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ABSTRACT

Hydrothermal eruptions are typical festures of the Taupo Volcanic
Zone high temperature geothermal fields. In the undisturbed
systems, major deep-seated eruptions, originating as deep as 400
metres below ground surface can be expected every few thousand
years, while small shallow focus events occur years apart. It is
proposed that these shalow focus "eruptions' are in fact initiation
events which can develop into the mgor deep-sested %Pe of eruption
where reservoir rock and fluid properties are favourable. While the
P_robability_ of the smal shallow focus events may be increased by
idd exploitation, the factors favouring deep-seated eruptions are
reduced. However, as hydrothermal eruptions are characteristic of
high temperature fields, their destructive potential should be
consdered in any development proposal.

INTRODUCTION

One of the potential problems identified in some recent hermal
development pro s has been the threet of hydrotherma eruptions
(Marsnall, 1987): These commonly occur during the natural
evalution of high temperature geothermal systems, and have been
induced in some exploited reservoirs. Indeed there seem to be a
range of related alla of eruption extending from geysers through to
major deep-seated activity. In this paper we briefly describe the
different types, consider the relationships between them and propose
that their eruption mechanisms and occurrences are related.

NATURAL HYDROTHERMAL ERUPTI ONS | N THE
TAUPO VOLCANI C ZONE

Over the past few years, detailed geological mapping and occasiond
observation in the Taupo Volcanic Zone have shown that
hydrothermal eruptions are common and typical features of the high
temperature geotherma systems characteristic of this area. Their
magnitude can vary from minor events originating a few metres
below ground surface to massive, degp-seated eruptions that produce
severa million cubic metres of gecta from depths as greet as 400
metres.

Prehistoric

There have been many prehistoric eruptions at severd New Zedand
fields. At Kawerau 14,500 and 9,000 years ago (Nairn and Solia,
1980); a Whakarewarewa about 42,000 years ago (Lloyd, 1975); at
least four times in severd locations at Orakeikorako during an eight
thousand year period; Waiotapu, where eruptions occurred more
than 13,450 years ago and at least five probably more violent ones
about 900 years ago (Hedenquist and Henley), 1985; Also at Upper
Atiamuri 14,000 years ago and at Tikitere (Browne and Lloyd,
1986). At Rotokawa there have been a least eight and probably &

many as thirteen large eruptions (Collar, 1985; Collar and Browne

1985); seven of these probably occurred 11-20,000 years ago, am

three from 9,000 to 9,700 years ago; other Rotokawa eruptions
occurred about 6,000, 4,500 and 3,700 years ago. Tthormlstoric
eruptions are recognised only from the deposits gected and there
must have been many eruptions of which no geologic record
survives or whose deposits have yet to be interpreted correctly. In
many PI aces, eg. Kawerau and Rotokawa, the ancient craters have
been filled in and can only be located by mapping the gected
deposits. These large magnitude eruptions produced vents from 50
to 250 metresin diameter and deposits that cover 5to 10 km?, with
thicknesses close to the vent of up to 15 metres, but thinning to less
than 2 metres at 1 km distance; gected blocks may be 1-2 metresin
diameter but their Sze decreases sharply away from their vents.

Historic

The eruptions that produced the initid cratersin the Waimangu area
in 1886 were ﬁgrreaomagmatic and not hydrothermal in character.
Nevertheless there were later hydrothermd eruptions a thisfied in
1915, 1917,1924 and 1973, further, the Waimangu 'geyser* which
erupted between 1901 and 1904 showed many of the festures
characterigtic of hydrotherma eruptions.

The Waimangu eruption of February 22, 1973 has been studied in
detail (Lloyd and Keam, 1974). Although very small, it erupted
through alake and lasted for at least 15 minutes. Ejecta fdl over
approximately 3,000m2 to a maximum thickness of 0.45m, and
deposits extended to 12m above Frying Pan Lake. Undoubtedly
mogt of the gecta fell back into the lake but the erupted volume is
calculated as 970+150m?°.

Lloyd and Keam (1974) concluded that the the depth of disruption
extended some 90m below the lake level which itsdlf is not more
than 30m deep.

Precursors to this eruption were dight. About five weeks before the
event two small qoriertljgs appeared a the then lake edge and boiling
muddy water splashed up to 0.5m above the springs; nearby 50mm
diameter stones were disodged from the enlarging vents. Other new
springs appeared, some boiling and turbulent, but it is claimed that
on-land activity ceased, being replaced by that offshore where the
gas discharge increased. _

Changesin thermd activity in active geothermal fields are common
occurrences and it is only with hindsight that these events were
recognised as precursors to the February 23 eruption. Lloyd and
Keam suggest that the eruption was caused by a higher permesbility
path being created in the rocks below the lake. This change was
expressed at the surface by increased therma activity a few weeks
prior to the eruption.

At least one hydrotherma eruption occurred at the Ngatamariki field
in 1948 (R.F. Keam cited in Browne and Lloyd, 1986), and periodic
eruptions of Crater Lake, Ruapehu, have a hydrotherma style (Nairn
et al, 1979) dthough grictly spesking they are phrestomagmatic.

General Lessons from Natural Hydrothermal Eruptions

Some natural hydrothermal eruptions have surprisingly deep focal
depths. At Walotapu, eruptions gected material material derived
fromat least 350m depth and a Kawerau from at least 200m. The
smaler 1973 eruption & Waimangu by contrast, had afoca depth of
only 90m (Hedenquist and Henley, 1985; Nairn and Solia, 1980;
Lloyd and Keam, 1979).

The gected materid typicaly consists of very poorly sorted, angular
blocks of fine-grained reservoir rock, much of it hydrothermally
adtered; agreat deal of steam, water and mud are also gected. The
greater proportion of materiad fals back into the funnel-shaped
craters and a sizable volume of "gecta’ probably never ascends
above the crater lip. The size of the crater vents differs greatly. The
Kawerau eruption craters may have been as much as 500m in
diameter (Narn and Solia, 1980) while those at Waiotapu ranged
from 60m to perhaps as wide as 250m.

INDUCED HYDROTHERMAL ERUPTIONS
There have been severa smal hydrotherma eruptions at

Whakarewarewain recent years and severd larger ones in the Taupo
district resulting from the manipulation of geothermal resources.
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Eruptions occurred &t the Tauharafidd in 1974 and 1981 (the latter
described by Scott and Cody, 1982). Allis (1979, 1984, 1986)
gives an account of at least 20 hydrothermal eruptions that have
taken place in the "Craters of the Moon" area (Wairake field) in the
last 20 years. One eruption occurred earlier this year leaving acrater
10m in diameter. These induced eruptions were of short duration
(hours a the most) and shallow focus (a few metres); gected
materia travelled only 100m or so from the vent athough the blast
may bedirected (eg. Tauhara 1981). Their genesis can be explained
as a result of shdlow hydrology changes with an incr steam
flow from the deep reservoir due to exploitation-induced bailing.

In some cases climatological factors aone may be sufficient to
induce a shdlow eruption - for example acombination of low rainfall
lowering groundwater levels in a shdlow aquifer, aready at boiling
point-for-depth conditions and a sudden lowering of atmaospheric
pressure. These shdlow eruptions gppear to be confined to areas of
steam-hested ground where the heet flow is dready high. The area
affected by the eruption is small, a few hundred square metres a
mog, and engineering solutions can be applied to remedy damage.
MAN-MADE ERUPTIONS

During the early development of the Wairakei geotherma field, well
drilling and casing problems resulted in several eruptions of
geothermd fluid through the formation adjacent to wells. A brief
review of the conditions leading up to these events provides an
insight into the requirements necessary to initiate a natura
hydrothermd eruption.

Well WK 26 was completed to 559m with 219mm diameter casing to
454m, in November 1953. The well heated to about 250°C and was
extensively discharged and tested: Discharge enthalpy was
consistently about 1100 kJ/k% indicating a sméll steam or two-phase
contribution in addition to the mgor liquid feed. In January 1958
the well was shut in for maintenance and acasing caliper survey
showed a smdl "pit" a adepth of 180m. Thewell was serviced and
ut back on to production. In July 1959 the well was shut for a
agter Valve change: At thistime a shut wellhead pressure of 34 bg
(gas) was measured. In August 1959 downhole "go-devil” surve[s(/s
indicated a severe casing problem at 179m, near the base of the Huka
Falls Formation mudstones. Temperature profiles measured during
cold water injection showed that the total injected water flow was
being lost through the casing, a 179m and subsequent lead
impression blocks proved amgjor casing breek here. Over the next
few months the well was varioudly discharged, shut and quenched
severd times due to problems with the wellhead equipment. The
shut-in wellhead pressure was variable at 32-35 bg (saturated

vapour).

In March 1960 a workover was underway when a fumarole formed
about 60 metres from the wellhead; then a mgor eruption occurred,
covering the wellsite with a 2 metres thickness of debris. Vigorous
activity (mainly fumaralic, interspersed with eruptions) continued
until December 1960 when arelief well wes drilled to intercept the
fead zone in well 26, and cement placed to sed off the flow. The
surface activity began to decline @most immediately this hed been
achieved. _

The pressure data indicates that the formation a 180m depth was
exposed to pressures as high as 34 bar briefly, and 32 bar for an
extended period. Although the timing is alittle uncertain, it appears
that et least 6 months between the time the mgor casing
break appeared and the surface effects became gpparent.

At wel WK204 (The "Rogue Bore"), blowout problems occurred
during drilling.  The 300mm diameter anchor casing had been
cemented to 122m, within the base of the Huka Falls Formation
sediments.  After drilling on, mgor circulation losses occurred at
350 and 370m. At the latter depth circulation was stopped while
tripping out of the hole. Four hours after stopping circulation the
well came under pressure, and seven hours later ajet of steam
erupted 30m away from the wellhead. This subseguently developed
into a discharge of "dr&/sﬂturated (?) steam initidly via the
formation outside the wellbore, then later viathe well casing.

Analysis of data from nearby wells indicates that WK204 had
intercepted one (or more) highly permeable fissure, filled with
vapour a 22-23 bg. As soon as circulation was stopped this
pressure was gpplied dmost immediately to the host formation at
122m depth.

In both the WK26 and WK204 blowourts, Bolt%r;él%l ascribes
one of the prime factors to be a poor cement in the casing
annulus, thus providing a high permeability path for reservoir fluids
to reach the surface. Reviewing the likely pressures that were
applied to the formation at the casing shoe, it appears that in both

196

cases the overburden pressure was closdly gpproached, or exceeded,
and thisinitiated the blowout. Robertson (1984) gives the physical
properties for fresh core materia from the Huka Formation: Average
porosities from this study are 50-60% and wet density of
14-1.8g/cm3.

There are some other examples in the Wairake field where pressures
about midway between local hydrogtatic and lithostatic have been
applied at the casing shoe without a blowout occurring. In these
cases it seems that the Huka Falls Formation mudstones here provide
the extra strength necessary to avoid a blowout.

The examples of blowouts may also give a clue to the time needed
for an eruption to develop. In neither case was the blowout a
catastrophic, instantaneous event; rather, eruption developed over a
period of time sufficient to alow personne and equipment to be
removed from the danger zone.

ERUPTION MECHANISM

Although there are large differences in the eruption styles described
above, it islikely that thereis a continuum between them which may
perhaps even extend to include features such as geysers.

The man-made events indicate that down to moderate depths (200m),
an eruption may commence if the fluid pressure can build up to the
lithogtatic pressure done. If these events were, in fact, precursors to
"full scale” hydrotherma eruptions, why did they not then develop
into the real thing? In the case of WK26 the feeding fissure was
cemented off before the eruption became totally out of control. For
WK204, the eruption was Initiated from a vapour-filled formation,
which was not supported directIY below by an extensive boiling-
point reservoir: The permeability of the feeding fractures was
sufficiently high that drawdown of the vapour zone was not great
enough to produce fluid from the underlying liquid immediately.
Later when cooler liquid was drawn in to the discharge this did not
hﬁaé/]edste:fc}‘ide*n energy to maintain and enlarge the eruption which
t ied. .

While the shalow-focussed eruptions have occurred very frequently,
on the scde of years apart within a single field, the deep-seated,
large eruptions are much less common - from the Rotokawa and
Walotapu data these are in the order of hundreds or thousands of
years gpart. The long timeintervals indicate that something extrais
needed (ta?j ionduce mgjor eruptions. Severa mechanisms have been
suggested: -

- accumulation of non-condensable gasesin near-vertica fissures,

- reduction in fluid pressures due to draining of lakes overlying a
‘geothermal system, -

- increase of fluid pressures within the geotherma system due to
chemica sedling of outflow channdls,

- sEgmic activity.

Hedenquist and Henley(1985) sgg&st that accumulation of non-
condensable gases in mineral ed near-vertical fissures can
provide the fluid over-pressure necessary to initiate an eruption. As
observed by Collar (1985), this mechanism requires the fissure to act
asa (ie lesk-free) well. For formations whose porosity is
commonly 30-50%, this seems unlikely. More than 200 deep
geotherma wells (and maybe over 1000 shallow wells - less than
100m deep) have been drilled in the Taupo Volcanic Zone. Asfar as
the present authors are aware none of these wells have encountered
the ﬁ)ver-prewured gas conditions necessary to support this
mechanism.

Another mechanism has been reduction in hydrogtatic pressure due
to draining of lakes overlying a geothermal system (Muffler et al,
1971). Throughout the Taupo Volcanic Zone, Huka Fals Formation
type mudstones are in many geothermal fields. These deposits were
lad down in shdlow lakes Smilar to those present today.. Sudden
draining of these lakes could have provided an initiation mechanism,
adthough there is presently no recognised field evidence for such
activity.

Increasing fluid pressure within the reservoir due to field-wide
seding by mineral deposition has also been suggested; whilethereis
unquestionably considerable redistribution of mass within
‘geothermd systems by chemica means, there is no evidence of such
1eld-wide sedling of outflow channdls in the Taupo Volcanic Zone,
In none of these geotherma systems does the pressure gradient in
the undisturbed (pre-exploitation) reservoir exceed boiling point
from ground surface (alowing for the dynamic pressure gradient).



Input of seismic energy seems to be the most likely mechanism to
initiate an eruption. During many mgor earthquakes both cold water
and geotherma agquifers me simulated to higher levels of
activity; inthe 1987 Edgecumbe earthquake, one geothermd well at
Kawerau that had remained open for severa years as a weter level
monitor commenced discharging. In association with the 1886
Tarawera eruption there was adramatic increaseiin gef/ser activity in
Rotorua (Keam, 1988). There are many other examples.

As suggested by Hedenquist and Henley (1985), the eruption
mechanism should be considered as a sequence: initiation; eruption;
Poa—eruptl on (this latter minerd deposition stage is not considered
urther here). In this context the induced and man-made eruptions
described above and the possible "eruption” mechanisms are
initiation events. Whether such events develop into a full scale
eruption will depend on the geologic and fluid conditions in their
immediate vicinity. Conditions favourable to sustaining an eruption
include hlsggu orosity with limited or poor permeability; the
formetion d contain liquid at boiling temperature. Unfavorable
conditions are low porosity, highly permeable rock, vapour-
dominated or with liquid well below boiling temperature.

Where favourable conditions occur in the immediate vicinity of an
initiation event, pressure reduction in the fractures, with consequent
boiling within rock pores can propagate a wave of hydraulic
fracturing into the rock matrix. Where a fault or fracture alows
deeper penetration of the pressure wave the disruption can rapidly

ropagate to great depth. Energy to support the eruption is provided
By die boiling pore water within the rock matrix.

If insufficient energy is available the eruption will cease prematurely:
This can result where there is low porosity, low temperature liquid,
or vapour-filled pores. If permesbility is too great the "eruption”
moves toward geyser-type activity where large amounts of fluid are
discharged with comparatively little erosion of channd wals (eg
WK204). Permesbility improvement by the eruption itself may
result in subsequent geyser activity.

At Rotokawa and Waiotapu the mgor hydrotherma eruption centres
are coincident with fault traces. This association indicates that the
faults are likely to provide vertica paths of limited permesbility
necessary for an eruption to propagate to great depth.. If seismic
energy can trigger theinitia bailing, with smultaneous opening of
the flow path, the eruption would soon become sdf perpetuating
with rapid erosion of the flow channel.

RESERVOIR CHANGES WITH EXPLOITATION

From the early stages of development a Wairakei, when it became
obvious that boiling and the formation of a vapour-dominated zone
was occurring, there was concern that vapour pressures &t the top of
the reservoir would increase. Specid shdlow wells were drilled to
monitor the development of the vapour zone.

Detailed examination of the pressure data over the period of initia

boiling and rapid liquid pressure decline indicates that vapour

pressures did not increase et any level in the reservoir. Where awell

intercepted a boiling zone, the initial vapour pressure developed at

tslhe sliurw on temperature at that level, and subsequently decreased
owly.

There is some superficia evidence of pressure increase of severa
bars in the higher temﬁeature western Wairakel wells, but closer
examination shows that the true vapour pressures, reflecting
formation conditions did not increase.

For the vapour pressure to increase benegth the overIKi ng HukaFalls
Formation "caprock” a Wairakel would require the existence of
vertical, highly permeable (open?) fissures, analogous to wells. As
there is no evidence of any pressure incresse, perhaps this indicates
that such features are not present either?

Lessons from the measured vapour pressure changes at Wairakel
ae

- Where avapour zone develops, the pressure does not increase
above the liquid pressure present at that level prior to fidd
exploitation. Thus the vapour zone pressureswill not initiate an
eruption by exceeding lithogtatic pressure below the caprock.

- The development of avapour zone will result in an increase in
vertical seam flow, and thisis likely to result in anincreasein
smadl shalow focus "eruptions’. These are unlikely to develop
into deep-sested eruptions as they are stleam-hested events.
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DISCUSSION

The hydrothermd eruption initiatior/propagation sequence described
above may asis in our understanding of severd related festuresin
?eothermal systems. Permeability enhancement by hydraulic

racturing can be explained without requiring an increase in overal
reservoir pressures. Here an inverse argument is used. The fracture
is enlarged by a sudden pressure reduction in the primary permesble
feature (ie fractures), then the pressure difference een the matrix
pores and this provides the energy to propagate the fracture by
implosion and brecciation of the matrix. Rock mass is actudly
removed from the fractured zone. Here the hydraulic fracturing
process occurs only where apprc()j)ri ate rock and fluid properties are
present and the fracture may develop horizontaly or verticaly
depending on the presence of these characterigtics.

Asthese eruptions have been common to mogt of the Taupo Volcanic
Zone high temperature geothermal fields during the last 20,000
years, there is no reason to believe that they wererarer in the padt. If
this is true, such events may be critical to developing the vertical
permesbility structure of such geothermal  systems. I we consider
that eruptions occur with a minimum frequency of once every
10,000 years, then a system such as Wairekei with a life of sy
300,000 years would have %(_Perienced 30 mgor hydrothermal
eruptions: The accompanying effects on the permesbility structure of
the system would be significant. While faults may be important
features in the structure, permesbility enhancement by hydrothermal
eruption may in fact dominate. It is interesting to note that tracer
tests indicate that faults (as mapped on the surface) are equally
important as flow barriers as fluid conductors.

Since hydrothermd eruptions are typica features of high temperaiure
active geothermal fields, it follows that their destruction potentia
should be considered as part of any exploitation proposal. The
hydrothermal eruption history of a field should be specifically
investigated by _miﬂplng the distribution of the eruption products and
determining their chronology.

Hydrothermal eruptions are evidence of a dynamic, evolving
?eothermal system; there is a SJO?gestion that they occur most
requently during the early growth of afidd (e.g. at Waimangu) but
become rarer as the fied aeﬂoroach&s maturity. Most geothermal
fidds are closdly associated with active volcanic features. The
seigmic activity associated with any volcanic eruption could induce a
hydrothermal eruption and this possibility should aso be considered
in risk assessment; similarly injection of magmatic gases in
association with nearby volcanic eruption could also trigger
hydrothermal eruptions such as those which occurred at Waiotapu
ut 900 years ago (Hedenquist and Henley, 1985).
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