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ABSTRACT

Phreatomagmatic volcanoes form when ascending magma
explosively interacts with surface or groundwater at
shallow depths. Three types of phreatomagmatic activity
are recognised- phreatic, phreatomagmatic (s.s.) and
surtseyan - based on the degree of involvement of magma
with water and the depth of the interaction. Phreatic
maars and phreatomagmatic tuff-rings are underlain by
pipe-like diatremes but these structures are poorly-
developed or absent in surtseyan tuff-rings. Comparisons
of phreatomagmatic volcanoes with their eroded diatreme
equivalents, which contain subsided subaerially-deposited
material, allow a model for activity of this type to be
constructed.

The Saefell tuff-ring, SW Iceland, 1s a surtseyan-
type structure whose crater remained open to the sea
during most of its activity, allowing easy access of water
to the magma. Base-surges, sourced partly from directed
blasts, formed large dunes with internal structures
indicating deposition by density currents whose flow-
power decreased with time and with distance from the vent.
Syndepositional slumping and minor en masse collapse of
crater deposits formed a pile of massive tuffs above which
subsequent surge and airfall activity deposited a nested,

inner crater rim,
The Medano tuff-ring, Tenerife, 1s a phreatomagmatic-

type structure whose crater contains reworked tuffs
deposited during subsidence into the underlying diatreme.

Initial activity ejected much country rock material as

magma contacted groundwater at depth but with time eruptions

became more strombolian, as water was used up or failed to
gain access to the vent. Surges were less common than in
the Saefell eruption because the Medano water:magma ratio

and explosion depth less often fulfilled the optimum

conditions for surge production.
The East Lothian diatremes in Scotland are subdivided

into two groups on the basis of their infilling. The Red

group diatremes contain high proportions of sediment and
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represent the subsided products of phreatic maars which
erupted into a pile of water-rich, poorly-consolidated
alluvial plain sediments. The later Green group diatremes
contain mainly juvenile basalt fragments and formed as
phreatomagmatic or sometimes surtseyan tuff-rings, due to
magma contacting water at shallow depths or in marginal
lakes respectively. The Parade diatreme, Dunbar, contains
over 300m of largely base-surge tuffs thought to represent
the subsided inner flank deposits of a large maar.

The Heads of Ayr and the East Fife diatremes expose
different levels in subsided phreatomagmatic tuff-rings
due to collapse and erosion. Deep levels, such as that
exposed at Lundin Links, contain unbedded tuffs and
abundant intrusive material. Shallower levels, such as at
Elie Ness, contain high proportions of bedded tuffs which
are often centroclinally orientated. Base-surge, airfall,
slumped and reworked tuffs in the Scottish diatremes are
directly comparable to deposits in the modern tuff-rings
studied, proving their origin.

A model for the formation of surtseyan tuff-rings 1is
presented, with phreatomagmatic explosions resulting from
steam expansion jets which disrupt an already vesiculating
magma as it engulfes subsiding water-laden ash. A base-
surge model is also presented, involving deposition of
tuffs with characteristic bedforms and structures by the
head, body and tail of each surge, analogous to turbidity
currents. Cooling of hot, dry steam to cool, molst steam
towards the rear of surge pulses leads to lag breccias and
progressive dune deposits being succeeded by regressive
dunes and plastering structures with time.

Juvenile sideromelane fragments erupted by
phreatomagmatic volcanoes rapidly alter to palagonite
as heated pore-waters circulate through the newly-deposited
tuffs. Palagonitization results in cation mobility within
unstable glass and precipitation of authigenic minerals 1n
voids. Non-equilibrium growth of such minerals results in
variable compositions and crystal forms. Subsequent

al teration occurs slowly as a weathering process whose rate

is greatly reduced as authigenic precipitation closes pore




spaces within the tuffs. On diagenesis, unstable alteration
products are commonly replaced by chlorite, calcite and clay.
Reddening of some tuffs occurs by in situ breakdown of iron-
bearing minerals and release of Fe to solution, although
agroundwater exchange with red country rock sediments may
also occur.

Unless present in diatremes, phreatomagmatic products
have a low preservation potential due to :- extreme
al teration, rapid syn- and post-volcanic reworking, low
ejecta volumes and breaching and burial beneath later lavas.
In contrast, the sedimentary structures, petrography,
morphology and grain size characteristics of diatreme tuffs
are shown to be often sufficiently well preserved to permit

the identification of their original surface volcanoes and

their eruptive histories.
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CHAPTER 1
INTRODUCTION

1.1. Aim h d

This study was initiated to determine the volcanic and
sedimentary processes which occur during the formation and
evolution of phreatomagmatic volcanoes. Such volcanoes
generally consist of a surface expression = a maar or a
tuff-ring, and a sub-surface structure - a diatreme. During
and after volcanic activity surface products subside into
the diatreme which underlies the volcano. Diatreme deposits
thus contain much information about the depositional
processes which formed their now eroded surface expressions,
and their study also indicates the nature of sub-surface
volcanic proce;ses which can never be directly observed.

Recent tuff-rings on Iceland and Tenerife were studied
to characterise the range of primary volcanic and
sedimentary reworking processes which affect these
pyroclastic volcanoes. Numerous diatremes in Scotland were
studied to determine their origin and to examine the types
of sub=surface processes which formed them.

Comparisons between modern and ancient examples of
phreatomagmatic volcanoes allow an idealised model to be
constructed for activity of this type. Differences between
the model and specific volcanoes may be interpreted in
terms of variations in geological setting, eruption style
and collapse history. Such a model can also be used to
indicate the possible variations in modern activity of this
type and to provide information useful in identifying

phreatomagmatic deposits in the geological record.

l.2. Methods of Study
The Recent tuff-rings were mapped in detail using

aerial photographs and enlarged base maps at scales of
1:10,000 to 1:20,000. The diatremes, for which some
detailed base maps already exist, were mapped at scales of
1:2500 to 1:3500 from aerial photographs. Mapping was
supplemented by logging of much of the bedded tuff

sequences and examination of the sedimentary structures




to determine their depositional mechanism.

Representative samples were collected for petrographic
examination, which included modal and grain-size analyses of
the tuffs. Grain morphology was quantitatively studied in
thin section and in more detail by S.E.M. Limited microprobe
analyses were carried out on selected mineral phases,
especially on alteration products. Microprobe element
variation maps were used to study the movement of cations

during the alteration of sideromelane to palagonite.:

1.3. Previous Work

Studies of tuff-rings, maars and diatremes have been
carried out since the last century but it was not until
recently that the role of groundwater in their formation
was recognised. Lorenz et al. (1970), in a broad-based
review of these volcanoes, summarised much of the previous
literature along with many of their own field observations.
They were amongst the first authors to discuss and relate
both surface and sub-surface volcanic features.

The literature on observed phreatic and phreatomagmatic
eruptions has greatly increased in recent years with the
advent of improved communications, which allow geologists
easier access to often remote volcanoes. The most recent
example is that of Mt. St. Helens which involved
intermittent steam-blast erﬁptions (Christiansen & Peterson,
1981). These observations may be used to indicate the types
of processes which occur during volcanism,

Various aspects of phreatomagmatic (s.l.) activity
have been the study of more detailed recent work. Base-
surge deposits and their relevance to surge dynamics and
processes have been extensively studied (Moore, 1967;
Waters & Fisher, 19713 Schmincke et al., 1973; Sheridan &
Updike, 19753 Fisher, 1977). The alteration of basaltic
glass, although not confined to phreatomagmatic deposits,
is nevertheless an important process in their post-eruptive
history. Such alteration has been studied in historic
eruptive products, such as Surtsey, Iceland (Jakobsson,

1978) and in more ancient tuff-rings, such as Oahu, Hawaii

(Hay & Iijima, 1968).




l1.4. Lavout of Thesis
In a comparative study of this type the volcanoes from

each area are treated separately. Each chapter is thus
complete in itself although the diatreme studies draw
heavily on information presented in the chapters on Recent
tuff-rings. Important features of each area are discussed
in the appropriate chapter although general considerations
about the origin and evolution of phreatomagmatic volcanoes
are presented as a model for this type of activity.

A brief review of observed phreatomagmatic activity 1is
presented in Chapter 4 as a summary of the processes known
to occur. The final chapter (Chapter 8) is a summary of the
more important conclusions drawn from each data chapter as
well as the main points of the review and model chapters.
The appendices contain details of the analytical methods
used and the pocket at the back of the thesis contains a
general lithological key to the diatreme maps and the logs
for bedded tuff sequences throughout the thesis.

1.5. Definitions

Since the terminology of pyroclastic deposits is as
yvet ill-defined it is thought necessary to define much of
the nomenclature used in this thesis. The definitions used
largely come from Lorenz et al. (1970), Lorenz (1973),
Wright et al. (1980) and Schmid (1981).

Diatreme :- A pipe-~like volcanic conduit filled with

pyroclastic debris and brecciated wall rocks, which are

often cut by intrusions.

Fluidization :- A process in which a miXture of particles

(solid or liquid) is suspended by an upward escaping fluid
phase (liquid or gas) so that the frictional force between

the fluid and the particles counterbalances the weight of

the particles and the whole mass behaves as a fluid.
Hyaloclastite:- A glassy clastic rock formed by the non-
explosive quench granulation of magma on contact with water.
Hyalotuff :=- A glassy pyroclastic rock formed by the explosive
interaction of magma and water at shallow depths where

volatile exsolution has already partly fragmented the magma.




Maar t:-= A large volcanic crater cut into country rock below

general ground level and possessing a low rim composed of
pyroclastic debris. Approximate dimensions are - 100 to 200m
wide, 30 to 200m deep, with a rim height of 10 to 100m.
Phreatic eruption :- Eruptive activity caused by steam
explosions due to heating of water, generally by magmatic
intrusions or extrusions. The magma acts purely as a heat
source and is not intimately involved in the eruption.
Comminuted country rock material is commonly ejected by
these explosions.

Phreatomagmatic eruption :~ An eruption similar to phreatic
activity except that magma is intimately involved in the
eruption and chilled juvenile material 1s ejected. In its
wider sense (sensu lato) it is used to describe all types

of pyroclastic eruptions resulting from the contact of

water with magma.

Pyroclastic surge :- A low-concentration tephra flow that
travels outwards from a volcanic vent as time-transient

pulses in which the kinetic energy rapidly decays. Base-
surges are a particular form of these flows which result

from phreatomagmatic eruptions, and are highly charged with

steam,
Scoria :- Vesiculated fragments of basalt or basaltic

andesite composition which are the basic analogues of

pumice. Many fragments are glassy and consist largely of
tachylite. Blocky, sparsely-vesicular phreatomagmatic

tephra composed largely of sideromelane is distinct from
scoria although it has as yet no short descriptive term.
Strombolian :- A type of eruption which involves ejection

of liquid magma droplets by volatile exsolution and bubble
coalescence. Eruptions typically form small scoria cones.
Surtseyvan :- A type of eruption which is characterised by

phreatomagmatic activity (s.l.) and the formation of a
tuff-ring. In this thesis the term is restricted to those

tuff-rings formed as a result of phreatomagmatic activity
when water contacted shallow surface water bodies.
Tuffisite :- Intrusive tuff composed of juvenile and lithic

fragments mobilised by gas-streaming and injected into

fissures,



between 25% and 75% of epiclastic material. The term is the

mixed tuff-epiclastic analogue of pyroclastic and is
subdivided by average clast size into tuffaceous shales to

Tuffite := A mixed pyroclastic/epiclastic rock containing

tuffaceous conglomerates.
Tuff-ring :- A large volcanic crater above general ground
level surrounded by a ring-like rim of phreatomagmatic

debris and similar in size to maars.




CHAPTER 2
THE SAEFELL TUFF-RING, ICELAND

2.1. Introduction and Geological Setting

The Saefell tuff-ring occurs on Heimaey, the largest
of the Westmann Islands which lie off the SW coast of
Iceland (Fig. 2.1a). The islands constitute part of the
Pleistocene to Recent Vestmannaeyjar volcanic system,
situated at the SE end of Iceland's Eastern Volcanic Zone.
This system 1is characterised by the eruption of mildly
alkaline olivine basalt, although most recently (1973)
Eldfell on Heimaey has erupted hawaiites (Jakobsson,
1979). Most of the islands are eroded tuff-rings, some
of which have later scoria cones associated with them.,
Heimaey is composed of lavas and tuffs of various ages
and origins (Jakobsson, 1968).

On Heimaey (Fig. 2.1b) the oldest formations
(>10,000yrs. B.P.) occur in the N of the island and
are partly of sub-glacial origin, formed before the last
major glacial retreat. The Storhofdi volcano in the S
of the island was formed next and consists of a tuff-ring
with late-stage lava extrusion;j 14C dating of peat
immediately overlying these lavas gives an age of about
5400 B.P. (Kjartansson, 1967). This was shortly followed
by the Saefell phreatomagmatic activity and soon
afterwards by the formation of Helgafell, a composite
scoria cone whose lavas form the central section of the
island. No further activity occurred until the formation
of the Eldfell scoria cone in 1973 whose lavas added a
substantial area onto the NE coast of the island.

Although the Surtsey eruption has been well
documented the only published work on Saefell is by
Jakobsson (1968) who recognised its phreatomagmatic origin

and briefly mentioned its age and petrographic character.

2ele Structure and Products
The tuff-ring (Fig. 2.2) presently has a maximum

basal diameter of ca.2+9km, a maximum height of 188m and a

maximum crater diameter of ca.l¢4km. The crater rim is a

Bi7_



WESTMANN IS\ ONZE_R

L1

aN®.
el 4

Fig. 2.1 a) Map of Iceland shoﬁing position of Westmann Is.

1: Postglacial Volcanic zone
2: Plio-Pleistocene formations

3: Tertiary formations '

b) Geological map of Heimaey.



simple anticlinal structure in the youngest tuffs which
occurs where indipping crater tuffs bend over and pass

into the outdipping, flank succession. The indipping tuffs
are more steeply inclined (up to 40°) than the outdipping
beds (up to 30°) due to syndepositional slumping steepening
the depositional surface onto which crater tuffs were

deposited, and to later collapse processes.

2.2.1 Crater tuffs

Only the western crater wall tuffs are presently
exposed, erosion, especially by marine processes, having
removed the eastern rim and most of the crater centre
deposits. Two small islands about 600m offshore provide
the only exposures of eastern crater tuffs. In the N
the crater deposits are thin (<30m) or may occur as
isolated veneers overlying the face of the outdipping
tuffs exposed on the crater wall (Fig. 2.2). A minor
nested rim occurs within the crater in the W,
sub-concentric with the main rim. It seems to have formed
by deposition of younger tuffs over a pile of collapsed

crater deposits.

2.2.2 Flank tuffs

The flank tuffs are well exposed in the coastal
cliffs to the NE, S and SW of the crater. The flank tuffs
are presently asymmetrically distributed about the crater,
the youngest tuffs occuring mainly to the W and SW. To the
N and W the tuffs are overlain by Helgafell lavas as they
thin away from the crater and their distal equivalents are
thus not exposed. To the SW the most distal tuffs are
preserved and outcrop above the Storhofdi lavas. The
present day topography largely follows the upper bedding
surfaces of the youngest flank tuffs though outcrops

inland are poor due to a thin soil and grass cover.

2.2.3 Crater rim
The crater rim is a ridge-like anticlinal feature
defining the passage from the indipping crater tuffs to the

outdipping flank tuffs along the crest of the tuff-ring.
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At deeper structural levels the contact of the crater and
flank tuffs is an unconformity caused by slippage of
indipping tuffs down the crater wall. At the lowest
exposed structural level the contact is a 3-5m zone of
blocky, shattered tuffs indicating that fault subsidence
has occured. These blocky tuffs may originally have been
debris flows since they wedge out upslope (Fig. 2.3) and
have a broadly conformable, unfaulted upper contact with -
the overlying bedded indipping tuffs. Ring-fault
subsidence occured after lithification of the blocky
deposits and caused the shattering of the matrix and the
break up of blocks within them.

2.2.,4 Individual units

The tuffs have been subdivided into three units on
the basis of their field relationships as seen on the
southern side of the crater rim (Figs. 2.2, 2.3). Each
unit unconformably overlies the unit below in the crater
rim sequence, mainly because of syndepositional slumping
of -poorly consolidated tuffs into the crater along with
minor erosion. Outwards from the crater all the units are
conformable and are difficult to distinguish because of
lithological similarity. The schematic cross-section (Fig.

2.2b) summarises the stratigraphic relationships between

> - —E——pTr——— — i m— T v — = —_—

each unit.

Unit 1
This oldest exposed unit is composed of ca.40m of

bedded tuffs which dip away from the crater at 5-10°,
Their indipping equivalent has slumped into the crater and
is not now exposed. Unit 1 is exposed along the SE coastline
of Heimaey but could only be definitely recognised S .

of the crater by tracing it away from the rim where 1t
thins to<1m thick at a distance of 600m. The basal tuffs
overlie eroded, columnar=-jointed lava flows of the
Storhofdi complex and are largely of base-surge origin
with well developed plastering structures and ripples. A
soil horizon (maximum thickness of 1m) occurs within some
hollows in the lava top. It consists of an approximately

30cm thick basal orange-brown layer rich in rootlets and




altered scoria lapilli overlain by a buff-coloured fine
dust horizon which contains many desiccation cracks. The
top of the soil consists of a thin (<10cm) peaty layer rich
in twigs, rootlets and leaf remains which passes into
scoria layers in a matrix of grey, fine ash. This soil is
only developed at the top of the lava cliffs some 20-40m
above sea-~level. It is not present where the Saefell tuffs
- Storhofdi lava contact occurs near the present day
sea~level., Here, joints in the lava surface are partly
filled by unbedded impure tuff rich in sediment and
scoriaceous material and overlain by thinly bedded ash
which is often plastered against the sides of the cracks.
Above the soil horizon and the joint infilling
material exposed on the wave-cut platform on the SW coast
of Heimaey there is a thin (<10cm) layer of fine ash full
of broken up fossilised grass stems. These grass stems are
often aligned and plastered against the sides of lava
joint faces and blocks, and will be further described in
the section on base-surge structures (Section 2,3,2).
These grass-rich layers are not found in the basal Saefell
tuffs where these are exposed ca.>500m SW of the southern

crater rim on the SW coast of Heimaey (Fig. 2.4). This 1is
because the grass grew on soil developed on the subaerially

exposed Storhofdi lavas to the NW and W of this outcrop.
Surges which deposited tuffs there had not yet entrained

any stems,
The Unit 1 tuffs above the basal layers consist

mainly of base=-surge material with interbedded airfall
deposits. One now greatly eroded scoria cone erupted
through the thin distal flank tuffs 1100m SW of the crater
centre. To the S the scoria layer rests on the older
underlying lavas whereas the northern deposit is underlain
by at least 6m of bedded tuffs (Fig. 2.5). The section
indicates that erosion of an originally much larger scoria
deposit, sourced near the welded spatter in the S

would account for the present outcrops of scoria. Removal
of scoria which originally mantled the buried lava hill
formed the present break in the deposits. The scoria

layers consist of a small area of welded spatter along




with lapilli and bombs of plagioclase-phyric basalt,

although some rare accessory lithic lava blocks occur 1in

places.

The maximum exposed thickness of scoria is <1O0m but
because of erosion this is probably much less than the
original maximum thickness. U-shaped channels which cut
the top 1m of the scoria indicate that some reworking
by base surges occurred but such. examples are- only patchily
developed. The bulk of the reworking, causing rapid
lateral thickness variations and much interfingering of
scoria with thin tuff layers is thought to have been
caused by fluvial activity.

The scoria formed during a break in the phreatomagmatic
activity. Perhaps lateral migration of magma away from the
main chamber initiated the flank eruptions. The absence or
exclusion of water allowed strombolian activity to occur,
probably because the parasitic vents erupted subaerially
on the previously formed Storhofdi island (Fig. 2.4).

The Unit 1 tuffs above the scoria reach up to 40m
thick in the southern crater rim and are well-bedded
throughout. In the northern crater wall sequence Unit 1
tuffs probably form at least the lower 40m of the deposits.
Due to the lack of correlatable horizons their existance
and thickness cannot be proven.

Unit 2
This sequence of well-bedded tuffs unconformably

overlies Unit 1 in the crater rim (Figs. 2.2, 2.3).
Infilling of hollows in the partly collapsed crater rim of

Unit 1 causes-.the lower beds of the Unit 2 outdipping
sequence (Fig. 2.3, 2a) to thicken laterally by as much as

30m. The indipping equivalents of these lower beds (Fig.
2.3, 2b) have slumped and are represented by debris flow

fan deposits which wedge out up the slip plane. The upper

n
%
E.
'1
y
i
t
L
2

part of the indipping sequence (Fig. 2.3) consists of ca.
45m of bedded tuffs. These conformably overlie the slumped

indipping deposits, drape the crater rim and rest
conformably on the lower Unit 2 tuffs of the outer flank

sequence.




Fig. 2.3 Southern crater rim tuffs exposed on E coast of
Heimaey. See text for description.

Well-bedded indipping tuffs of the southern crater
wall sequence (Fig. 2.3, 2b) pass to the N into
structureless blocky tuffs of >40m thickness (Fig. 2.3,
St). Near the margin of the structureless pile the bedded
tuffs are cut by sub-vertical faults with displacements up
to 5m into the crater centre. These faults bound the
structureless pile which contains faint traces of bedding
broadly continuous with the well-bedded sequence to the SW,
The pile is thought to have formed by differential
movements on concentric faults within the originally well-
bedded crater sequence. Some upthrow motions, perhaps due
to minor resurgence, are invoked to explain the great
thickness and severe bedding disruption within the pile.
It is also possible that the pile is a relic of the
collapsed crater centre sequence which has been agitated
by explosions.

To the S of the crater rim, Unit 2 1s generally
poorly exposed. The Unit 2 tuffs are much better exposed

in the cliffs along the northern crater wall. Here,

13
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Fig. 2.6

AML

|

Logs of Saefell tuffs.,

as Unit 2 indipping tuffs in southern part
of crater

b: Unit 2 indipping tuffs in northern part
of crater

c: Unit 3 tuffs within the crater

See 1nsert in back pocket of thesis for key

to lithological logs.
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assuming Unit 1 to be 40m thick, the outdipping sequence
of Unit 2 is ca.140m thick whereas in the southern crater

rim it is ca.60Om thick. This increased thickness is partly

due to a lack of erosion in the N but may be partly

the effect of SW-directed blasts. These increased the
areal extent of Unit 2 to the SW and correspondingly

reduced the topographic height of the rim in this

direction.
In the N the Unit 2 outdipping tuffs form a

monotonous pile of well-bedded, occasionally cross-bedded
tuffs which vary from fine ash to blocky agglomerate in

grain size (Fig. 2.0). Near the top of the unit a 4m

scoria horizon occurs which is cut into by a >60m wide

curved shear surface caused by slumping of tuffs into the

crater (Fig. 2.7).

Fig. 2.7 Slump scar on northern crater rim, now partly
mantled by Unit 2 indipping tuffs,

The base of the slumped material contains many blocks
and some scoria fragments and is overlain by block-sagged
layers bedded parallel to the margins of the shear surface,
Mass movement must have occurred soon after deposition of
the scoria whilst the overlying tuffs were moist and
unconsolidated, giving rise to the curved shear plane

similar to that seen in slumped clays. Deposition of the
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