): (1) a structureless sequence of about 5-10 m, 

representing the base of the succession; (2) a 50-60 m thick bedded lapilli tuff; (3) a thinly 

laminated tuff at the top. The original thickness of the upper tuff is unknown because of the 

eroded surface. The tripartite division is based on observed volcanic textures, shapes of 

pyroclasts, and sedimentary structures characteristic of each unit. 

Subunit 1 

The lower 5-10 m of the deposit is unstratified or poorly stratified and consists almost 

entirely of coarse lapilli tuff. It here called the massive division of the pumice sequence (fig. 

3a). 

Massive beds are defined by the appearance of discrete fine and thin (0.5-2cm) beds or 

laminae, which occur at various levels in the subunit, usually at intervals of 0.5 to 2m. The 

crudely developed beds sometimes are defined by elongated sub-horizontally aligned pumice 

fragments (alignment bedding), which have 2-5 mm thick yellowish vesicle-free rims. The 

former glass forming the rim is altered to clay. 

Clasts consist mainly of pumice, and are sub-angular to sub-rounded. Usually the 

lapilli size clasts are sub-angular, while the larger ones are sub-rounded. Larger clasts reach 

sizes up to 30 cm and lie subhorizontally within the unit without any impact sags. Some larger 

pumice fragments show chilled, cracked and irregular margins (fig. 4) surrounding a more 

highly vesiculated interior ("cauliflower bombs", Lorenz 1973). In specific regions near the 

base of the lower part of the massive pumice division there are lithic fragments, mainly 

basanitic clasts inferred to have been picked up in the vent. The fragments are subrounded and 

usually not larger than 1 cm. Only very rare fragments of Tertiary sedimentary strata or the 

basement schist and tuff rip-up clasts occur in the pumice deposit. There are no accretionary 

lapilli. 

Vesicles in the pumice clasts are tube-like, which gives the pumice a woody 

appearance. Some pumice clasts are irregular in shape. Vesicularity is visually estimated at 

70-80%. Microprobe analysis of locally preserved pumice-clast glass and whole-rock XRF 

analysis, each indicate a phonolitic composition. In many places the pumice glass is strongly 

altered to zeolites, shows devitrification structures and has a pale creamy colour in thin 
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section. The tubular vesicles of the less vesicular pumice clasts are often widely separated, 

which gives the pumice a thick-walled glassy texture. Individual pumice fragments differ 

widely in crystallinity, with some wholly glassy and others having a sub-trachytic texture 

defined by the feldspar crystallites. Very rare feldspar phenocrysts up to 0.1 mm, are also 

present. The pumice lapilli are tightly packed with only a minor (1-2%), largely devitrified, 

vitric ash matrix. Two-dimensional clast-contact geometries range from point contacts to 

conformable concave-convex grain-grain contacts. Stretched vesicles are usually along 

concave-convex contacts. Occasionally there are some brown, amorphous patches, which may 

represent relicts of original fine-ash matrix. 

Interpretation 

The abundance of highly vesiculated pumice clasts records expansion of magmatic 

volatiles (e.g. Fisher & Schmincke 1984). The apparently uniform vesiculation of about 70% 

suggests that there was a high degree of magmatic fragmentation. High vesicularity of the 

pumice clasts at Allans Beach reflects a high gas content, which is consistent with the 

generally high (3-6%) water content of phonolitic melts (Schmincke 1988) in comparison to 

basaltic magma (0.2-1.5%). The vesicularity index of magmatic fragmentation given by 

(Houghton & Wilson 1989) lies uniformly in the range of 70-80% regardless of magma 

viscosity. The presence of cauliflower bombs, in contrast, indicates contact with water during 

fragmentation (Lorenz 1973). Woody pumice forms in response to shear of vesiculating 

magma against the walls of the vent (Fisher & Schmincke 1984, McPhie et al. 1993). The 

elongated and subrounded clasts could have been bent and deformed in the hot centre of a 

submarine eruption column and chilled at the vapour/water margin before deposition, a 

possibility also supported by the fact that no any real primary welding features have been 

identified suggesting that the bulk of the glassy pyroclasts cooled before deposition. Some of 

the large clasts may have retained heat better than the small ones, thereby becoming bent and 

deformed during transport. The rounding of the larger clasts is not a result of abrasion but 

instead resulted from surface tension shaping of fluidal clasts. The absence of reworked and 

abraded clasts or of any evidence of time gaps, suggests ongoing deposition directly from a 

submarine eruption column. 

The massive division records sedimentation of a substantial influx of phonolitic 

pumice. The ungraded character of this division is evidence for rapid high concentration 

suspension sedimentation (Chough & Sohn 1990) such as occurs from high particle 
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concentration flows or flow bases (Lowe 1982). Alignment bedding suggests deposition from 

currents rather than from direct fall-out (Hiscott & Middelton 1980). Deposits from direct 

water-settled fall would be graded and would not contain any rip up clasts. The lack of well 

developed internal stratification in thick current-emplaced beds, together with alignment 

bedding, may indicate deposition by progressive aggradation from one or more gravity 

currents during quasi-steady flow (Kneller & Branney 1995). The fine beds or laminae, which 

occur at various levels within the massive part, are interpreted to have been deposited during 

irregularities in the quasi-steady flow. Irregularities are dependent on temporal fluctuations in 

the downward grain flux and the clast concentration. The concentration fluctuation may arise 

from (1) flow unsteadiness (e.g. as a result of pulsing flow), (2) heterogeneities in grain-size 

population as provided to flows from the eruption source or (3) concentration variations 

within the current as it passes (Kneller & Branney 1995). Slower deposition by fallout from 

current tails during pauses between distinct flows is also possible. 

The presence of small amounts of interstitial fine ash in the lapilli-supported deposits 

can be interpreted at least in two ways. (1) The proportion of fines to coarse clasts is 

representative of the eruption products at that time in the eruption. Although there is little 

fine ash, the common presence of large clasts within the fine to medium lapilli tuff shows that 

sorting overall is relatively poor, which in this interpretation is taken to indicate deposition by 

over-capacity currents (e.g. Hiscott 1994) in which there was little separation of fines from 

the body of the currents . (2) The small proportion of vitric ash particles in the matrix was 

deposited by being captured in the irregular margins of larger clasts prior to deposition. This 

interpretation does not require sedimentation from an over-capacity current, and the ash-lapilli 

ratio may be unrepresentative of the eruptive mixture. If deposition occurred by progressive 

aggradation from an ongoing current, then it is most likely that deposition was from over

capacity currents (Lowe, 1988). 

A certain amount of compaction after deposition is indicated by the concave-convex 

conformable contacts. The presence of concave-convex contacts at all levels in the massive 

unit, not only in the centre of beds where maximum heat retention typically occurs in hot 

pyroclastic deposits, suggests that the contacts are the result of compaction following 

alteration of pumice glass to deformable clay-zeolite aggregates (Branney & Sparks 1990). 

Glass shards are sub angular and not flattened, indicating that lapilli were not deformed while 

hot but as altered glass much later. A small amount of unaltered fine ash is present between 

the larger pumice clasts, even when alteration of pumice glass is extensive. 
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Subunit 2 

Well developed stratification distinguishes this unit from subunit 1. Lapilli tuff beds of 

this bedded subunit consist of thin to medium (5-10 cm) bedded pumice (fig. 5) with 

undulating bedding contacts (fig. 6) and common shallow scouring. No significant channels 

were observed in the area. Beds are defined by the alternation of matrix-rich and matrix-poor 

layers (fig. 3b), which also are different in colour, the vitric ash matrix-rich beds being grey 

and matrix-poor beds yellowish and which overall show a slight thinning and fining upward. 

More than one fining upward cycle (at least 3) is present at Allans Beach. 

Individual beds are generally ungraded or inversely to normally graded, locally with 

low angle cross-stratification (fig. 5). Many beds show diffuse load- or flame-like-structures 

(fig. 6). Beds generally fine and thin upward. In a ea. 5 m thick transition zone (fig. 3c) 

between the bedded sub unit 2 and the massive subunit 1, beds are much thicker (30-50cm) but 

with the same sedimentological features as the bedded unit (Fig. 3b ). Some irregular clasts are 

elongated, lying with long axes sub-parallel to stratification. Other clasts show a long-axis 

parallel [a(p)a(i)] imbrication (fig. 7) of 90-120°/15-20°, which is consistent with bedding dip 

in indicating transport from W/ WNW. Common in the matrix-rich part are local 

concentrations of scattered larger clasts, or even lapilli tuff, in diffuse lenses or irregular 

clusters (fig. 3b ). These coarser horizons are usually only one or few clasts thick, with 

gradational boundaries at a millimetre to centimetre scale. 

The phenocryst and microlite content of clasts in both matrix-rich and matrix-poor 

parts is comparable with that of clasts in sub unit 1, and shows no apparent change throughout 

the sequence. The coarse-grained beds have a compact-framework supported texture, devoid 

of fine ash, and are dominated by sub-angular to subrounded clasts (see comments for subunit 

1). Clasts are closely packed and interstitial space is occupied by carbonate cement. Larger 

pumice clasts appear locally in clusters. As in subunit 1 pumice clasts are locally aligned and 

have a "woody" appearance resulting from strongly streched vesicles. The vesicles have very 

irregular shapes and vary greatly in size. Vesicularity is 60-80 %, but generally nearer 60%. 

Interpretation 

The well bedded character of subunit 2 together with imbrication and low angle cross

stratification records deposition from turbidity currents. Inverse grading of smaller pumice 

clasts which is not related to clast density appears in some beds. The variation in clast 
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vesicularity reflects complexities in the relative timing of vesiculation (Houghton & Wilson 

1989) and water-induced fragmentation. Magma-water interaction at early stages significantly 

reduces the vesicularity indices and broadens the ranges, whereas late-stage interaction has 

only a minor effect on the index (Houghton & Wilson 1989). Since the vesicularity of the 

pumice in subunit C2 has not decreased dramatically compared with subunit Cl and does not 

vary greatly, a late-stage interaction is indicated. The considerably higher proportion of fines 

in the beds reflects a change in the material supplied at the source, which may have resulted 

from a change in fragmentation style during the eruption (Wohletz & Sheridan 1983, 

Zimanowski et al. 1997). Several fining upward cycle suggests that the eruption rate, 

increased and decreased repeatedly. 

The repetition of the graded coarse and fine beds indicates that the pumice clasts in 

each bed were transported and deposited by turbidity currents, where from each current the 

coarse-grained material was deposited from the body or head and the fine-grained material 

from the tail. The fining upward cycles are interpreted as a "doubly graded" turbidite series 

formed in response to gradual decrease in eruption rate (Fiske & Matsuda 1964). 

The normally graded to ungraded matrix rich beds together with the appearance of low 

angle cross-stratification record traction deposition from dilute turbidity currents (T a,c), while 

the inverse-graded coarse-grained beds, were deposited from traction carpets (Lowe 1982). 

The crudely stratified matrix-rich layers with coarse-grained pods and trains result from rapid 

fall-out of dense suspension with subsequent tractional transport from the body, as indicated 

by discontinuous trains of coarse clasts (Sohn & Chough 1989). Cross-stratification in the 

matrix-poor layers, followed by coarse-grained inverse graded bed's, suggests traction 

deposition from the base of high-density currents (S1) followed by traction carpet 

sedimentation (S2; Lowe 1982). The load-like structures, usually formed beneath the coarse

grained beds, are interpreted to have formed by shaking of the beds (Johnson 1985, Scott & 

Price 1988) during deposition of subsequent layers. Such soft-state deformation is facilitated 

by the overall low bulk density of the pumice, and loose packing of coarse-grained layers. 

There are two possibilities to explain the change from high to low density currents. (1) 

The change in particle concentration could have been caused by an increasing magma flux. 

(2) The dilute currents were derived from different parts of the eruption column (convective 

region) and were mixed with larger amount of water before transportation. (3) The low 
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concentration currents could also be residual currents decoupled from coeval high 

concentration precursors, or low-concentration "clouds" elutriated from a high concentration 

underflow. 

Subunit 3 

The topmost unit, a fine-grained tuff (fig.2), is poorly exposed and lacks clear current 

indicators. It is laminated, graded, and in places gives an impression of slight cross 

lamination. The coarser parts contain small pumice clasts (1 mm) and a large amount of 

crystals, mainly feldspars and, locally, pyroxene and very rare biotite. The finer grained 

laminae at the top consist entirely of fine cuspate glass shards, and broken feldspar and 

pyroxene crystals. The contact with the underlying subunit 2 is not exposed. The top of the 

fine-grained subunit 3 is mainly eroded, but in places a 20m thick pillowlhyaloclastite unit 

partly overlies it. 

Interpretation 

Lack of clear current indicators makes it difficult to determine whether this unit was 

deposited by many small volume aqueous fall events, as a series ofT de ash turbidites, or both. 

The latter could have formed either as eruption- fed turbidity currents during the last stages of 

eruption, or by episodic remobilization afterwards. 

As discussed earlier, subunit 1 and 2 contain few or no phenocrysts, whereas subunit 3 

contains a large amount of crystals. This trend is common in eruptions of highly differentiated 

magmas, which first erupt crystal-poor or crystal-free magma (Schmincke 1988). The 

concentration of feldspar and pyroxene crystal-rich beds in subunit is thus consistent with it 

representing the latest stage of the Allans Beach eruption. 

Subsequent activity 

The deposits subsequently were invaded by a number of dykes, some in the form of 

irregular lobes, along which unusual margins have formed as reported by Martin (1998). The 

contact with the pumice sediment is irregular, with metres-long apophyses extending from the 

dykes. The irregular form and fluidal margins of the dikes suggest that they intruded into the 

pumice while it was still unconsolidated and water-saturated (Busby-Spera & White 1987, 

Kano 1989, McPhie 1993). 
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In thin section flow-banding of glass along the contact is apparent, and is interpreted 

to result from shearing of heat-softened glassy pumice clasts due to the intrusion of the dykes. 

It has been inferred that water vapour under pressure (Sparks et al. 1980) and salt in the 

seawater, entered the glass, promoting softening and therefore shearing. Thermal modelling 

for the Allans Beach peperite (Martin 1998 and unpublished data) demonstrates that welding 

is most likely to have occurred subaqueously. 

Submarine eruption and deposition of the Allans Beach mound 

A model for emplacement of unit C at Allans Beach must account for: ( 1) an absence 

of significant compositional changes within unit C; (2) the fact that much of the unit consists 

of highly vesiculated phonolite-glass pumice; (3) a change in clast vesicularity from subunit 1 

to subunit 2; (5) the presence of vitric ash as a minor component in subunit Cl; (5) absence or 

rarity of lithics; (6) lack of evidence for significant pauses during deposition; (7) the shallow 

dips of bedding. 

In addition there are several lines of evidence that, taken together, strongly indicate a 

subaqueous eruptive and depositional setting. In terms of regional and local 

paleogeographical setting, a subaqueous setting is indicated by the presence of pillow basalts, 

peperites, hyaloclastites as well as interbedded tuffs in marine sandstones at the Otago 

Peninsula and the presence of fused peperite. In addition, several features of the deposits 

suggest a subaqueous setting. 

Interaction with water is indicated by the presence of cauliflower bombs. The pumice 

beds (subunit 1) at Allans Beach contain a only small amount of fines and no or very rare 

accidental lithic fragments. This indicates a less vigorous fragmentation and a shallow 

fragmentation locus compared to subaerial formed successions (e.g. Laacher See, Germany), 

together suggestive of interaction with standing water. 

High instantaneous depositional rates are suggested for subunit 1 at Allans Beach by 

massive, thick, beds with pumice trains (Sohn & Chough 1989). Beds in subunit 2 are 

latterally continues, have diffuse and show only subtle scours and grading. Such beds are 

typical of deposits from unconfined sediment gravity flows. Subtle soft-state deformation also 

suggests deposition onto a water-saturated sediment (Johnson 1985, Scott & Price 1988). 

Continous, finely laminated fine ash beds of subunit 3 represent susupension deposition. 

These features are interpreted to have formed by as rapid deposition onto wet sediments from 

sediment-gravity flows, followed by suspension settling without other currents. 
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The Allans Beach mound gentle radial dips outward from a vent breccia. The vent 

breccia is surrounded by the deposits at the same or slightly higher elevations, strongly 

suggesting that the vent environment was the same as that of the deposits; either both were 

subaerial or both were subaqueous. 

Gas-escape pipes, carbonized vegetation, which are indicative for hot emplacement, 

and accretionary lapilli are missing. Thus positive evidence for subaerial depositon nor 

evidence of water droplets, which are essential to form accretionary lapilli, is lacking. There 

are non gullies, rills, or sedimentary features indicative of stream or wave erosion or 

reworking. 

There are only two internally consistent interpretations of these data. (1) All features 

formed fully in a subaqueous setting, as is implicit in the preceding subunit interpretation. (2) 

All features formed in a fully·subaerial environment, in which there was with no condensation 

of water in eruption plumes or bursts, no ballistic transport, no disruption of the substrate, and 

no subsequent erosion and reworking. The site must have intersected a very shallow water 

table to allow formation of peperites. 

We think (1) is more likely for eruption and deposition of the Allans Beach mound. 

Taking into account the lack of any wave-generated structures a deposition below wave-base 

is indicated. These data together suggest that unit C formed from a submarine eruption, driven 

largely by magmatic fragmentation, that fed tephra into an evolving series of mobile aqueous 

sediment gravity flows (fig. 8 a-d) is further elaborated in the following paragraphs. 

Gas thrust to aqueous flows 

This section provides an interpretation of other features in terms of subaqueous 

setting, particularly the result of transforming a gas-supported stream of hot clasts into 

aqueous density currents depositing cold clasts. Large clasts best retain an imprint of this 2-

phase history. The larger chilled cauliflower-margins (fig. 4) are inferred to have chilled 

abruptly as clasts left the gas-thrust column, initially at the column margin and continuing 

during aqueous transport for some of the larger clasts. The high vesicularity of the pumice in 

subunit 1 at Allans Beach suggests an energetic and gas-rich eruption, likely to have formed a 

sustained eruption column and water exclusion zone (Kokelaar & Busby 1992, White 1996) 

in which vapour and pumice were transported upwards as a high speed gas-particle stream 

(Wilson et al. 1980) (fig. 8b). The gas-thrust part of the column was probably not very high 

due to drastic deceleration resulting from the dense overlying water column (Cashman & 
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Fiske 1991). Lack of any evidence for significant pauses during deposition suggests an 

uninterupted depositional sequence. 

As hot pumice passed from the gas-thrust region into the aqueous convective column, 

the large temperature difference between pumice and seawater caused the pumice to ingest 

water as it was rapidly cooled under hydrostatic pressure (Whitham & Sparks 1986). This 

caused the aqueous convective column's margin to become unstable, an effect also promoted 

by the greater drag effect of water, which enhanced turbulent mixing with seawater (Fisher & 

Schmincke, 1984). A pumice-laden high concentration density current was formed as the 

convective column collapsed. 

The vesicularity of the pumice clasts in subunit 2 is lower and more variable than in 

subunit 1 and the abundance of cauliflower bombs is lower indicating a stronger interaction 

with water. The fewer large cauliflower bombs and the appearance of more ash in subunit 2 

suggest a change in eruption style from more magmatic to more hydromagmatic (Wohletz & 

Sheridan 1983, Wohletz & McQueen 1984), because hydromagmatic fragmentation was 

probably more efficient. 

Interaction of magma and water most likely occurred at the transition from the gas 

thrust region of the eruption column during the Allans Beach eruption, as hot clasts entered 

the convective part of the column (fig. 8c ). Some large clasts may have been disrupted to 

form small glass shards. Interaction in the vent is unlikely because deposits do contain only 

very little wall rock clasts. 

The vapour forming the gas thrust column condensed, and the column disintegrated to 

form a series of dilute turbidity currents from which the top beds of the sequence were 

deposited (fig. 8d). 

Conclusion and implications 

The pumice deposits at Allans Beach records deposition from laterally flowing 

eruption fed density currents. The emplacement of high and low concentration pyroclastic 

density currents in subaqueous settings has been documented widely (e.g. Fiske & Matsuda 

1964, Kokelaar 1983, Kokelaar & Durant 1983, Cashman and Fiske 1991, Nishimura 1992, 

White 1996, Smellie & Hole 1997). Most cases discussed are from basaltic or rhyolitic 

eruptions. Submarine eruption and deposition of highly vesiculated phonolitic pumice has not 

been previously described. 
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Compared generally to basaltic or rhyolitic products of subaqueous eruptions (e.g. 

Kokelaar & Durant 1983, Cashman & Fiske 1991, Mueller & White 1992) those preserved at 

Allans Beach show transitional characteristics. The higher degree of vesiculation of the 

phonolitic pumice clasts at Allans Beach indicates a stronger magmatic role than for basaltic 

scoria. Conversely, bedding is better developed than in high flux rhyolitic pyroclastic flow 

deposits. This may indicate that eruption flux and magmatic gas content, which directly 

control column dynamics, rather than mode of fragmentation, which controls grain size, shape 

and distribution, are the primary controls on the depositional process of subaqueous eruptions. 
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FIGURES & TABLES CAPTIONS 

Fig. 1 Map of field area. AB=Allans Beach, WB=Waipuna Bay, WR=Wellers Rock, 

MP=Maori Pa 

Fig. 2. Interpretive cross-section along line WV-MV, showing inferred relationships 

among lithofacies exposed at Allans Beach. 

Fig. 3a-c. Stratigraphic column of unit C; (a) representative features of massive 

subunit 1; (b) bedded subunit 2; (c) transition zone between subunit 1 and 2. 

Fig, 4 Cauliflower bombs in the massive subunit 1, with very irregular and chilled 

margins, indicating contact with water during fragmentation. Hammers are about 30cm. 

Fig. 5 Overview of subunit C2. Approximately 1 0-m-high outcrop of bedded subunit 2 

and part of transition zone in the lower part of the outcrop. Photograph shows typical bedding 

features (undulating bedding, coarser-clast trains in the matrix-rich layers (CT), repetition of 

matrix-poor (MP) and matrix-rich (MR) layers. Note the different resistance to weathering in 

the alternating layers, due to the presence of calcitic cement in matrix-rich layers and absence 

of cement in matrix-poor layers and faint cross-stratification (CS). Outcrops are locally cut by 

normal faults (stippled lines), which offset the bedding planes. Hammer is about 30cm. 

Fig. 6 a, b. Photograph and line drawing showing a close-up of undulating bedding. A 

load structure (L) is visible in the middle of the image, caused by shaking of the loosely 

packed, low density beds during deposition. The thicker bed at the base belongs to the 

transition zone. Note the clusters of large chilled clasts (C) and undulating bedding panes 

(UB). 

Fig. 7. Imbricated clasts within subunit 2 in the upper middle of the image (arrows) is 

an indicator of lateral flow. Larger clasts at the bottom are stretched, aligned and occur in 

clusters (arrow). Hammer is about 30cm. 

Fig. 8a-d. Schematic diagram illustrating eruption process and deposition of Allans 

Beach succession. a. Cross section through the vent region. Magma was strongly vesiculated 

as it rose into the vent (1). Fragmentation took place as the melt exited the vent (2). 

Fragmentation in the core of the column was wholly magmatic (2). At the column margin gas 

condensation brought clasts into contact with seawater and hydroclastic fragmentation 

occurred (5) together with chilling of pumice-bomb margins. Whole column at exit had mix 

of large and small clasts. Some large clasts are fragmented into smaller clasts (6), while others 

were chilled to form cauliflower bombs. Gas/pumice mix has been transported upwards by 



Appendix 2 Separate paper 15 

high speed gas-vapour stream (straight arrows). Rounded arrows indicate turbulent 

movement. b. Close up of the margin of the eruption column. Arrows indicate turbulent 

movement, different shading shows temperature variation among clasts (1=hot, 3=cold). Due 

to the large temperature difference, pumice clasts ingested water (2), which aided rapid 

cooling of the pumice. c. Collapse of the margin of the column (1) ispromoted by the 

turbulent mixing of water with pumice to form high-concentration aqueous density currents 

(2). Different shading and patterns (3) indicate turbulence, differences in temperature and 

concentration of gas, vapour and water. d. As eruption waned, more water was ingested into 

the column (1) and more vapour condensed (2); eruption column disintegrated and formed a 

series of dilute turbidity currents in the final stage of eruption. 

Tab. 1 Summary of sedimentological features and inferred depositional processes of 

older volcanic units at Allans Beach. 
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DESCRIPTION OF GLASS SHARDS 

MCH248: 

Common in samples from this unit are slightly yellowish, vesiculated to blocky 

sideromelane glass shards, which are slightly to strongly palagonitised. Palagonitization (yellow

brown) is shown as dark rims around vesicles, around the edges of shards or as dark batches 

within the shards. The size of the shards is less than 2 mm and commonly the smallest ones are 

blocky or y-shaped with minor amount of vesicles. Vesicle size varies within the larger shards 

but vesicles are commonly round. Locally bubble wall structures are present. Glass shards 

contain non-oriented microliths of feldspar and the surface of the glass is fractured. 

MCH221: 

Sideromelane glass shards in this sample are commonly blocky and only slightly 

vesiculated. However there are also vesicle-rich shards, in which vesicles are round and/or 

elongated. Occasionally there are round and elongated vesicles within the same fragment. They 

also locally display bubble wall structures and contain microliths of plagioclase. The yellow 

surface is smooth with fractures. Laths of microliths are unoriented. The edges of the glass 

shards are commonly palagonitised as well as the rims of the vesicles. 

SFB 4: 

The sideromelane glass shards from this sample are distinct by their high amount and 

large size of vesicles. Vesicles reach a size up to 0.5 mm. However, sizes vary extremely and 

locally the vesicles are irregular elongated. The rims of the large vesicles are strongly 

palagonitised shown as a thick red-brown rim. These rims are formed by fibrous palagonite, 

which is a sign of more advanced palagonitization (Peacock 1926), shown as intensely coloured 

fibres. Of interest is the sharp separation of palagonitised and unaltered glass zones. Microliths 

of plagioclase are common on the smooth surface. 

SFB 3: 

Glass shards from this unit are similar than the ones from SFB 4. The blocky shards are 

commonly strongly vesiculated with varying vesicle size and show abundant bubble wall 

structures. Microliths of plagioclase and phenocrysts of pyroxenes are common. 

Palagonitization is more extensive than in SFB 4 because alteration extends along cracks 

through the whole shards. Another secondary phase in this sample is calcite. 

SFB 115: 

The sample contains highly vesiculated sideromelane glass shards. Vesicles are 

commonly round and occasionally filled with calcite. The surface show abundant fractures along 
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which palagonitization is apparent, shown as darker lines or patches. Mainly fibrous palagonite 

occurs but gel-palagonite is also common. 

CS 67: 

The blocky, yellow sideromelane glass shards from this sample are distinct by their large 

amount of phenocrysts of feldspar and pyroxene. The crystals are commonly altered showing 

dissolves edges and contain abundant inclusions. Glass shards are often larger than 2 mm with a 

maximum size of 4 mm. Palagonitization occurs along cracks but large areas of the shards are 

commonly unaltered. Both fibrous and gel-palagonite (Peacock (1926) occurs, which can be 

distinguished by their colour. Gel-palagonite is commonly isotropic. 

ABPUM/AB8: 

These pumiceous glass shards are quite different to the sideromelane glass shards 

described earlier in having a much higher vesicularity. Vesicularity is visually estimated at 70-

80%. Vesicles in the pumice clasts are tube-like, which gives the pumice a woody appearance. In 

many places the pumice glass is strongly altered to zeolites, shows devitrification structures and 

has a pale creamy colour in thin section. The tubular vesicles of the less vesicular pumice clasts 

are often widely separated, which gives the pumice a thick-walled glassy texture. Individual 

pumice fragments differ widely in crystallinity, with some wholly glassy and others having a 

sub-trachytic texture defined by the feldspar crystallites. Very rare feldspar phenocrysts up to 

0.1 mm, are also present. 

PI 149: 

The sideromelane glass shards in this sample are commonly highly altered and only 

small batches of unaltered glass is left. Secondary minerals comprise palagonite, calcite and iron 

oxides. Several generations of palagonite can be distinguished by colour from dark yellow to 

brown and opaque. The glass shards seem to be vesicular with varying vesicle size. Outlines of 

some vesicles are preserved and these are commonly round. 

PI 144: 

In this sample only very rare fresh sideromelane is preserved. The sideromelane has a 

light creamy colour. Glass shards are commonly vesiculated with varying vesicle size. Small 

blocky shards are less vesiculated. Some of the larger vesicles are oval. Abundant microliths of 

plagioclase are orientated in one direction. Locally there are flow-banded shards with elongated 

vesicles. Palagonitization (fibrous palagonite) occurs commonly at the rim of the vesicles or on 

the edges of the shards (gel-palagonite). In shards where alteration is extensive the whole shards 

have a darker colour. 

TH 168-2: 
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Glass shards within this sample are highly altered and contain abundant phenocrysts and 

microliths. The high grade of alteration is reflected in the %total of the microprobe analyses. The 

shards seem to have rounded edges with a brown rim, which suggests they have been 

transported and coated with fine material, because unlike other samples with palagonitised rims 

around the shards in this sample the shards are rounded. 

Py 188: 

Like AB PUM this sample is formed almost entirely by pumice. Vesicles in the pumice 

commonly are highly stretched but not collapsed and tube-like, which gives the pumice a woody 

appearance. In many places the pumice glass is strongly altered to zeolites, shows devitrification 

structures and has a pale creamy colour in thin section. Zeolites occur also as vesicles filling. 

Some of the glass shards seem to be hydrated and oxidised with perlitic cracks, which is the 

result of hydration and thus expansion of glass. The pumice clasts however are very similar to 

ABPUM. 

PBR 256-1: 

The sideromelane glass shards with creamy to yellow colour are strongly fractures and 

commonly contain abundant phenocrysts of plagioclase. Vesicles in the shards are irregularly 

formed. Alteration products at the rims of the vesicles and within the shards comprise fibrous 

palagonite and calcite. 

PBR252: 

The bright yellow sideromelane glass shards are strongly vesiculated with varying vesicle 

size. The shape of the vesicles varies from round and elongated to stretched. In the stretched 

fragments the microliths are aligned. Small glass fragments are non-vesiculated blocky. 

Commonly the glass is heavily fractured. Vesicle rims are commonly palagonitised but also 

space between the vesicles is altered to fibrous palagonite. Locally glass shards are flow banded. 

Microliths of plagioclase are unorientated. 

AB LR 2/ AB 99: 

The glass shards from this unit are commonly creamy in colour or yellow-brown and 

contain abundant vesicles. Size of the vesicles varies and locally vesicles are elongated. 

Occasionally elongated and round vesicles occur within the same clasts. Palagonitization 

processes are indicated by the presence of fibrous palagonite on the rims of the vesicles, the 

margin of the shards and along fractures. Commonly the large shards are more altered than the 

small one because alteration along fractures is more extensive. Glass shards of this sample vary 

in size from 0.1 mm up to 2 mm. The small ones are generally blocky and non-vesiculated to 

slightly vesiculated, whereas the larger ones are strongly vesiculated, with large round vesicles. 
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AB glass: 

The glass from this sample results from fusing pumice along the margin of intruded 

dykes (see chap. 6 and appendix 1 and 2). The glass is heavily fractured with tiny and larger 

cracks. Larger fractures are filled with secondary minerals (calcite, zeolite). The fusing process 

has removed former vesicles. 

BB 93: 

Vesicles within the pumice . clasts are tube-like, which gives the pumice a woody 

appearance. In many places the pumice glass is strongly altered to zeolites and calcite, shows 

devitrification structures and has a pale creamy colour in thin section. Individual pumice 

fragments have a sub-trachytic texture defined by the feldspar crystallites. Feldspar phenocrysts 

are also present. 

AB 155: 

The blocky sideromelane glass shards in this sample are heavily altered with large parts 

of the shards being replaced by calcite. Fibrous palagonite forms the rims of the vesicles, but 

occurs also along fractures and at the margin of the fragment. Abundant plagioclase phenocrysts 

are distinctive. 

AB34: 

This is another sample of fused pumice. Glass is heavily fractured. Unlike ABglass, in 

this sample individual shards are still recognisable. However the intensive fusing process has 

destroyed former vesicles or vesicles have been strongly sheared. Microliths in the sheared 

clasts are flow banded. 

AB 154: 

The sideromelane glass shards of this sample are distinctive by their dark yellow colour. 

Shards are more than 2 mm large. Vesicles are absent and shards appear to be more massive 

than the shards in other sample. Fractures are easily delineated by their dark brown colour 

caused by gel-palagonite. Microliths within the glass are unorientated and have a stubby form. 

Common are also plagioclase phenocrysts. 

AB 105: 

Glass shards from this sample are very similar to the previous one (AB 154) in being 

massive, blocky with a high amount of microliths and phenocrysts. However the creamy colour 

is quite different to the dark yellow colour of AB 154. This could be an effect of iron oxides. 
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AB 19/AB20/AB 51: 

The sideromelane glass shards are yellow to creamy in colour and commonly strongly 

vesiculated. The size of the vesicles varies but vesicles are generally round, slightly elongated or 

sheared. Fibrous palagonite occur at the rims of the vesicles, whereas gel-palagonite occurs at 

the margin of the shards. The grade of palagonitization is commonly quite high affecting the 

whole shards shown as fibrous palagonite. Gel-palagonite is shown as opaque patches. Fibrous 

palagonite also occurs at the margin of the shards penetrating into the shard generally at bubble 

wall structures. Microliths and phenocrysts of plagioclase are common, but they are 

unorientated. Occasionally there are also tiny blocky shards without or only few vesicles. 

AB 99-1: 

The glass shards of this sample are yellowish-brown in colour and generally not larger 

than 1 mm. They are blocky, slightly vesiculated and show a fractured surfaces. Palagonitization 

is extensive along fractures, rims of vesicles but locally affects the whole shard. 

AB23: 

Within this sample three different glass shards appear. The first group of shards are 

blocky with strongly fractured surface. They are up to 2 mm large and commonly contain 

abundant stubby microliths. Shards are non-vesiculated or slightly vesiculated with large 

vesicles. The second group with medium size (smaller than 1 mm) show well developed bubble 

wall structures and the third group of shards are small (smaller than 0.2 mm), blocky and non-

vesiculated. 

sanplenumbets kditie; romp;:sition 

AB105 LoveJ.S l.efp (chzp. 7) l:mit 

PI144 P~uiJnlct l:mit 

AB154 LoVeJ.S l.efp (chzp. 7) l:mit 

AB155 LoveJ.S l.efp (chzp. 7) J:mitic ax:fsite 

AB19 Allim Bea:h tmit c (chzp. 6) t!a:hy-lmilt 

AB20 Allim Bea:h tmit c (chzp. 6) l:mitic t!a:hy-arlsite 

AB23 Allim Bea:h tmit A1JB (chzp. 6) l:mit 

AB99 Allim Bea:h tmit c (chzp. 6) !:mit 

WR256 WelleJ.S Ra:k tmitLT (~8) t!a:hy-lmi!t 

AB 51 Allim Bea:h tmit A (chzp. 6) ln;mite 

AB34 AllmsBea:hfustrl{Ullice(~. 1) {imolite+ l:mit 

AB61 Allim Bea:hfi.JStrl{Ullice(~. 1) ax:fsite'pOOnolite? 

AB8 Allms Bea:h tmit C (chzp. 6) {imolite 
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ABPUM Allins Pea.h unit c (dl<p. 6) phcnolite 

ABgla;s AllinsPea.hiilsOOrmlire(w. 1) trn:hy-ml:siteJilonolite? 

ABlR2 Allins Pea.h unit B (dJ¥6) lmit 

BB93 Boolck Pea.h unit LT (dl<p. 7) tiahyte?ltm:hy-ml:site 

CS67 ~Sa.J11dlsunitH(dl<p. 6) lmnite'tephrite 

MCH221 Moont Chaies unit BLT (dl<p. 6) lmnite'tephrite 

PBR252 WelletS R<Xk unit LT (dJ¥8) trn:hy-l:malt 

PBR252-2 WelletS R<Xk unit LT (dJ¥8) lmit 

PI144b Plp:llui Jnlt:t lmit 

PI144 Plp:llui Jnlt:t lmit 

PI149 Plp:llui Inlt:t lmit 

Py188 Pym:nkt (dl<p. 8) trn:hy-ml:site 

1H168-2 TaamHerlunitB(dl<p. 8) lmit 

SFB115 S<lrlly Bey unit vr <w. 3) lmit 

SFB3 Sarlly Bey unit HB (W. 3) lmit 

SFB4 Sarlly Bey unit H (w. 3) lmit 
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PLATE 1 glass 

AB 105 PI 144c 

AB 23 AB 99 



Appendix 3 

WR256 

AB 34 

AB 8 

AB pum2 

Description of glass shards 

PLATE 2 glass 
SFB 115 

AB 61 

TH 168-2 

AB glass 

8 



Appendix 3 

AB LR2 

CS 67b 

MCH 22lb 

PI l44b 

Description of glass shards 

PLATE 3 glass 
BB 93 

PBR 252 

PBR 252 

PI 144 

9 



arith.mean 100% median 100% lio.reg. 100% 

~ 
ABx 104 

SIO, 57.04 51.04 65.05 51.04 65.05 57.04 65.05 

Al,O, 16.73 
16.73 19.08 16.73 19.08 16.73 19.08 

TIOJ 0.90 0.90 1.03 0.90 1.03 0.90 1.03 

FeO 7.42 
7.42 8.46 7.42 8.46 7.42 8.46 

MnO 0.12 0.12 0.13 0.12 0.13 0.12 0.13 

M gO 0.82 
0.82 0.93 0.82 0.93 0.82 0.93 

CaO 3.29 
3.29 3.75 3.29 3.75 3.29 3.75 

Na.O 0.09 
0.09 0.10 0.09 0.10 0.09 0.10 

K,O 1.29 
1.29 1.47 1.29 1.47 1.29 1.47 

Na.O+K.O 1.38 
1.38 1.51 1.38 1.57 1.38 1.57 

Total 87.69 87.69 100.00 87.69 100.00 87.69 100.00 

AB195/151 
SiO, 51.19 

51.19 51.99 51.19 51.99 51.19 51.98 

Al,O, 12.89 
12.89 13.09 12.89 13.09 12.89 13.09 

TI01 3.91 
3.91 3.97 3.91 3.97 3.91 3.97 

FeO 14.21 14.21 14.43 14.21 14.43 14.21 14.43 

MnO 0.22 0.22 0.22 0.22 0.22 0.22 0.22 

MgO 3.71 
3.71 3.77 3.71 3.77 3.71 3.77 

CaO 8.16 
8.16 8.28 8.16 8.28 8.16 8.28 

Na~o 2.42 2.42 2.46 2.42 2.46 2.42 2.45 

K,O 1.76 
1.76 1.79 1.76 1.79 1.76 1.79 

Na.O+K,O 0.02 
4.18 4.24 4.18 4.24 0.02 0.02 

Total 98.49 
98.47 100.00 98.47 100.00 98.49 99.97 

I~ ...... 
AB19/34 AB19/36 AB19137 AB19/ AB19/39 AB19/40 AB19/41 AB19/44 AB19/45 

(") 
>-; 

SIO, 47.81 48.66 45.94 47.94 44.23 44.67 44.61 48.61 48.49 46.77 47.90 47.81 48.20 45.02 45.02 0 
AI,O, 13.94 14.72 13.42 17.51 14.20 14.32 14.81 15.18 15.55 14.85 15.21 14.72 14.84 15.76 15.76 

TiO, 4.08 2.71 4.18 3.40 4.54 4.53 4.46 3.20 3.33 3.83 3.92 4.08 4.11 4.68 4.68 >-; 

FeO 13.19 13.41 13.54 10.32 13.54 13.63 13.18 12.37 12.20 12.82 13.13 13.19 13.30 12.05 12.05 0 

MnO 0.18 0.15 0.11 0.20 0.17 0.15 0.14 0.20 0.16 0.16 0.17 0.16 0.16 0.22 0.22 er 
M gO 4.43 3.56 4.15 3.13 5.16 5.28 4.85 3.72 3.47 4.19 4.30 4.15 4.18 5.17 5.17 (D 

cao 9.65 7.84 9.74 10.49 11.38 11.32 10.23 8.15 7.74 9.62 9.85 9.74 9.82 13.11 13.11 >-; 

Na,O 3.51 4.07 3.94 3.86 3.79 3.47 3.83 4.35 3.82 3.85 3.94 3.83 3.86 l.39 3.39 ~ 
K.O 1.39 1.97 1.82 1.52 1.22 1.02 1.15 1.84 2.06 1.55 1.59 1.52 1.53 0.60 0.59 

Na,O+K.O 
5.40 5.53 5.35 5.39 3.99 3.99 0... 

Total 98.18 97.09 96.83 98.37 98.19 98.39 97.25 97.60 96.81 97.64 100.00 99.20 100.00 100.Ql 100.00 
~ 
~ 

AB20/49 AB20/50 AB20/51 AB20/52 AB20/53 AB20155 AB20/56 

SiO, 48.44 46.24 45.87 44.72 45.02 44.92 44.88 45.73 47.09 45.02 46.38 38.78 38.76 

Al,O, 14.46 14.76 13.67 13.65 13.40 13.85 13.90 13.96 14.37 13.85 14.27 13.17 13.16 

TI01 2.77 3.65 4.65 4.99 4.79 5.01 5.03 4.41 4.54 4.79 4.93 8.48 8.48 

FeO 13.01 12.92 13.19 13.68 13.53 13.79 13.69 13.40 13.80 13.53 13.94 14.60 14.59 

MnO 0.19 0.19 0.13 0.15 0.18 0.21 0.12 0.17 0.17 0.18 0.19 0.10 0.10 

M gO 3.60 4.39 4.09 4.32 4.19 4.29 4.41 4.18 4.31 4.29 4.42 5.83 5.82 

cao 7.68 9.32 9.46 10.27 9.64 10.08 10.28 9.53 9.82 9.64 9.93 14.59 14.58 

Na.O 4.03 4.13 4.03 3.95 4.15 3.83 3.88 4.00 4.12 4.03 4.15 3.75 3.75 

K,O 2.02 1.80 2.00 1.74 1.66 1.43 1.45 1.73 1.78 1.74 1.79 0.75 0.75 

Na.O+K.O 
5.73 5.90 5.77 5.94 4.50 4.50 

Total 96.21 97.41 97.10 97.48 97.10 97.40 97.63 97.11 100.00 97.07 100.00 100.05 100.00 

--



-N 



arith.mean 

ABglassl260 
SiO, 59.31 59.31 

Al,O, 21.27 21.27 

110~ 0.06 0.06 

FeO 5.68 5.68 

MnO 0.30 0.30 

M gO 0.03 0.03 

CaO 0.84 0.84 

Na10 1.98 1.98 

K,O 5.25 5.25 

Na,O+K,O -- 7.23 

Total 94.72 94.72 

Py184/262 Py184/263 Py184/273 
SiO, 56.21 53.71 58.31 56.08 

Al,O, 15.07 15.00 15.54 15.20 

110, 0.62 0.67 0.68 0.66 

FeO 5.87 6.01 6.68 6.18 

MnO 0.11 0.26 0.15 0.17 

M gO 0.50 0.43 0.54 0.49 

CaO 2.37 2.73 2.70 2.60 

Na,O 0.46 0.72 0.85 0.68 

K,O 3.07 2.89 3.84 3.27 

Na,O+K,O -- -- -- 3.94 

Total 84.28 82.41 89.29 85.32 

TII168·11265 
SiO, 54.27 54.27 

AI,O, 20.61 20.61 

1101 0.87 0.87 

FeO 9.85 9.85 

MnO 0.07 0.07 

M gO 1.76 1.76 

CaO 0.88 0.88 

Na~O 1.95 1.95 

K,O 2.36 2.36 

Na,O+K,O -- 4.32 

Total 92.63 92.63 

BB93/266 BB93 
SiO, 53.77 62.29 58,03 

AI,O, 19.16 19.92 19.54 

TiO, 0.06 0.08 0.07 

FeO 0.32 0.34 0.33 

MnO 0.05 0.00 0.02 

M gO 0.00 0.05 0.03 

CaO 2.49 1.89 2.19 

Na,O 7.03 5.99 6.51 

K,O 3.87 5.12 4.49 

Na,O+K,(J -- 11.00 

Total 86.76 95.68 91.22 

100% median 100% 

62.61 59.31 62.61 
22.46 21.27 22.46 
0.06 0.06 0.06 
6.00 5.68 6.00 
0.32 0.30 0.32 
0.03 0.03 0.03 
0.88 0.84 0.88 
2.09 1.98 2.09 
5.54 5.25 5.54 
7.64 7.23 7.64 

100.00 94.72 100.00 

65.72 56.21 66.06 
17.82 15.07 17.71 
0.77 0.67 0.79 
7.25 6.01 7.06 
0.20 0.15 0.18 
0.57 0.50 0.59 
3.05 2.70 3.17 
0.79 0.72 0.84 
3.83 3.07 3.61 
4.62 3.78 4.45 

100.00 85.10 100.00 

58.58 54.27 58.58 
22.25 20.61 22.25 
0.94 0.87 0.94 
10.63 9.85 10.63 
0.08 0.07 0.08 
1.90 1.76 1.90 
0.95 0.88 0.95 
2.11 1.95 2.11 
2.55 2.36 2.55 
4.66 4.32 4.66 

100.00 92.63 100.00 

63.62 58.03 63.62 
21.42 19.54 21.42 
0.08 0.07 0.08 
0.36 0.33 0.36 
0.03 0.02 0.03 
0.03 0.03 0.03 
2.40 2.19 2.40 
7.14 6.51 7.14 
4.93 4.49 4.93 
12.06 11.00 12.06 
100.00 91.22 100.00 

lin.reg. 

59.31 
21.27 
0.06 
5.68 
0.30 
0.03 
0.84 
1.98 
5.25 
7.23 
94.72 

65.12 
16.40 
0.70 
7.82 
0.02 
0.69 
2.75 
1.15 
5.34 
6.48 

100.00 

54.27 
20.61 
0.87 
9.85 
0,07 
1.76 
0.88 
1.95 
2.36 
4.32 

92.63 

66.41 
20.29 
0.09 
0.35 
-0.02 
0.07 
1.60 
5.49 
5.73 
11.21 
100.00 

100% 

62.61 
22.46 
0.06 
6.00 
0.32 
0.03 
0.88 
2.09 
5.54 
7.63 

100.00 

65.12 
16.40 
0.70 
7.82 
0.02 
0.69 
2.75 
1.15 
5.34 
6.48 

100.00 

58.58 
22.25 
0.94 
10.63 
0.08 
1.90 
0.95 
2.11 
2.55 
4.66 
99.99 

66.41 
20.29 
0.09 
0.35 
-0.02 
0,07 
1.60 
5.49 
5.73 
11.21 
100.00 

1>-
(D 
~ 
0.. ...... 
>< 
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() 
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0 
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arilh.mean 100% median 100% lin.reg. 100% I> 
CS671267 CS61f26& 

SIO, 43.71 44.26 43.98 47.57 43.98 47.57 49.75 49.76 

Al,O, 13.08 13.44 13.26 14.34 13.26 14.34 17.05 17.05 (1) 

TiO, 4.34 4.20 4.27 4.61 4.27 4.61 2.79 2.79 1:::1 
FeO 12.89 12.50 12.70 13.73 12.70 13.73 8.57 8.57 0.. 
MDO 0.16 0.06 0.11 0.12 0.11 0.12 ..0.89 -0.89 -· 
M gO 3.76 3.6& 3.72 4.02 3.72 4.02 2.78 2.78 >< 
c.o 8.39 8.94 8.67 9.37 8.67 9.37 14.47 14.47 w 
Na,O 3.73 3.84 3.78 4.09 3.78 4.09 4.91 4.91 

K,O 2.05 1.91 198 2.14 1.98 2.14 0.56 0.56 

Na.O+K,O -- -- 5.77 6.23 5.77 6.23 5.47 5.47 

Total 92.12 92.83 92.47 100.00 92.47 100.00 100.00 100.00 

MC!!248f269 MC!!248f270 MC!!248f271 
SIO, 43.04 45.76 47.87 45.56 48.34 45.76 48.32 63.58 63.58 

Al,O, 14.19 13.32 15.02 14.18 15.04 14.19 14.99 23.33 23.33 

no. 4.44 3.99 2.91 3.78 4.01 3.99 4.22 ·3.77 -3.77 

FeO 12.33 12.95 12.20 12.49 13.26 12.33 13.02 8.85 8.86 

MllO 0.16 0.16 0.26 0.19 0.20 0.16 0.17 0.82 0.82 

M gO 4.71 4.07 3.25 4.01 4.26 4.07 4.30 -2.25 -2.25 

c.o 10.61 9.03 7.53 9.06 9.61 9.03 9.54 -3.14 -3.14 

Nalo 3.48 2.86 4.05 3.46 3.67 3.48 3.67 9.80 9.80 

K.O 1.11 1.68 1.72 1.51 1.60 1.68 1.78 2.78 2.78 

Na.O+K,O -- -- -- 4.97 5.27 5.16 5.45 12.58 12.58 

Total 94.07 93.82 94.81 94.23 100.00 94.70 100.00 100.00 100.00 

·~ -· Til167fl74 Til167f288 Til167fl90 Til167fl91 () 

SIO, 54.69 55.06 52.19 54.51 54.11 56.95 54.60 58.13 55.26 55.26 >-1 

Al,O, 22.21 21.05 22.65 21.41 21.83 22.98 21.81 23.22 21.76 21.76 0 

nol 1.50 0.31 0.26 0.50 0.64 0.6& 0.41 0.43 1.39 1.39 >-1 
FeO 7.12 1.42 1.01 1.82 2.84 2.99 1.62 1.73 6.48 6.48 0 
MllO 0.02 0.00 0.00 0.03 0.01 0.01 0.01 0.01 0.03 0.03 cr' 
M gO 0.55 0.09 0.08 1.29 0.50 0.53 0.32 0.34 0.83 0.83 (1) 

CaO 6.22 7.40 8.16 8.83 7.6S 8.05 7.78 8.28 6.63 6.63 >-1 

Na.O 6.50 7.04 6.29 5.99 6.45 6.79 6.39 6.81 6.45 6.45 ~ 

K.O 1.01 1.40 0.47 0.95 0.96 1.01 0.98 1.05 1.16 1.16 ~ 
Na,O+K,O -- -- -- -- 7.41 7.80 7.38 7.86 7.61 7.61 

Total 99.82 93.78 91.12 95.33 95.01 100.00 93.92 100.00 100.00 100.00 0.. 
~ 
~ 

PBR256-If275 PBR265-lf276 PBR256-If277 PBR256-If278 PBR256-If279 
Si01 49.32 52.08 51.74 49.94 49.39 50.49 52.06 49.94 51.44 59.48 59.49 

AJ,O, 13.93 14.45 14.00 13.43 13.27 13.82 14.24 13.93 14.35 17.08 17.08 

no, 3.38 2.73 2.92 3.54 3.57 3.23 3.32 3.38 3.48 0.52 0.52 

FeO 13.16 12.65 12.80 13.24 13.46 13.06 13.47 13.16 13.56 10.73 10.73 

MllO 0.17 0.15 0.18 0.14 0.17 0.16 0.17 0.17 0.17 0.12 0.12 

M gO 3.33 2.91 2.90 3.38 3.57 3.22 3.32 3.33 3.43 1.27 1.27 

c.o 7.86 7.33 7.08 7.95 8.10 7.66 7.90 7.86 8.10 5.19 5.19 

Nalo 3.69 3.21 3.25 3.15 3.24 3.31 3.41 3.24 3.34 2.85 2.85 

K,O 1.96 2.14 2.20 2.06 1.90 2.05 2.12 2.06 2.13 2.74 2.74 

Na,O+K,O -- -- ·-- -- -- 5.36 5.53 5.30 5.46 5.60 5.60 

Total 96.81 97.64 97.08 96.83 96.66 97.00 100.00 97.07 100.00 100.00 100.00 

......... 
+::-



PBR2521281 PBR2521282 PBR2521283 PBR2521284 PBR2521285 
SiO, 51.98 47.64 48.13 51.45 52.12 
AJ,O, 13.36 13.07 13.63 14.52 13.71 
TIC, 2.74 3.81 3.96 2.83 2.67 
FeO 12.56 13.16 13.03 12.58 12.81 
MnO 0.23 0.21 0.20 0.17 0.17 
M gO 3.00 3.58 3.49 3.04 2.92 
CaO 7.05 8.53 8.73 6.88 6.92 
Na,O 3.28 3.76 4.25 3.64 3.33 
K,O 2.10 1.82 1.84 2.13 2.17 
Na,O+K,O -- -- -- -- --
ToW 96.32 95.59 97.26 97.25 96.82 

Pl144b/199 P1144b/200 Pl144bl203 Pl144bl205 Pl144bl206 
SiC, 47.62 46.21 46.21 48.13 45.81 
AJ,O, 14.63 13.75 14.90 16.03 14.75 
no, 4.42 3.87 4.29 3.90 4.26 
FeO 13.05 13.28 12.95 12.13 13.01 
MaO 0.19 0.21 0.12 0.11 0.16 
M gO 4.32 4.59 4.84 3.75 4.74 
CaO 9.01 9.88 10.66 8.70 10.85 
Na,O 2.29 2.08 2.44 2.10 2.31 
K,O 1.58 1.25 1.34 2.00 1.35 
Na,O+K,O -- -- -- -- --
ToW 97.12 95.13 97.76 96.85 97.25 

MCH219 MCH219 MCH219 MCH219 MCH219 
SIO, 45.73 47.13 47.37 45.28 47.57 
AI,O, 14.58 14.39 15.12 14.11 14.93 
no. 3.99 3.72 3.09 4.55 4.06 
FeO 12.49 10.93 12.44 14.14 12.36 
MaO 0.12 0.17 0.11 0.29 0.28 
M gO 4.05 3.39 5.31 4.35 4.22 
cao 9.23 7.81 11.19 10.59 8.56 
Na,O 3.69 1.79 3.19 3.25 3.43 
K.O 1.67 2.20 0.86 1.52 1.68 
Na,O+K,O 
ToW 95.54 91.53 98.68 98.07 97.09 

AB1051144 AB1051145 AB105/146 AB105/147 AB1051150 
SiO, 51.04 50.56 51.17 50.71 51.05 
A1,0, 12.70 12.80 12.78 12.78 12.84 
no, 3.69 3.82 3.97 3.92 3.83 
FeO 13.92 14.03 13.48 13.11 13.76 
MaO 0.15 0.21 0.16 0.23 0.14 
MgO 3.54 3.50 3.75 3.68 3.55 
cao 8.30 8.25 8.21 8.49 8.34 
Na,O 2.21 2.22 2.26 2.26 2.30 
K,O 1.64 1.85 1.94 1.90 2.06 
Na,O+K,O -- -- -- -- --
ToW 97.18 97.25 97.71 97.09 97.86 

arith.mean 100% 
PBR2521286 

47.95 49.88 51.46 
13.75 13.67 14.10 
4.26 3.38 3.49 
13.74 12.98 13.39 
0.18 0.19 0.20 
3.64 3.28 3.38 
9.08 7.86 8.11 
3.84 3.68 3,80 
1.98 2.01 2.07 
-- 5.69 5.87 
98.42 96.94 100.00 

Pl144bl296 Pl144bl297 Pll44bl298 
47.96 47.99 48.04 47.25 48.54 
13.79 13.43 13.42 14.34 14.73 
3.29 3.14 3.32 3.81 3.92 
13.18 12.99 12.75 12.92 13.27 
0.16 0.09 0.18 0.15 0.16 
5.32 5.28 5.28 4.76 4.89 
10.88 10.83 10.60 10.18 10.45 
3.37 3.15 3.41 2.64 2.72 
0.93 0.93 0.93 1.29 1.32 
-- -- -- 3.93 4.04 
98.89 97.82 97.94 97.34 100.00 

46.62 48.46 
14.63 15.21 
3.88 4.04 
12.47 12.97 
0.19 0.20 
4.26 4.43 
9.48 9.85 
3.07 3.19 
1.59 1.65 
4.66 4.84 

96.19 100.00 

AB1051151 AB105/152 
51.19 51.03 50.96 52.20 
12.89 13.01 12.83 13.14 
3.91 3.89 3.86 3.96 
14.21 13.72 13.75 14.08 
0.22 0.24 0.19 0.20 
3.71 3.71 3.63 3.72 
8.16 8.29 8.29 8.49 
2.42 2.22 2.27 2.33 
1.76 1.79 1.85 1.89 
-- --- 4.12 4.22 
98.49 97.90 97.63 100.00 

median 100% 

49.79 51.50 
13.67 14.13 
3.32 3.44 
12.92 13.37 
0.19 0.19 
3.26 3.37 
7.79 8.06 
3.70 3.83 
2.04 2.11 
5.74 5.94 
96.68 100.00 

47.79 48.70 
14.21 14.48 
3.89 3.96 
13.00 13.24 
0.16 0.16 
4.79 4.88 
10.63 10.83 
2.38 2.42 
1.30 1.32 
3.67 3.74 

98.14 100.00 

47.13 48.75 
14.58 15.08 
3.99 4.13 
12.44 12.87 
0.17 0.18 
4.22 4.36 
9.23 9.55 
3.25 3.36 
1.67 1.73 
4.92 5.09 

96.68 100.00 

51.04 52.20 
12.80 13.09 
3.89 3.98 
13.76 14.07 
0.21 0.21 
3.68 3.77 
8.29 8.48 
2.26 2.31 
1.85 1.89 
4.11 4.21 

97.77 100.00 

lin.reg. 

48.88 
14.57 
4.19 
13.69 
0.14 
3.50 
8.87 
4.07 
2.08 
6.15 

100.00 

48.33 
13.95 
3.32 
12.89 
0.11 
5.54 
11.26 
3.71 
0.89 
4.59 

99.99 

46.43 
14.82 
3.90 
13.66 
0.22 
5.07 
11.05 
3.83 
1.03 
4.86 

IOO.Ql 

51.76 
13.13 
4.04 
14.57 
0.21 
3.86 
7.96 
2.54 
1.90 
4.43 

99.96 

lOO% 

48.88 
14.57 
4.19 
13.69 
0.14 
3.50 
8.87 
4.07 
2.08 
6.16 

100.00 

48.33 
13.95 
3.32 
12.89 
0.11 
5.54 
11.26 
3.71 
0.89 
4.59 

100.00 

46.43 
14.82 
3.90 
13.65 
0.22 
5.07 
11.05 
3.83 
1.03 
4.86 

100.00 

51.78 
13.14 
4.04 
14.58 
0.21 
3.86 
7.97 
2.54 
1.90 
4.43 

100.00 
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arith.mean 100% median 100% tin. re g. 100% I> 
AB99-2/156 AB99-2/157 AB99-2/158 AB99-21159 AB99-21160 

Si(), 46.80 46.94 46.41 46.15 46.47 46.55 47.73 46.47 47.40 46.37 46.37 

A1,0, 15.04 15.35 14.96 14.92 13.66 14.78 15.16 14.96 15.26 16.21 16.22 (D 

TIOI 4.20 4.15 4.18 4.06 4.08 4.13 4.24 4.15 4.23 4.16 4.16 ::I 
FeO 12.79 13.07 13.25 13.31 13.39 13.16 13.49 13.25 13.52 13.31 13.31 0... 
MnO 0.22 0.19 0.20 0.22 0.17 0.20 0.20 0.20 0.21 0.21 0.21 ....... 
M gO 4.16 4.17 4.53 4.47 4.43 4.35 4.46 4.43 4.52 4.55 4.55 ;.< 

CaO 9.23 9.15 10.01 10.03 9.95 9.67 9.92 9.95 10.15 9.94 9.94 w 
Na,O 2.71 2.79 2.90 2.93 2.87 2.84 2.91 2.87 2.92 2.98 2.98 

K,O 1.76 2.10 1.96 1.68 1.67 1.83 1.88 1.76 1.79 2.26 2.26 

Na.O+K.O -- -- -- -- -- 4.67 4.79 4.62 4.72 5.24 5.24 

Total 96.90 97.91 98.39 97.76 96.69 97.53 100.00 98.03 100.00 99.99 100.00 

Pll44/162 Pn44n63 Pll44/164 Pll44n65 Pll44/167 
SiO, 48.00 48.72 49.87 48.73 48.39. 48.74 50.49 48.72 50.39 48.85 48.83 

A1,0, 14.26 14.26 15.61 14.46 14.69. 14.65 15.18 14.46 14.95 16.26 16.25 

TI01 4.09 4.56 2.91 4.01 4.04 3.92 4.06 4.04 4.18 2.08 2.08 

FeO 13.36 12.80 12.76 13.67 12.82 13.08 13.55 12.82 13.26 12.27 12.27 

MnO 0.30 0.21 0.18 0.23 0.18 0.22 0.23 0.21 0.22 0.17 0.17 

MgO 3.72 3.46 3.25 3.56 3.51 3.50 3.63 3.51 3.63 3.41 3.41 

CaO 8.70 8.30 7.57 8.52 8.62 8.34 8.64 8.52 8.82 8.10 8.09 

Na,O 2.57 1.72 2.54 0.90 2.77 2.10 2.17 2.54 2.63 6.02 6.02 

K,O 1.83 1.76 2.26 1.86 2.14 1.97 2.04 1.86 1.93 2.88 2.88 

Na.O+K,O -- -- -- -- -- 4.07 4.22 4.40 4.56 8.90 8.90 

Total 96.82 95.81 96.94 95.95 97.17 96.53 100.00 96.68 100.00 100.03 100.00 
I~ 

....... 
SFB107/169. SFB107/168 SFB107/170 

() 

Si(), 51.30 49.61 48.15 49.68 57.38 49.61 58.96 43.22 43.22 >-; 

AJ,O, 15.14 16.86 12.87 14:96 17.28 15.14 17.99 8.84 8.84 0 

TIO, 3.01 0.28 0.07 1.12 1.29 0.28 0.33 -4.34 -4.34 >-; 

FeO 7.97 11.58 19.94 13.16 15.20 11.58 13.76 39.09 39.08 0 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 cr' 
M gO 4.14 5.09 6.18 5.14 5.93 5.09 6.05 9.38 9.38 (!> 

cao 1.65 1.79 2.04 1.83 2.11 1.79 2.13 2.67 2.67 >-; 

Na,O 0.08 0.07 0.16 0.10 0.12 0.08 0.09 0.29 0.29 ~ 

K,O 0.58 0.53 0.68 0.60 0.69 0.58 0.69 0.84 0.84 ::8 
Na,O+K,O -- -- -- 0.70 0.81 0.66 0.78 1.14 1.14 

0... 
Total 83.87 85.85 90.08 86.58 100.00 84.13 100.00 100.Ql 100.00 

!a 
~ 

AB154/171 AB154/172 AB154/175 AB154/176 AB154/177 AB1541178 AB1541179 AB154/180 

SiOI 51.52 52.28 50.04 51.43 51.36 51.82 52.03 51.65 51.52 53.29 51.58 53.04 52.18 52.18 

AJ,O, 11.21 12.59 12.26 12.83 12.79 12.96 12.69 12.80 12.52 12.95 12.74 13.10 13.63 13.63 

no, 3.86 3.93 3.83 3.87 3.97 4.01 3.99 3.92 3.92 4.06 3.92 4.04 4.02 4.02 

FeO 14.62 13.33 13.21 13.86 14.25 13.25 13.09 13.86 13.68 14.16 13.59 13.98 13.69 13.69 

MnO 0.24 0.17 0.18 0.21 0.20 0.19 0.19 0.17' 0.19 0.20 0.19 0.19 0.18 0.18 

M gO 3.59 3.47 3.44 3.64 3.54 3.60 3.47 3.61 3.54 3.67 3.57 3.67 3.64 3.64 

cao 8.08 7.95 8.24 8.41 8.23 8.25 8.34 8.38 8.23 8.52 8.25 8.48 8.49 8.49 

Na,O 0.75 0.97 1.87 1.83 1.84 1.56 1.75 1.78 1.54 1.60 1.76 1.81 2.18 2.18 

K.O 0.98 1.11 1.69 1.73 1.64 1.61 1.65 1.73 1.52 1.57 .1.64 1.69 1.99 1.99 

Na,O+K.O -- -- -- -- -- -- -- -- 3.06 3.16 3.41 3.50 4.17 4.17 

Total 94.85 95.19 94.75 97.80 97.82 97.24 97.20 97.89 96.66 100.00 97.25 100.00 100.00 100.00 

......... 
0\ 



arith.mean 100% median 100% lin.reg. 100% I> AB155n81 
SiO, 55.94 SS.94 S6.19 55.94 56.19 55.94 56.19 

AI,OJ 26.43 26.43 26.55 26.43 26.55 26.43 26.S5 (!) 
nol 0.19 0.19 0.19 0.19 0.19 0.19 0.19 1::1 
FeO 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.. 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ....... 
M gO 0.10 0.10 0.10 0.10 0.10 0.10 0.10 ;>< 
CaO 10.n 10.77 10.82 10.77 10.82 10.77 10.82 (j.) 
Na,O 5.08 5.08 5.10 5.08 5.10 5.08 5.10 

K,O 0.44 0.44 0.44 0.44 0.44 0.44 0.44 
Na,O+K,O -- S.S2 S.54 5.52 5.54 5.S2 S.54 

Total 99.56 99.56 100.00 99.56 100.00 99.S6 100.00 

AB156/182 AB156/183 AB1S6n8S AB1S6/186 AB1S6n87 AB1S6/188 AB1S6/189 AB156/190 
SiO, S2.23 Sl.88 49.42 49.41 SJ.1S 49.59 52.55 49.83 50.83 52.40 50.79 52.33 53.28 53.28 
A1,0, 12.98 12.97 11.76 13.00 12.85 12.88 13.32 12.97 12.84 13.24 12.97 13.36 13.62 13.62 
no, 3.89 4.05 3.96 4.08 4.01 4.13 3.88 4.05 4.01 4.13 4.03 4.15 3.93 3.94 

FeO 13.75 13.50 13.54 13.65 13.58 14.37 13.81 14.19 13.80 14.22 13.70 14.11 13.84 13.84 

MnO 0.18 0.19 0.19 0.26 0.16 0.18 0.18 0.18 0.19 0.20 0.18 0.19 0.16 0.16 

M gO 3.62 3.49 3.64 3.55 3.58 3.46 3.80 3.68 3.60 3.71 3.60 3.71 3.68 3.68 

CaO 8.39 8.43 8.45 8.30 8.18 8.21 8.32 8.25 8.32 8.S7 8.31 8.56 8.27 8.27 

Na.O 1.09 1.62 1.82 1.81 1.95 1.94 1.61 2.23 1.76 1.81 1.82 1.87 !.SS !.SS 

K.O 1.64 1.59 1.58 1.69 1.70 1.74 1.64 1.72 1.66 1.71 1.66 1.71 1.68 1.68 

Na,O+K.O -- -- -- -- -- -- -- -- 3.42 3.S2 3.48 3.58 3.22 3.22 

Total 97.77 97.72 94.36 95.76 97.76 96.S1 99.10 97.10 97.01 100.00 97.06 100.00 100.00 100.00 

'S: ....... 
PB1311191 PB1311193 PB1311195 (") 

SiO, 52.12 48.44 51.99 S0.85 SS.33 51.99 S6.61 65.70 65.71 a AI,O, 12.07 19.93 10.36 14.12 15.37 12.07 13.16 ·23.SS ·23.56 
TJO, 0.39 2.47 0.18 1.01 1.10 0.39 0.43 -8.23 -1!.24 

FeO 20.89 13.95 23.80 19.SS 21.27 20.89 22.77 57.01 57.01 >-! 
0 

MnO 0.03 0.05 0.05 0.04 0.04 o.os o.os 0.02 0.02 cr' 
M gO 2.67 2.60 2.41 2.S6 2.78 2.60 2.83 2.05 2.0S (!) 
CaO 1.27 0.9S 0.87 1.03 1.12 0.95 1.03 1.16 1.16 >-! 
Na.O 0.07 0.10 0.04 0.07 0.08 0.07 0.08 .0.13 .0.13 P' 
K,O 2.74 2.20 3.09 2.68 2.91 2.74 2.98 S.91 S.97 :E 
Na,O+K,O -- -- -- 2.1S 2.99 2.81 3.06 S.84 5.84 

Total 92.25 90.69 92.80 91.91 100.00 91.1S 100.00 99.99 100.00 0.. 
~ 
P' 

Pll40/198 
SiO, 50.19 50.19 54.90 50.19 54.90 50.19 54.89 
Al,O, 20.78 20.78 22.73 20.78 22.73 20.78 22.73 
no, 3.49 3.49 3.82 3.49 3.82 3.49 3.82 

FeO 6.22 6.22 6.80 6.22 6.80 6.22 6.80 

MnO 0.07 0.07 0.07 0.07 0.07 ' 0.07 0.07 

M gO 8.28 8.28 9.06 8.28 9.06 8.28 9.06 

CaO 1.08 1.08 1.18 1.08 1.18 1.08 LIS 

Na,O o.os 0.05 0.05 o.os o.os o.os o.os 
K,O 1.27 1.27 1.39 1.27 1.39 1.27 1.39 
Na,O+K,O -- 1.32 1.44 1.32 1.44 1.32 1.44 

Total 91.43 91.42 100.00 91.42 100.00 91.43 99.99 

....... 
-....l 



Pl144a/209 P1144al210 Pl144a/213 Pl144a/214 Pl144al215 
SiO, 51.33 51.27 54.74 52.16 57.32 
AI,O, 16.25 16.37 15.71 16.98 22.06 
TI01 2.32 2.34 1.71 1.98 0.48 
FeO 11.11 11.89 11.43 10.90 0.08 
MnO 0.22 0.17 0.29 0.22 0.00 
M gO 2.87 2.91 1.78 2.20 0.04 
CaO 7.02 7.00 5.36 6.06 0.20 
Na,O 1.26 1.45 0.37 0.70 12.32 
K.O 2.28 2.26 1.05 2.12 0.12 
Na,O+K.O -- -- -- -- --
Total 94.67 95.68 92.45 93.33 92.62 

Pl149/224 P1149/225 
SiO, 42.37 45.23 
A1,0, 12.23 12.95 
TIO, 7.46 0.00 
FeO 12.30 7.23 
MnO 0.03 0.00 
M gO 7.89 8.97 
CaO 0.89 1.44 
Na.O 0.06 0.00 
K,O 1.50 0.99 
Na,O+K,O -- --
Total 84.72 76.81 

AB341225 AB341226 AB341227 AB341228 AB341229 
SiO, 65.19 65.03 64.67 65.22 64.50 
AI,O, 17.98 17.93 17.70 17.35 17.70 
no~ 0.97 1.04 0.95 0.92 0.94 
FeO 7.35 7.35 7.53 7.66 7.85 
MnO 0.16 0.19 0.17 0.16 0.09 
M gO 1.02 1.04 1.00 1.03 0.97 
CaO 3.61 3.40 3.68 3.49 3.58 
Na,O 0.61 0.66 0.70 0.60 0.61 
K,O 2.69 3.35 3.11 3.03 3.08 
Na,O+K,O -- -- -- -- --
Total 99.57 100.00 99.51 99.46 99.32 

AB611233 AB611234 AB611235 AB611236 AB61/237 
SiOI 62.42 61.41 64.24 62.81 59.85 
AI,O, 17.91 17.48 18.21 17.91 17.81 
no~ 1.36 1.59 1.66 1.58 1.66 
FeO 5.62 4.35 4.29 4.64 4.70 
MnO 0.05 0.10 0.08 0.03 0.10 
M gO 0.94 0.91 1.07 1.17 1.08 
CaO 4.25 2.50 3.13 3.26 3.09 
Na10 1.83 3.76 1.94 2.23 5.11 
K,O 1.54 2.71 3.51 3.98 2.57 
Na,O+K,O -- -- -- -- --
Total 95.92 94.80 98.14 97.62 95.97 

arith.mean 100% median 

53.36 56.92 52.16 
17.47 18.64 16.37 
1.77 1.88 1.98 
9.08 9.69 11.11 
0.18 0.19 0.22 
1.96 2.09 2.20 
5.13 5.47 6.06 
3.22 3.44 1.26 
1.57 1.67 2.12 
4.79 5.11 3.38 

93.75 100.00 93.49 

43.80 54.23 43.80 
12.59 15.59 12.59 
3.73 4.62 3.73 
9.76 12.09 9.76 
0.02 0.02 0.02 
8.43 10.43 8.43 
1.17 1.45 1.17 
0.03 0.03 0.03 
1.25 !.54 1.25 
1.27 1.58 1.27 

80.76 100.00 80.76 

AB341230 AB341232 
64.15 64.72 64.78 65.15 64.72 
17.84 17.65 17.74 17.84 17.70 
0.96 0.96 0.96 0.97 0.96 
7.22 7.43 7.48 7.53 7.43 
0.18 0.16 0.16 0.16 0.16 
1.10 !.07 1.03 1.04 1.03 
3.45 3.59 3.54 3.56 3.58 
0.59 0.60 0.62 0.63 0.61 
3.31 3.26 3.12 3.14 3.11 

-- -- 3.74 3.76 3.71 
98.82 99.43 99.44 100.00 99.29 

AB61/239 
59.55 61.71 64.15 61.91 
17.48 17.80 18.50 17.86 
1.72 1.59 1.66 1.62 
5.36 4.83 5.02 4.67 
0.06 O.o? 0.07 O.o? 
1.17 1.06 1.10 1.07 
1.57 2.97 3.08 3.11 
2.30 2.86 2.97 2.26 
5.55 3.31 3.44 3.11 

-- 6.17 6.41 5.37 
94.77 96.20 100.00 95.69 

100% lin.reg. 

55.79 43.91 
17.51 12.65 
2.12 4.24 
11.89 20.15 
0.24 0.24 
2.35 6.00 
6.49 13.43 
1.35 -5.49 
2.27 4.86 
3.62 -0,63 

100.00 99.99 

54.23 36.85 
15.59 10.84 
4.62 21.84 
12.09 22.08 
0.02 0.09 
10.43 5.80 
1.45 -0.17 
0.03 0.16 
1.54 2.49 
1.58 2.66 

100.00 100.00 

65.18 65.25 
17.83 17.79 
0.96 1.00 
7.49 7.51 
0.16 0.17 
1.04 1.00 
3.61 3.54 
0.61 0.66 
3.13 3.08 
3.74 3.74 

100.00 100.00 

64.70 65.62 
18.66 18.50 
1.69 1.60 
4.88 4.22 
0.07 0.04 
1.12 1.15 
3.25 4.12 
2.36 1.57 
3.25 3.17 
5.61 4.74 

100.00 99.99 

lOO% 

43.91 
12.65 
4.24 

20.15 
0.24 
6.00 
13.43 
-5.49 
4.87 
-0.63 
100.00 

36.85 
10.84 
21.84 
22.08 
0.09 
5.80 
-0.17 
0.16 
2.49 
2.66 

100.00 

65.25 
17.79 
1.00 
7.51 
0.17 
1.00 
3.54 
0.66 
3.08 
3.74 

100.00 

65.63 
18.50 
1.60 
4.22 
0.04 
1.15 
4.12 
!.57 
3.17 
4.74 

100.00 

I> 
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arith.mean 
SFB115-358 SFB115-359 SFB115-360 

Si(), 47.02 42.39 43.84 44.41 
Al,O, 19.44 13.65 13.90 15.66 
110, 2.95 4.28 4.38 3.87 
FeO 9.65 13.58 13.41 12.21 

MnO 0.07 0.19 0.21 0.16 
MgO 3.32 4.32 4.54 4.06 

CaO 11.24 10.26 10.29 10.60 
Na,O 3.33 3.42 3.59 3.45 
K,O 0.95 1.46 !.54 1.32 
Na,O+K,O -- -- -- 4.76 
Tollll 97.96 9356 95.71 95.74 

MCH221-362 MCH221-363 MCH221-364 MCH221-365 
Si(), 43.04 50.11 43.50 42.13 44.69 
AI,O, 13.60 14.60 14.11 13.97 14.07 
no, 4.01 3.44 4.32 3.64 3.85 
FeO 12.92 1156 12.95 11.62 12.26 
MnO 0.16 0.28 0.14 0.15 0.18 
M gO 4.78 3.29 5.04 6.00 4.78 
CaO 10.02 6.83 10.35 10.72 9.48 
Na,O 3.49 3.92 3.45 3.08 3.49 
K,O 1.44 2.41 I.l7 0.82 1.46 
Na,O+K,O -- -- -- -- 4.95 
TOilll 93.46 96.44 95.04 92.12 94.26 

100% median 100% 

46.39 43.84 46.09 
16.36 13.90 14.62 
4.04 4.28 4.50 
12.76 13.41 14.10 
0.16 0.19 0.20 
4.24 4.32 4.54 
11.07 10.29 10.82 
3.60 3.42 3.60 
1.38 1.46 1.53 
4.98 4.88 5.13 

100.00 95.10 100.00 

47.41 43.27 46.31 
14.93 14.04 15.03 
4.09 3.82 4.09 
13.01 12.27 13.13 
0.19 0.15 0.16 
5.07 4.91 5.26 
10.06 10.18 10.90 
3.70 3.47 3.72 
1.55 1.31 1.40 
5.25 4.78 5.12 

100.00 93.42 100.00 

lin.reg. 

48.91 
21.30 
2.57 
8.38 
0,03 
3.08 
11.55 
3.35 
0.82 
4.17 

100.00 

54.29 
15.03 
3.74 
12.18 
0.32 
1.72 
5.04 
4.46 
3.22 
7.68 

99.99 

100% 

48.91 
21.30 
2,57 
8.38 
0.03 
3.08 
11.55 
3.35 
0.82 
4.17 

100.00 

54.29 
15.03 
3.74 
12.18 
0.32 
1.72 
5.04 
4.46 
3.22 
7.68 

100.00 
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uA DDDDDD AAAA ODD ODD AAA 190 AAA AAAA D D AA AA AA AA AA AA ODD uA 
D A AAA D 

Field ou Map Grid Coli- Year Slide Analysi Loca Proj M M M M M M Spec. Other 
Ref. s -

Number Number Number E N ecto Type Types tion Stat A A A A A A Nam 
r s e 

AB52 71401 NZMS260144 790 315 Uli 2000 G M, T 1 6 121 
M. 

AB51 71402 NZMS260144 788 317 Uli M 2000 G M, T 1 6 121 
AB5 71403 NZMS260144 788 31 7 Uli M 2 000 G M, T 1 6 121 
AB35 71404 NZMS260144 787 317 Uli M 2000 G M,T 1 6 121 
AB34 71405 NZMS260144 788 324 Uli M 2000 G M,T.P 1 6 fused peperite 
AB32 71406 NZMS260144 787 324 Uli M 2000 G M,T 1 6 121 
AB30 71407 NZMS260144 787 324 Uli M 2000 G M,T 1 6 121 
AB29 71408 NZMS260144 788 324 Uli M 2000 G M,T 1 6 121 
AB27 71409 NZMS260144 788 324 Uli M 2000 G M,T 1 6 121 
AB25 71410 NZMS260144 789 316 Uli M 2000 G M,T 1 6 121 
AB24 71411 NZMS260144 789 316 Uli M 2000 G M,T 1 6 121 
AB22 71412 NZMS260144 789 316 Uli M 2000 G M,T 1 6 121 
AB2 71413 NZMS260144 785 315 Uli M 2000 G M,T 1 6 301 
AB109 71414 NZMS260144 785 326 Uli M 2000 G M, T 1 6 301 
AB180 71415 NZMS260144 785 326 Uli M 2000 G M, T 1 6 fused peperite 

AB13 71416 NZMS260144 786 31 2 Uli M 2000 G M, T 1 6 121 
AB-Rhy 71417 NZMS260144 786 31 6 Uli M 2 000 G M, T 1 6 316 
Abglass 71418 NZMS260144 790 316 Uli M 2000 G, P M,T,P 1 6 GZ 
AB-BT2 71419 NZMS260144 789 319 Uli M 2000 G M, T 1 6 316 
AB-BT1 71420 NZMS260144 789 319 Uli M 2000 G M,T 1 6 316 
VH232 71421 NZMS260144 815 290 Uli M 2000 G M,T 1 6 301 
VH231 71422 NZMS260144 816 290 Uli M 2000 G M,T 1 6 301 
Py-Pum 71423 NZMS260144 840 315 Uli M 2000 G M,T 1 6 301 
PR70 71424 NZMS260144 790 345 Uli M 2000 G M,T 1 6 318 
PCH-Br 71425 NZMS260144 830 268 Uli M 2000 G M, T 1 6 316 
PBR- 71426 NZMS260144 830 270 Uli M 2000 G M, T 1 6 316 



PUM2 
MCH64a 71427 NZMS260144 800 312 Uli M 2000 G M,T 1 6 121 

MCH66 71428 NZMS260144 800 31 2 Uli M 2000 G M,T 1 6 121 

BB84a 71429 NZMS260144 761 239 Uli M 2000 G M,T 1 6 316 

Abpum 71430 NZMS260144 789 316 Uli M 2000 G, P M, T, P 1 6 316 

ABIV 71431 NZMS260144 789 318 Uli M 2000 G M,T 1 6 316 

Ab farm 71432 NZMS260144 792 315 Uli M 2000 G M,T 1 6 121 

AB98 71433 NZMS260144 788 320 Uli M 2000 G M,T 1 6 318 

AB57a 71434 NZMS260144 788 31 8 Uli M 2000 G M,T 1 6 317 

AB57b 71435 NZMS260144 788 318 Uli M 2000 G M,T 1 6 317 

AB55 71436 NZMS260144 788 314 Uli M 2000 G M,T 1 6 121 

AB53 71437 NZMS260144 788 314 Uli M 2000 G M,T 1 6 121 

Abx 71438 NZMS260144 789 318 Uli M 2000 P p 1 6 GZ 316 

AB195 71439 NZMS260144 788 320 Uli M 2000 P p 1 6 GZ 318 

AB19 71440 NZMS260144 788 314 Uli M 2000 P p 1 6 AU GZ 318 

AB20 71441 NZMS260144 788 314 Uli M 2000 P p 1 6 GZ 318 

SFB4 71442 NZMS260144 760 276 Uli M 2000 P p 1 6 GZ 318 

AB13 71443 NZMS260144 789 318 Uli M 2000 P p 1 6 GZ 318 

LR2 71444 NZMS260144 788 312 Uli M 2000 P p 1 6 GZ 318 

Py184 71445 NZMS260144 850 326 Uli M 2000 P p 1 6 GZ 318 

TH168 71446 NZMS260144 902 338 Uli M 2000 P p 1 6 GZ 318 

PBR256 71447 NZMS260144 874 324 Uli M 2000 P p 1 6 GZ 318 

PBR252 71448 NZMS260144 874 324 Uli M 2000 P p 1 6 GZ 318 

Pl144b 71449 NZMS260144 820 332 Uli M 2000 P p 1 6 GZ 318 

MCH219 71450 NZMS260144 805 316 Uli M 2000 P p 1 6 GZ 318 

AB105 71451 NZMS260144 788 314 Uli M 2000 P p 1 6 GZ 318 

AB99 71452 NZMS260144 789 318 Uli M 2000 P p 1 6 GZ 318 

Pl144 71453 NZMS260144 820 332 Uli M 2000 P p 1 6 GZ 318 

SFB107 71454 NZMS260144 760 276 Uli M 2000 P p 1 6 GZ 318 

AB154 71455 NZMS260144 772 298 Uli M 2000 P p 1 6 GZ 318 

AB156 71456 NZMS260144 772 298 Uli M 2000 P p 1 6 GZ 318 

PB131 71457 NZMS260144 804 344 Uli M 2000 P p 1 6 GZ 318 

Pl140 71458 NZMS260144 818 334 Uli M 2000 P p 1 6 GZ 318 



Pl144a 71459 NZMS260144 818 334 Uli M 2000 P p 1 6 GZ 318 

Pl149 71460 NZMS260144 820 338 Uli M 2000 P p 1 6 GZ 318 

AB 61 71461 NZMS260144 786 325 Uli M 2000 P p 1 6 GZ 318 

AB23 71462 NZMS260144 786 314 Uli M 2000 P p 1 6 GZ 318 

TH168-2 71463 NZMS260144 902 338 Uli M 2000 P p 1 6 GZ 318 

TH157 71464 NZMS260144 902 338 Uli M 2000 P p 1 6 GZ 318 

SFB115 71465 NZMS260144 760 276 Uli M 2000 P p 1 6 GZ 318 

MCH221 71466 NZMS260144 805 31 6 Uli M 2000 P p 1 6 GZ 318 

AB155 71467 NZMS260144 772 298 Uli M 2000 P p 1 6 GZ 318 

AB99 71468 NZMS260144 786 325 Uli M 2000 P p 1 6 GZ 318 

CS67 71469 NZMS260144 780 335 Uli M 2000 P p 1 6 GZ 263 

MCH248 71470 NZMS260144 805 31 6 Uli M 2000 P p 1 6 GZ 318 

TH167 71471 NZMS260144 902 338 Uli M 2000 P p 1 6 GZ 318 

TH168-1 71472 NZMS260144 902 338 Uli M 2000 P p 1 6 GZ 318 

BB93 71473 NZMS260144 762 239 Uli M 2000 P p 1 6 GZ 301 

Uli2 71474 NZMS260144 789 318 Uli M 2000 P p 1 6 GZ 301 

AB9 71475 NZMS260144 788 318 Uli M 2000 G M,T 1 6 121 

AB181 71476 NZMS260144 788 319 Uli M 2000 G M,T 1 6 318 

AB31 71477 NZMS260144 788 324 Uli M 2000 G M,T 1 6 121 

MCH62 71478 NZMS260144 795 312 Uli M 2000 G M,T 1 6 317 

BB84y 71479 NZMS260144 763 239 Uli M 2000 G M,T 1 6 301 

AB85 71480 NZMS260144 788 319 Uli M 2000 G M,T 1 6 317 

AB99-2 71481 NZMS260144 788 314 Uli M 2000 P p 1 6 GZ 318 

VH230 71482 NZMS260144 815 290 Uli M 2000 G M,T 1 6 316 

PBR- 71483 NZMS260144 830 270 Uli M 2000 G M,T 1 6 316 

Puml 
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LOWER MIOCENE 

Altonian Clifdenian 

LEGEND 

MIDDLE MIOCENE 

Lillbumian Waiauan 

Hill 201 pyrocl. flow 

Hill20llake;TH-lahars 

falling 

~~~~-----~ 

see legend 

Hill201 

* dated by interbedded or overlying sedimentary rocks or sandstone clasts in peperites 

unit contact 

inferred position 

................ position based on topography 

SM=Sandymount; HI=Hoopers Inlet; HC=Harbour Cone; BB=Boulder Beach; LL=Lovers Leap; 
SFB=Sandfly Bay 

AB=Allans Beach; CS=Cape Saunders; PR=Puddingstone Rock; MCH=Mount Charles; HI=Hooper 
Inlet; PI=Papanui Inlet; 
RB=Ryans Beach; THi=Taiaroa Hill; KH=Kaika Hill; OT=Otakou; Py=Pyramid; TH=Taiaroa Head; 
WR=Wellers Rocks; McC=McCartneys Hill 
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6th stage - subaerial 

5th stage - subaerial 

(Waiauan-Tongaporutuan) 

ilit intensive dome 
fonning processes 

~- suba~rial effusive 
~ .,....--- erupttve centers 

(Waiauan) 

subaerial efTusi\e • a 
subaerial pyroclastic 
flO\\ sources crupttvc ccntcrs 

4th stage - shallow marine (Waiauan) 

shallow marine to emergent explosive eruptive centers (trach)tic) 

subaerial eruptive center mostly with ciTush e activit) 

3rd stage - emergent Lillburnian-Waiauan 

emergent Surtseyan eruptive centers 

subaeriaJ/shallow marine effusive eruptive centers 

-luHy (Clifdeniaa-Lillbumian) 
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Volcanologica:l' map of the 

Otago Peninsula 

Numbers at the sid~ refer to New Zealand Map Grid PrQJection from topog111phic map 260 144 & J44 Dunedin. 
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:mftHgHf Ryans Beach lapilli ruff tuff 

~m~nnm~ ring (basaltic) 

- 'ut 

im~;if!: - mfit: . . ... "' ...... ' .. 

....................... . .. . . . . . . . . . . . . . . . . . . . . ....................... . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 
••• 0 •••• 0 • 0 • 0 •••••••••• ' ..................... . . ·::::::::::.•:::::::.·:::
::::::::::.-:::::::::::: . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . ' ............... - ..... -

Taiaroa Hill lapilli tufT 
(busuhic) 

Pyramid 2 lupilli tuff 
(basaltic) 

Omkou Japilli tuff tuff 
ring (basaltic) 

Wellcrs Rocks lupilli 
tuff(basaltic) 

IHVH flow 
type 2 (phonolitic) 

Boulder Beach 
lnpilli tuff 
tuft' ring (trachytic) 

Sandymount (east) lapilli 
tuff 
tuff ring (basaltic) 

Papanui Lnlet I 
lapiJlf tuff 
tuff ring (basaltic) 

Mount Charles 
lapilli ruff 

::5.;.:: tuff ring (basaltic) 
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Lovers Leap 
lapilli tufT 
tuff ring (basaltic) 

McC1nncys Hill 
pumiceoUB lapilli ruff 

lavn flow 
type I (basaluc) 

Mount Charles crysllll ricb 
tuff (phonolitic) 

Cape Saunders 
pumiccous lapllli tuff 
tuft' ring (phonolite) 

pepcrites type I P: 
hyaloclaslite H 

Hoopers Inlet pumiceous 
lapi.JU I tuff (phonolitic) 

Allans Beach l pumiccous 
lapiUi tuff tufT ring (phonolitic) 

Pyramid 2 and Alluns 
Beach 2 ruff BT 
(truchytic) 

Allans Beach I lapilli tufT 
tuff ring (basaltic l 

Sandfly Bay 
lapilli tuff 
ruff ring (basahic) 

TA 

• 

trachy andesite 
u-achy basalt 

kaiwek.ite 

Strornboliuo deposits 
Pupanui Inlet 

~panul lnlet 3 lapiiii 
tuff 
tuff ring 
(basaltic) 

~panui Inlet 2 lapilli tuff 
tuff ring (basaltic) 

Alluns Beach 3 lapilll tuff ruff 
ring (basaltic) 

lapillltuff brecciu 
(pyroclastic now deposits) 

Hoopers Inlet pumiceous 
lupllli tuff 2 
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Symbols 

r-
.·· ............. 

.,....------

~ 

-

0 

/ 
~ 

Note 

LF.S 

dolerilc 

dome.~ and /or dykes 
(phonolile) 

lav:t now 
type 5(basalt ic) 

lav~ now 
type 4 (basaltic} 

lava flow 
type 3 (basaltic) 

lapilli tuff breccia 
(pyroclastic now 
deposits, block & ash 
now) 

!!:!'~ tm '"r"' lapilli tufft tUffring 

Quaternary 

hill 201) 
brecciullapilli tufT 
(laha.r deposits) 

diutomitcs. mudstone. 
tuff 
(lake deposits} 

Hill 20 I lapilli tuff 
ring (basaltic) 

peperites and magma mix 
(various ages) 

vent brcccias (various ages) 

pre-volcHDic sedirnenwry rocks 
(Burnside Mudstonc B: 
Waipurul Bay Formation W) 

cliffs 

walking tracks 

rivers 

roads 

20 m contours 

eruptive centres 

exposed contacts 

phonolitc dykes 
(various ages) 

basaltic dykes 
(various ages) 

not to scale 

~ 

Age.~ within each New Zealnnd stage are relative ages (inferred or 
based on over- und undedying bedding contact~. Positions of units 
within a column do not refer to an absolute age. For more details 
~ee teKt in thesis). 
Hoopers Inlet lapilli tuff I and 2 ure generalised on map and not 
sepmted by different pauem. 

Compil«i by 
Ulnkc M~trtin 
Gcolol!l' Dcpilr1lnent 
Ot~sll) UnJ\'cl"iity 




