Bibby et al.

THE DEEP CONVECTIVE GEOTHIERMAL SYSTEMS OF THE TAUPO VOLCANIC ZONE, NEW ZEALAND

11 M. Bibby, T. & Caldwell, G F. Risk

Tustitute of Geolagical and Nuclear Sciences, PO Box 1320, Wetlington, New Zealand

ABSTRACT

Electrical resistivity surveys carried ont over the last 30 years
provide almost complete coverage of the Taupn Yoleanic Zone
(1'VZ), an area of about 5000 km®. Low resistivity anomalies in
these data show the locations and distribution of some 23
scparate geothermal fields through which the eatire heat output
{(about 4200 MW of the TVZ is passed. Of the 23 fields, 17
have high natural heat outputs (>20 MW}, the remaining 6
may represent formerly active ficlds now in decline. In addition,
there are at least two extinet fields. In the region between the
peothermal Biclds, cavering 94% of the ttal sarface arc, the
heat flow ts extremely small or zero.

A large-scale system of convecting fluids underlies e entire
TVZ. Cold watcis of meteoric atigin are collected over the
whole region and permeate downwatds (o be heated by the deep
hot voleanic tocks. These hot waters rise under huoyancy and
become concentrated in narrow plumes with cross-sectional
arcas of, on average, about 15 km®. The geothermal fields ae
the near-surface expressions of these up-flowing plumes. Decp
resistivity surveys suggest (hat the cross sectional areas of the
plumes may increase with depth, consistent with the observed
decrease in permeability. Chemical and detailed heat-flow
studies indicate that once the hat geothermat tluids reach the
surface they join the focal driinuge, and only o very small
portion rejoins the deep citculating system.

KEY WORDS: Geothermal felds, Taupo Volcanic Zone,
convection plumes, hydrotheimal syslems, resistivity.

INTRODUCTION

The Taupo Voleanie Zone {TVZ) of New Zeaband (Fig. [} is
characterised by the high frequency of eruptions from both
rhyolitic calderas and andesitic compaosite velcanoes (Wilson et
al.,, in press} and by a large number of liquid-dominated
geothermal fields. The total natural geothermal heat output of
the TVZ, from the Bay of Plenty Coast to Tokaanu, 4200 + 500
MW@ (Bibby et al, in press), is discharged through these
geothermal  fields. The  long-term energy  output of  the
geothermal ficlds is at feast twice that of the cnergy released
through velcanic activity (Hochstein ot al., 1993),

The setting and the distiibation of the geothermal fickls of the
TVZ are also unusual,  Unlike the andesitic are cnviranment,
where the distribution ol geothermal fields 1s atigned along the
are with spacings of the order of 100 ki (c.p. Hochstein, 1991),

the TYZ is characterised by a bwo-dimensional distribotion of

ficlds with average spacing of about 15 km, as we show here.
Adthough the New Zealand setting is unusual, the TVZ provides
an exainple of large-scale convective heat tratsport in the crust,
features ol which are applicable to spany hydrothermal systems,
tegardless of their setiing.
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Figure {. The Taupe Voleanic Zone, which is defined to enclose
all the active volcanism that has occvrred in the Central Nerth
Istand over the last 1.6 My, contains afl but one of the high
temperature geothermal fields of New Zealand. Hatching 10 the
cast and west indicates owcrapping Mesozoic greywacke rocks.

The data presented in this paper have been acquired over many
years, and, during this time, our concepts of the deep convective
liydrothermal systems have graduvally becnme tmore refined.

RESISTIVITY MAPPING

The carliest geophysical investigations of the TVZ. geothermal
ficlds were mainly concentrated on determination of geological
structute. In particular, gravity, seismic refraction and magnetic
surveying were carried out (e.g. Banwell et al., 1957, Studt,
19SR) in allempts to idenlify stiuctural featutes belicved to
control the passages of the hat fluid to the surface.  Electrical
tesistivity surveying fechniques were first successfully applicd to
preothermad cxploration in the mid 1960s (Hatherton et al, 1966:
Macdonald, 19671 These technigques have proved to be the most
effective geophysical tools for delincating TVZ geothermal
fieids,

The effectiveness of resistivity teclhnigues reltes an a number of
factors, adl of whick combine (o lower the electrical resistivity of
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Figure 2. Distribution  of the  Schiumberger resistiviry
measurements made in the TVZ over the last 30 years. Many of
the data have heen collected during detailed investigations of
individual peathermal ficlds,

a geothermal arca with respect o its surroundings. Geothermal
waters of the TVZ contain high concentrations of dissolved salls
(typically 1000 ppm  chloride), which  provide a  highty
conducting electralyte within the rock matrix.  The electrical
properiics of this comdluctive tluid are also strongly lemperature-
dependent.  For example, at 200°C, the resistivity of such a
saling solution is only 10% of that at ambient temperatures
{Quist & Marshall, 1968; Olhocfl, 1981). Consequently, waters
of geothermal origin that have cooled during flow arc less
conduclive than the samc waters near their (hot) source. In
addition, the rock matrix also makes an impartant contribution
to ground conducltivity, With prolonged passage of geothermal
waters, the volcanic rock matrix undergoes hydrotherinal
alteration, which produces clay- and zeolite-rich products that
can be very conductive, Typical resistivities of altercd volcanic
rocks are in the range of 10 - 50 m at tempeiatures of 20 -
100°C (Catdwell et al., 1986).

These lactors act together to reduce the electrical resistivity of a
geothermal NMeld, which allows the boundaries of the ficld to he
mapped  readily  using  appropriate  resistivity  mapping
technigues.  These techniques have proved highly effective in
the young volcanic rocks of the TVZ. Since the initial success
of electrical techniques for outlining the Wairakei geothermat
field (Manwell & Macdonald, 1965}, resistivity mapping has
been routinely cartied out both for reconnaissance and for
providing detailed information en the boundarics of the hot
water fur drilling purposes (Risk, 1983). A database has boen
established in which all the reconnaissance reststivity values
measired over the last 30 years are held.

1556

The majority of the resistivity measstrements in the TVZ have
been made using the Schiumberger electrade array, with array
spacing (ABB/2Y of 1,000 m and 500 m.  Farly mcasurements,
made using the Wenner array with a spacing of 1800 ft (549 m)
can he shown ta be compatible with the 500 m Schiumberger
data. The data reflect changes in the clectrical resistivity to
depths of about 200-300w.  Details of the measuretnent
technigues used in New Zealand are given in Bibby (1988).
Measurements have also been made in the many lakes of the
TVZ. In shaflow lakes a Schlumberger array, with the potential
clectrodes placed on the lake floor, has been used (Rennie,
1983}, In Lake Taupo, where decp waler (100 m) prohibits the
use of eclectrodes on the lake floor, a method using a
continuously moving array has becn  specially  developed
{Caldwell & Bibby, 1992). These data have been measured
using an array spacing of 500 m enly.

o tetal, about 24,000 individual Schlumberger mensurements
have been made within the TVZ, distributed as shown in Fig. 2.
Onc of tlic reasons fur the success of the resistivity mapping
programme was (he carly recognition that measurements should
not he confined to the environs of the geothermal fields but
should extend between these arcas to give a near-unilorm
caverage of the whole of the volcanic region. Many of the data
shawn iri Fig. 2 iave been measured as part of the investigations
of patticular geothermal fields. Tn addition, a scries of apparent
resistivity mmaps, at @ seale of 1:50 000, are being published
(Geophysics Division, 1985, Bibby et al., 1997).

All the publicly available data within the TVZ were used fa
compifc Fig. 3 which shows contours of the apparent rcsistivity
measured with [he 300 m Schlumberger array. Contouring was
carriegt out by interpolating onto a 1 km grid rising the weighting
technigques  described by Bibby (1988). Contours are
logarithiically spaced, using 3 contours per decade, at values of
5. 10,20, 80,100 . . Cm. Contours have been limited tu regions
where the density of data is sufficient to contour with
cunfidence.

DISTRIBUTION OF GEOTHERMAL FIELDS

The eastern margin of the TVZ is clearly reflected in the
apparent  resistivity ineasurcments as a sleep  pradient in
resistivity.  Walues of 400-500 £2m occur cast of the TVZ over
most of the Kaingaroa Plateau. 'T'he rapid decrease in rcsistivity
towards the TVZ reflects both the increasing depth to the highly
resistive greywacke basement (Risk ct al., 1993) and the onset of
geothertnal phenomenn within the TVZ itself.

Near the coast, two zones of low restslivity are pieserit. In these
zones, low resistivilies reflect the presence of highly conductive
sea water at shallow depths bencath the coastal plains. Within
ttic TVZ therc is a very strong correlation belween the
oceurrence of geothiermal waters at the surface arid the low-
resistivity zones outlined in Fig. 3. With the exception of the
constal anomalies, cach of the low-resistivily zones can be linked
to geothermal activity, past or present. All hot springs and other
manifestations of geothermal activity occur either within these
low resistivity zones {geothetmal ficlds) or result from ncar-
surface drainage frean the geothermal fields. Thus, Fig. 3 shows
the distribution of geothermat Nields within the TVZ. Nole that
at least one of the geothermal helds lies beneath the walers of
Lake Taupa, although the contrast in the appatent resistivity is
muted by the 100 m of high-resistivity lake water {Catdwell &
Ribhy, 1992).
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Frgire 3. Contonrs of the apparent resistivity over the TVZ,
drawn at logarithmic intervals (5, 10, 20, 50, 100 ... Qm).
Resistivity data have been measwred using the Scliumberger
clectrode configuration with nominal spacing (AB/2} of 500m.
Heavy shading owtlines regions where resistivity is less than 10
m; light shading represents 10 - 50 2. In arcas where no
data exist within a I km radius, gaps have been left.  This
shartage of data occurs mainly around the fringes of the map.

The iiumher of geothermal ficlds (hat can be identified in the
TVZ depends on how some of tlic featutes with low heat output
arc classificd {e.p. Horohoro Springs). Sceventzen geothermal
ficlds with hecat outpuis grcater than 20 MW have heen
identified within the TVZ dong wilh 6 other fields with lower
heal flows,

It is possible that some of the anomalics mark geothermal fields
undergoing decline. [t would also be expected that some fields
may havc become cxtingt. [n such cases, although the highly
cnnductive geothcrmal fluids may 110 longer be present, a fow-
resistivily signature would bc expected as a result of the past
hydrothermal alieration of tlic rock matrix. [ would thercfore be
expected  that  exlinel  geothermal  ficlds  would  exhibit
intermediate values of resistivity over arcas comparable to those
of the presently active fields. The apomaly at Ohakuri is such a
fossil tield (llenncherger, 1986) and at least onc other fossil
ficld exists.  In the western part of Lake Rotorua, a fow-
resistivity zonc of about 12 km® (Fig. 3) shows no signs of
geothermat activity (Whiteford, 1992} This feature has been
interpreted as a fossil geothermal ficld (Bibby et al., 19921,

Between the Tokaanu geothermal field in the south and the
Kawerau field in the north, the geothermal ficlds are spread
fairly uniformly across a zone up to SO km in width and about
130 km in length. The averape spacing between the fields is
aboul 15 km over most of this zone, although the fields on the
castern side arc more closely spaced than those in the west.

A.pparent resistivity {ohm m)

Apparent resistivity (oHm m)
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BOUNDARIES OF THE GEOTHERMAL FIELDS

Because the contours of apparent reststivity shown in Pig. 3 are
i smoothed representation of the data, they give a misleading
impressinn of the sharpness of the boundary between the hot and
eold regions. For every geothermal field in the TVZ that has
been investigated in detail, abrupt changes in resistivity have
heen observed for at least same portion of the field boundary.
This is best illusiraled by cxamining the apparent resistivity

Distance (km)

Figure 4. Cross seciions showing the sharp changes in
measured apparent resistivity that mark the boundaries of the
geothermal fields in the Taupo Volcanic Zone.

a) The Waiotapu-Waikite geothermal field,

b) The Reporoa geothermal field.

c) Mokai geothermal field,

At the north side of the Mokal geothermal fleld the resisiivity
change is not sharp, In this area subswrface drainage carries
the geothermal warers down-slope towards the major river of
the arca. This subsurface flow of geothermal waters masks the
resistivity change associated with the edge of the deep
convective plume. The main chloride springs ocenr some 7 km
north of the up-flow 20ne
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along  profiles  through  typical geothenmal  liclds.  Thice
cxanypHes (Waiotapu-Waikite, Reporea and Mokai) are shown in
Fig. 4. In cacl case, the measarements show that the electeical
resistivity changes by about an order of magnitude ovet u
horizondal distance ranging between 200 moand 1 k., However,
as 1s shown in Fig dc, it is nuusual for such an abrogd boundary
to be found across all paits of the perinicter.

In order to delineate the horizontal extent of any field, it has
become accepted practice in New Zealand (Risk et al., 1977} 0o
define a4 boundary rone scparting the geothermal field from its
surroundings.  The width of the boundary 7ope reflects the
uncertainty in its delineation. It is implicit in the adoption of
such a procedure that the boundary behween hot and cold waler
s vetteal or near vertieal,  That s, that the hot geothermal
waters rise from depth as a neac-vertical plume. Resistivity
boundary zones have been determined for miost of the TVZ
ficlds being considercd for exploitation.  Where theee are
sulficient drilthodes (o provide a well distribeted sample of
temperature throughout a geothermal field, the zone where the
steep horizontal tetmperature giadient at depth oceurs correlates
well with the boundary zone defined by resistivity {e.pg. Kawerau
- Allis et al, 1993, Ohaaki - Risk, [983: Wairakei - Risk ¢t al.,
[934). Fig. 5 shows a comparison of the resistivily houndary
and temperatures for the Watrakel peothermal field.

Apart from the Schlumberger mapping measurements, a vanety
of deeper-peneteation resistivity (echnigues have alse been used
o tnvestigate the boundary repion (c.p. Risk ot al, 1977}
Deep-penetratton, mulliple-source, hipole-dipole measarements
have been modelled to ascertain the shape of the hot-cobd water
boundary at depths down to about 2 km (c.g. Bibhy, 1978;
Mulyadt & Caidwell, 1979). “these studies show that to a depth
of 0.5 — i km, the interface between hot and cold waler can be
modelled to 3 geod approximation by a vertical interface, At
Chaaki, Bibby (1978) showed that the wterface flares antwarnds
at greater depth. Stmitar resulls have been found for other

=100 nm

>1000m

Figure 5. Wairakes geotitcrmal field. The resisiivity boundary,
shown as the zone of hatching, is compared with the werage
femperaiures measured in drill-files (dots) berween 0.7 and 1.0
km depth. The mensuremients demonsirate the corielation
between the sharp changes in temperature and resistiviiy af the
edge of the geothermal field (after Rick, J9R3)

peothermal fields in the TVZ, Thus the areal extent of the hot-
witer zone scems o fncrease at greater depth, Bibby(1978)
suggesied that this increase o the eross-sectional area of the
vsing plume relicels a decrease tn permeability wilh incieasing
depth. The ceoss-sectional area of a plame of constant flux will
vaty in inverse proportion with the permeability,  This
expiunation is consistent with the simple models of convective
plime flows throngh regions of variable penineability carried out
by Wouoding (19647,

Surlace Deainage of Geothermal Waters

As geothermal waters approach  the surface they become
entrained inte the near-surface hydeological system. Subsurface
diainage can resuft in the geothermal waters reaching the surface
a considerable hotizontal distance away from the position of the
convective plume at depth.  Since these geothermal waters are
hiphly conductive. the tlow paths will be seen in the resistivity
pattern, Such flows cun cause ambiguities in the interpretation
of wesistivity data. The major river systems provide the natural
collection points for both the cold groundwalers and the
geothermal waters.  Thus, where the TVZ geothermal felds
oceur on or near major rivers, for example Wairakei (Fig. 5), the
drainage paths for the geothermal waters ate short, and the Jow-
resistivity anomalies associnted with the geothermal fields reflect
the positien of the geothermal plume at depth. Consequently,
the resistivity anomadics provide accurate locations for the
deeper geotheimal plumes.

In contrast, o munber of peothiermal fields in the TVZ do not
accur on the major rivers.  Far cach of these, the electrical
resistivity pattern is more diffuse, with the low-resistivity
regions teflecting both the plutue and the ncar-surface drainage.
The best example of this is the Mokai geothermat ficld (Biliby et
al., 1984} where a tongue of low resistivity extends down the
hydiaulic pradient towards (he Waikato River (Fig 4¢).  Other
otitflows can be recognised in the resistivity map (Fig. 3. The
concept of a boundary has to be eatended in areas where near
sutface Muid movements oceur. [ this situation, the boundaty
7one is used Lo delineate of the position of the deep geothermal
plume, rather than retlecting the extent of the draining
geothermal waters (e.g. Bibby ct al., 1984).

DISCUSSION
Heat flow

All the known thermal springs of the TVZ have their origing in
one or other of the peothermal fields identitied hy the resistivity
sirveying,  Afl the heat vutput af the TVZ is concentrated
thorough the geothermal fields.  The average arca of the
resistivity anomalies associated with the 17 high-heat-otput
geathermal fields is 19+ 6 km?, and the average heat output
aboat 250 £ 150 MW, The consistency in both the areas and
heat outputs of the lields snggests that permeability at depth
twougheut the whole TVZ is nearly uniform.



Convective plumes and geothermal ficlds

Batly the heat-Mfow patlern and the nature and disteibution ol the
geothermal ficlds as revealed by resistivily surveying give strong,
support for the convective-tlow madel of the hydrothermat
systems of the TVZ. This model of targe-scale chiculation has
been developed over many years. Fundamental works include
those of Donaldson (1962), Wooding (1963, 1964), Elder (1965,
1966) and McNabb (1965). High lcmperatures at deep levels
within the TVZ give rise lo large-scale conveclive flows driven
by the buoyancy of the heated waters.  The large-scale
convection patterns regquire cold groundwater to be drawn down
over most of the region.  As this water hecomes heated it s
concentrated into narrow rising plumes. It is the upper podion
of thesc convective plumes, where they interact with the surface
hydrology, that are the geothermal fields. The heat output from
a geothermal ficld thus is the heat accumulated over a region at
depth that bas an arca  more than 10 times that of the tising
plume near the surface (MeNably, 1975). Models of convective
flow in a porous media (e.g. Robinson, 1975} show that the ratio
of plume spacing to the depth to the base of the plume is about
0.5, This sugsests that, in the TVZ, meteoric waters penetrate to
adepth of about 8 km. The depth of the scismogenic zone s of
a stmilat order (Bibby et al., in press).

This made] of convective heat transpail docs nut require that
cach peothermal ficld is associated with a localised mapmatic
source of heat bencath 1t The lite span of individual geothermal
ficlds in the TVZ has been estimated to Tic between 0.2 to 0.5
My (Browne, [979). A geothermal ficld can be maintained only
by continual replenisiuncent, during its lifetime, of heat (o the
base of the convective system. In the convective-flow model of
hydrothermal systems, heat replenishment may oceur anywhere
aver the base of tie convective region, which, in eflect, is the
total area of the %2, ‘Thus, replenishiment of heat, by intrusion
or other mechanisms, may take place anywhere in the region,

The position of the geothennal Nields appears to be stable vver
time.  Any fossil geothenmal field that was active in the past
would have produced a zone of thermal alteration that tematns
as cvidence of ils former existence. ! the posttion of the
peothermal  fields had  changed  with time,  such residual
signatures of the old fclds would remain. Thus the {ack of
widespread evidence of past peothermal activity over most of the
TV Z indicates that the circulating fiuids have followed preferred
paths that have remained fixed, U is still possible that the
magnitude of the heat output may have waxed and waned. The
sharp interfaces between the hot geothermal waters and the cold
surrounding groundwaters also appear o have been maintained
over the lifetite of the geothermal systems. Boundary regions
with large horizontal lemperature gradients, simitar to those
observed in the TVZ, are characterislic of laboratory models of
convective hydrothermal plumes (c.g. Wooding, 1964).  The
sharp boundaries of the geothermal ficlds are maintained by the
dynamics of the convecting hydrothermal plumes.

Although recirculation within closed convection cells was a
feature of many of the early conceptual models of the farge-scale
hiydrothetmal systems, there is evidence suggesting that when
thermal waters in the rising plume reach the surface, they e
mostly discharged (o the surface drainage, and only a smail
fraction joins the down-flowing waters to rechiculate around the
cell. A measwre of the recitculation can be ohtained by
comparing  heat-flow  caleulations made by physical
measurements with those enleulated from chemical fuxes. A
systematic compatison was made using data {rom the Wairnkei
peothernal field (Eilis and Wilson, 1935) Trem fhe incease i
the chioride flux in the Waikato River past Waliakel and
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Taubara geothermal fields, Ellis and Wilson (1955) calculated a2
total heat discharge of 600 MWy, of which approximalely
180 MW could be atiibuted to the output of the wells. The
total natural heat output of Wairakei and Taubara, estimated
from independent physical measurements, was shown by Allis
(1981 to be 460 MWy Thus, almost all of the hydrothermal
plume is discharged into local surface groundwater, with only a
small amount of the fluid becoming cooled sufficiently o be
able to recirculate (hrough the hydrothermal convection cell.
The systems are essentially ‘once through'. The model of non-
recircutating hydrothermal flow is now widely accepted and is a
tacit assumption made in many of the estimates of the heal
output al geothermal fields,

CONCLUSION

The near-surface resistivity distribution within the TVZ is now
well known, with only a few areas where data have not been
measured.  These data provide a detailed picture of Lhe
distribution of ttie geothermal fields, arid use of these data has
comtributed Io the very high success rate of exploration drilling.
Indeed, alt wells drilted within the low-resistivity anomalies
have encountered high lemperatures (>160°C) within 1 km of
the surface.

The resistivity data provide a valaable perspective on the
processes involved in heat transport within the TVZ. These dala
alsa show that only a small nwnber of extinet geothermal fields
ace present. The relationship between the focation of geothermal
ficlds and possible souices of heat, such as magma bodies al
depth, has often been debated.  Over the last 0.5 My there has
leen widespread  voleanic aclivity wilh evidence of both
exteusive and intrusive volcanism, If a geothermal field existed
over cach intrusive magmatic body it would follow that
peothermal fields would be widespread over the TVZ,  The
small number of Tossil ficlds (hat have been observed and the
long life span of the active geothermal fields suggest that the
TVZ, hydrothertnal systetns are essentially stable on a time scale
of the order of 200,000 years. A single intrusive event of the
size obsetved at the surface is an order of magnitude too small to
supply the total energy dischacged by a typical TVZ geothermal
field,

The stability in position and the long life of the geothermal
ficlds provide further support for the model of large-scale
hydrothermal  convection  throughout most of the TYZ
Coontinuing volcanic activity and deep intrusions replenish the
heat supply 10 the base of the convective region but do riot alter
the paths taken by the convecting fluids. However, variations in
the heat supply may influence the rate at which hcat is
discharged al any one fteld. Large-scale convection systems
have considerable inettin, which appcars to slabilise the
convective flaws despite intermittent disruption by volcanism.
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