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  A B S T R A C T

High-temperature geothermal fields and the surface features they produce are 

some of the rarest geological features on earth. The geothermal fields of the 

Taupo Volcanic Zone (TVZ), North Island, New Zealand, exhibit a wide range of 

geothermal phenomena including hot and boiling springs and streams, geysers, 

silica sinter deposits, mudpools, fumaroles, hot and steaming ground, altered 

ground and hydrothermal eruption craters. A number of these fields have been 

developed for heating, industrial and electricity generation purposes, so that 

many of their associated geothermal features have been damaged or destroyed. 

Flooding by hydroelectric lakes, and activities such as farming and forestry have 

also led to damage or loss of features. The remaining geothermal features have 

been assessed and ranked on the basis of their variety and naturalness to provide 

a systematic comparison across the fields in an objective and transparent manner. 

This work involved the collation of detailed information on each geothermal field 

(including the range of geothermal features present, their physical and chemical 

characteristics and conditions, and extent of modification); the collation of details 

on the variety of geothermal features present in each field; and the ranking of 

each field based upon the features present and their qualities. These data were 

collated into three spreadsheets. As the pressure to develop geothermal fields is 

continuing, the ranking can be used to help assess the fields’ geodiversity, and 

inform decisions on what should be conserved and what development should 

be allowed. 

Keywords: geothermal fields, geothermal features, geodiversity, conservation, 

development, Taupo Volcanic Zone, New Zealand
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 1. Introduction

Geodiversity is the natural diversity of geological, mineral, landform and soil 

features, and the processes that have formed them. Geomorphological and 

geological conservation—increasingly referred to as ‘geoconservation’—is 

concerned with the protection, active management or interpretation of 

geodiversity for its intrinsic, ecological and geoheritage values. 

Geoconservation is complementary to biological conservation, as it seeks to 

conserve the non-living aspects of the natural environment as well as directly 

conserving habitats. The geoconservation values of significant phenomena can 

be degraded by human activities that either change the significant and valuable 

features of a site, or change the natural processes controlling the existence or 

continuing development of the feature.

 1 . 1  G e O T H e R M A L  G e O D I V e R S I T y

Some of the rarest geological features on earth are high-temperature geothermal 

fields and the surface features they produce. High-temperature geothermal fields 

occur in places where magma (molten rock) is able to move close to the earth’s 

surface. Deep faults, rock fractures and pores allow groundwater to to percolate 

down from the earth’s surface towards the heat source, where it becomes 

heated to high temperatures (> 300°C). Because hot water is less dense than 

cold water, it tends to rise back towards the surface, where it may form natural 

features such as boiling springs, geysers, mudpools, etc. The hot water may also 

form underground reservoirs that can be drilled to provide hot water and steam 

for electricity generation (e.g. Wairakei Power Station, which has now been 

operating for almost 50 years) or other industrial and heating applications. The 

geothermal fields of the Taupo Volcanic Zone (TVZ) are shown in Fig. 1.

The natural features associated with high-temperature geothermal fields include 

hot and boiling springs and streams, geysers, silica sinter deposits, mudpools, 

fumaroles, hot and steaming ground, hydrothermal eruption craters, and altered 

ground. These features are very susceptible to damage from activities associated 

with all forms of land modification, but particularly farming, forestry and 

mining (e.g. for sulphur). They can also be damaged or destroyed by extraction 

(through wells) of water and steam from the underground reservoir. Another 

threat in the TVZ has been flooding by lakes formed behind dams constructed 

for hydroelectricity generation.

At present, a number of geothermal fields in the TVZ are being used for heating, 

industrial and electricity generation purposes; many of the natural features 

associated with these have been damaged or destroyed (e.g. the former Geyser 

Valley at Wairakei). Other fields have some degree of protection from development 

(e.g. Waiotapu), and some have not been developed and are not protected. There 

is an increasing demand for geothermal energy development in the TVZ and a 

corresponding need to identify those geothermal fields and features that need 

to be protected to ensure that a representative array of geothermal geodiversity 

is preserved. 
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 1 . 2  T H e  R A N G e  O F  G e O T H e R M A L  F e A T U R e S  F O U N D 
I N  T H e  T V Z

In a geothermal field, what appears at the surface reflects both the surface 

topography and the processes occurring underground. A quick summary of the 

processes and their associated features is provided here, so that readers can follow 

the assessment process described later in this report. More detailed information, 

including some very helpful diagrams, is available at www.nzgeothermal.org.nz 

and www.nzic.org.nz/ChemProcesses/water/13A.pdf.

The very hottest fluids from the deepest parts of a geothermal system are typically 

of near neutral pH chloride composition. These hot fluids cause significant 

alteration to rocks that they pass through, and minerals such as silica become 

dissolved in them. As these hot fluids reach the upper parts of the system, pressure 

reduces and the water may boil. This separates dissolved gases, particularly 

carbon dioxide (CO2) and hydrogen sulphide (H2S) into a vapour phase with 

steam, which then moves independently towards the surface where it may form 

fumaroles and steaming ground. Where the steam phase meets cold, near-surface 

groundwater, it condenses, forming steam-heated waters. If the accompanying 

H2S becomes oxidised, acid-suphate waters form. These highly acidic waters 

cause extensive alteration to rocks. Where CO2 becomes dissolved in condensate 

waters, CO2-rich steam-heated or bicarbonate waters form. These steam-heated 

waters are low in chloride. Some of the remaining deep chloride waters may 

reach the surface, forming features such as boiling alkaline springs and geysers, 

usually associated with silica sinter deposition. They may also become cooled and 

diluted, forming dilute chloride waters. The upflowing waters may be deflected 

horizontally by groundwater movement, so that chloride springs may discharge 

at some distance from steam-related features such as fumaroles. This effect may 

be most marked where the ground surface of the field has a varied topography or 

spans a wide altitudinal range (e.g. on the side of a hill or mountain).

Geothermal fields vary considerably in the extent and variety of geothermal surface 

features they exhibit. Some have a full range or sequence of the generalised 

features described above, whereas others only have some. In addition, geothermal 

fields vary in their biodiversity. The natural vegetation in and around geothermal 

fields in the TVZ has, like much of the rest of New Zealand, been modified 

to a greater or lesser extent by activities such as land clearance, farming and 

forestry, and associated impacts such as fire and weeds. Geothermal areas also 

contain organisms that have evolved to withstand high temperatures, which are 

generally unique to these areas.
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 2. Work requested

This study was commissioned by the Tongariro/Taupo and Rotorua Conservancies 

of the Department of Conservation (DOC). It involved the production of 

three spreadsheets. The first two summarise physical and chemical aspects of 

geothermal fields in the TVZ and individual features within those fields. Data 

in the spreadsheets have largely been compiled from existing published or 

unpublished sources, with additional information from the author based on  

personal familiarity with sites and observations made during site visits associated 

with other fieldwork. Following the compilation of the first two spreadsheets, a 

third spreadsheet was developed, which incorporates a scoring system to rank 

various attributes of the geothermal fields. To augment these spreadsheets, a 

separate Geothermal Bibliography was compiled. Copies of this have been lodged 

with both the Tongariro/Taupo and Rotorua Conservancies.

Only high-temperature geothermal fields in the TVZ were included in this study. It 

omitted some minor, localised warm-water occurrences in the TVZ, e.g. Awakeri 

springs, Motuoapa springs and Maketu. The excluded features are mostly small 

scale with minor surface expression, and are not directly related to volcanic 

activity. The author believes that they would have achieved very low scores in 

this exercise and therefore their omission does not constitute a gross oversight 

in the establishment of a hierarchy of high-temperature geothermal sites in the 

TVZ based on their geodiversity values. 

This work on geothermal geodiversity was guided by a set of required outputs 

and prepared questions to be answered. These are listed below, together with 

brief comments about where each is addressed in the report. 

A. Compile a list of types of features (geodiversity) in geothermal areas, 

from the rarest to most common, including physical thermal features 

(e.g. geysers, fumaroles, hot springs, hot seeps, active silica terraces, 

active silica sinter deposits, mud volcanoes, mud pools and pots, hot 

lakes, hot ponds and pools, steaming ground, inactive but intact silica 

terraces, extinct silica deposits, explosion craters, collapse craters); and 

chemical characteristics of geothermal water (e.g. alkaline, neutral, 

bicarbonate or acid waters). Use temperature characteristics where 

practical.

This information has been presented in the spreadsheet ‘Geothermal 

Fields Inventory’, which is Appendix 1 of this report. It enables ready 

comparisons between the range of features and characteristics present in 

each geothermal system studied. 

B. Prepare a spreadsheet showing representation of each geothermal 

feature type in each geothermal area, including extant and extinct 

or destroyed examples. Indicate approximate numbers and area of 

features (absolute, indicative or relative scales) where possible. 

This is presented in the spreadsheet ‘Individual Geothermal Features 

Inventory’, which is Appendix 2 of this report.
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C. Summarise the data compiled in spreadsheets 1 and 2 and then rank 

the geothermal fields according to the natural features they contain, 

and their degree of modification. 

This summary and ranking is presented in ‘Geothermal Field Rankings’, 

which is Appendix 3 of this report.

The preparation of these spreadsheets was guided and informed by the following 

questions:

1. What criteria should/could be used to rank the relative quality of extant 

examples of each feature type for conservation purposes (e.g. intactness, 

size, recent natural or induced change of temperature of surrounding 

vegetation, degree of existing impact, proximity to sources of direct 

or indirect disturbance, proximity to extant ecological sequences, and 

indigenous vegetation)?

The answer to this question is addressed in the range of headings 

and criteria used in the spreadsheets summarising geothermal fields 

(Appendices 1 and 2), and in section 3. The physical, chemical and 

geographical features all contribute to the ranking of the relative qualities 

of geothermal areas, and are parameters that can also be robustly assessed 

and audited by independent people. 

2. Can it be demonstrated that there are extensive geothermal sequences 

showing geophysical integrity or coherence which, if protected from 

development, would encapsulate significant systems or proportions of 

geothermal diversity? 

The data in the three spreadsheets illustrate how it is practical to 

objectively compile summaries that show extensive geothermal sequences 

within contiguous areas. Waiotapu, Waihi-Hipaua and Te Kopia all score 

highly as sites of uncommon continuity and diversity. See sections 5.1 

and 8.

3. Are there particular features outside these sequences that are important 

contributors to New Zealand’s remaining geothermal geodiversity  

(e.g. that are unique, of significant scientific value or one of only a 

few such features in the TVZ)?

There are features that are presently outside formally protected geothermal 

areas, which also represent outstanding geothermal attributes. Notable in 

this regard are the Red Hills and Waipapa Valley of Orakeikorako; the 

hydrothermal eruption craters of southern Ngatamariki and Horohoro; and 

the sinter-depositing springs of Reporoa. See section 5.2.

4. What relationships between geodiversity and biodiversity are known 

or suspected in geothermal systems (e.g. macroscopic algae and water 

temperature, thermal ferns, and water chemistry)? 

These relationships are discussed later in the text, but geothermal 

biodiversity is generally greatest in and around hot water features, as 

hot water tends to be more benign than steam. This is because steam 

features usually result from boiling, which also separates acidic gases that 

are more aggressive to life forms.  See section 4.1.
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5. What types of geodiversity have proven to be or are likely to be most 

vulnerable to the effects of geothermal energy utilisation?

Geodiversity types that are dependent solely or largely upon upflows and 

surface outflows of deep geothermal fluids are most critically vulnerable 

to loss resulting from energy utilisation. Boiling springs, silica sinter 

deposition and geysers are particularly at threat. The loss of geysers, 

alkaline hot springs and actively depositing sinter from Wairakei, Taupo 

and Ohaaki soon after electricity generation started all illustrate this. See 

section 6.

6. Given the analysis based on the required outputs A, B and C (above) 

and questions 1–5, what is the significance of Te Kopia geothermal 

area (i.e. not only the reserve) and the potential loss resulting from 

energy utilisation in the context of geodiversity in the TVZ? 

Te Kopia has a very diverse topography and the most unmodified natural 

vegetation of all the TVZ geothermal areas. The area has a wide variety 

of geothermal phenomena that remain in largely natural conditions. 

Geological investigation indicates that flows of hot alkaline springs at Te 

Kopia were once much greater, depositing silica over large areas. energy 

utilisation could dramatically degrade the geodiversity and biodiversity at 

Te Kopia. See section 7.

 3. Details of spreadsheet 
preparation, including 
description and qualification  
of terms used

The spreadsheets (Appendices 1, 2 and 3) use the geothermal field names that 

are most commonly used, and self-explanatory terms and measurements as much 

as possible. However, some of the terminology is subjective, and the range of 

conditions or sizes that each adjective describes is discussed in more detail below. 

Single-word adjectives are used instead of actual measurements to provide groups 

or classes of features that can be easily understood at a glance.

Selection of terms used was the result of considerable discussion between the 

author and Dr Harry Keys (DOC, Tongariro/Taupo Conservancy), and other DOC 

staff. 

These terms are described below. The term ‘feature’ is commonly used in 

geothermal science, because it can encompass the entire range of geothermally 

produced surface structures and phenomena.
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 3 . 1 	 T y P e  A N D  S I Z e  O F  F e A T U R e

The type of feature is based upon the nature of the fluid, steam or gas upflow that 

supports its existence. Neutral pH or alkaline chloride waters occur deep in the 

geothermal field where there is very little or no input of other fluids, steam or gas. 

Dilute chloride water is deep geothermal fluid diluted with groundwater. Acid 

sulphate and bicarbonate waters form when the gases H2S and CO2, respectively, 

dissolve in surface waters. Mixed waters may have varying amounts of these fluid 

types and groundwater. 

Following identification of their chemical type, features are then described by 

size. A large-sized geothermal spring is > 5 m diameter (dia.), moderate size is 

1–5 m dia. and small is < 1 m dia. Water bodies are termed lakes when > 20 m dia., 

pools when 5–20 m dia. and small pools when < 5 m dia.

Mud cones occur where mud ejecta builds up conical structures. Mud lakes are 

> 20 m dia., mud pools are 5–20 m dia. and mud pots < 5 m dia. 

Steam-heated ground includes fumaroles, solfatara (where heated surficial liquids 

may be present in minor amounts), steaming ground, barren ground and altered 

ground. 

 3 . 2  M A I N  F e A T U R e S  A N D  G R O U P S  O F  F e A T U R e S

Main features are listed by their name and/or catalogue or mapping reference 

number (if they have one). Important features or those that are good examples 

of their types in each geothermal field are presented either as separate entries  

(e.g. Champagne Pool, Ohaaki Pool, Te Kopia and Hipaua fumaroles) or as 

cumulative groups for features of the same type (e.g. three springs of same 

general chemistry and flow types; five mud pools of same general chemistry, 

colour and nature).

 3 . 3  S T A T U S  A N D  q U A L I T y

Status is given as: A = active at present in geothermal field; Hn = historically 

active but now inactive or lost due to natural causes; Hh = historically active 

but now inactive due to human causes; P = prehistorically active; and N = never 

present. 

quality is described as follows: O = outstanding example in its natural state;  

G = good example in natural state; M = modified; and D = severely degraded. 

 3 . 4  R e P R e S e N T A T I O N

This is given as an indication of how important the feature is in representing 

its type, including how rare it is in New Zealand and elsewhere. That is: 

I = internationally important, if it is the only one of its kind or the best in  

New Zealand; R = regionally important, if it is one of the best examples in the 

TVZ; and L = locally important, if it is one of the best examples in its geothermal 

field. 
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 3 . 5  H y D R O L O G I C A L  A N D  G A S e O U S  C H A R A C T e R

This description involves surface flow rate and type of activity, together with 

a term to describe the state of any ebullition (i.e. bubbling activity, whether 

boiling or not).

Strong flow is > 3 litres per second (L/s), moderate is 1–3 L/s, weak is < 1 L/s and 

nonflowing means that there is no surface flow. Note, however, that a nonflowing 

clear spring with a neutral or alkaline pH will probably have a subsurface outflow 

into the surrounding ground or groundwaters, otherwise a static nonflowing 

body of such water will rapidly oxidise and become turbid and acidic.

Flow types are: periodic = geyser or cyclical flow; irregular = varying and aperiodic; 

steady = essentially nonvariable; and intermittent = sometimes inactive.

Gaseous ebullition is described as being either strong, moderate, weak or absent 

(i.e. mud or water is calm), with a mean height estimate for ejected mud or 

water. It is a relatively common phenomenon for pools and springs to have a 

bubbling surface that superficially appears to be boiling, although no steam is 

freely generated and the surface temperatures can be well below true boiling 

point.

 3 . 6  B U L K  C H e M I S T R y

This summarises the chemistry of the water, gas or solids. Odours may also be 

recorded. 

Water type is described as: chloride, bicarbonate, chloride-sulphate, acid sulphate, 

sulphate, or other (see sections 1 and 3.1).

Where known, pH has been included. Otherwise, it has been categorised as: 

neutral to alkaline = pH > 6.6; weakly acidic = pH 6.6–4.5; moderately acidic = 

pH 4.5–3.0; and strongly acidic = pH < 3.0.

 3 . 7  P H y S I C A L  C H A R A C T e R

This summarises known details of normal temperature, heatflow (megawatts, 

MW), clarity (clear or turbid) and colour, including any suspended sediment 

evident. Temperature may be described as: superheated = > 100oC; boiling = 

97–100oC; hot = 61–97oC; warm = 35–61oC; tepid = 25–35oC; and cold = < 25oC. 

Note that boiling point varies a few degrees within the TVZ according to altitude 

and also the quantity of dissolved solids and/or gases. 

Fumarolic energy output may be described as: strong = > 2 MW; moderate = 

2–0.5 MW; and weak = < 0.5 MW. 
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 3 . 8  S I N T e R  D e P O S I T I O N

This classifies various characteristics including: 

The amount of deposition: active, minor or nil.

The type of sinter: amorphous silica, calcite, calcite-silica intergrowths, 

and other.

The form of deposition: dense, laminated, algal or residue.

The structure of deposition: terraces, aprons, cascades, rims, sheets, mats, 

films, crusts and rinds. 

 3 . 9  L A N D F O R M  T y P e S

These include hydrothermal eruption craters (Hes), breccia deposits, dissolution 

craters or dolines, wetlands, hillslopes, terraces, gullies, ridges and flats.

 3 . 1 0  S I G N I F I C A N C e

This score ranks the overall importance of a geothermal field in terms of its 

geodiversity. This is based upon the number of different types of individual 

geothermal features, the total number of features, their quality (including extent of 

naturalness/intactness/degradation as given in section 3.3 above), representation 

(i.e. rarity, etc.) and the range of characteristics likely to be important for 

biodiversity (including factors such as flow, chemistry, pH, temperature, colour, 

sinter deposition, altitude range and landform diversity). 

It is notable that geothermal features related to steam and gas upflows tend to be 

the most common features recorded in geothermal fields, and these features tend 

not to have well-defined structures (e.g. hot ground, solfatara, warm ground). 

The smaller in size these features are, the more commonly they are recorded and 

thus the less significant they become. Hence, they generally have a low score in 

terms of geodiversity.

•

•

•

•
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 4. Using the information collated 
to rank geothermal fields and 
features according to their 
geodiversity

To compare geothermal fields based on their geodiversity, a ranking system was 

required to give scores for feature types, rarity, intactness or lack of modification, 

and representation of geothermal features within each field. The Geothermal 

Field Rankings spreadsheet (Appendix 3) uses a scoring system that gives  

1–10 points to each type of geothermal feature present according to its intactness 

(i.e. natural, modified or degraded) and rarity.  

Additional weighting has been given to all types of geysers (by doubling their 

ranking score), because of their exceptional rarity compared with all other 

types of geothermal features in particular and geological features in general 

(< 1000 worldwide; see, for example, www.teara.govt.nz/earthSeaAndSky/

HotSpringsAndGeothermalenergy/HotSpringsMudPoolsAndGeysers for more 

detail). 

To score altitudinal range in each geothermal field, the total altitudinal range (in 

metres) was divided by 100, to provide a value that was in proportion to scores 

for other features by preventing the large variations in altitude that occurred in 

some fields from dominating these fields’ total scores.

The ranking scheme for individual geothermal features is provided in Table 1.

 RANK DeSCRIPTION

 0 Not present in this particular geothermal field or, if ever present, it has now

  been irretrievably lost.

 1 Very poor example of geothermal feature but is the only or best remaining 

  example in the geothermal field. Severely degraded by human activity.

 2 Poor or only local example of its type but degraded by human activity.

 3 Good local example in modified condition.

 4 Good local example in natural condition.

 5 Good regional example in modified condition.

 6 Good regional example in natural condition.

 7 Good national example in modified condition.

 8 Good national example in natural condition.

 9 Outstanding national example in natural condition.

 10 Outstanding international example of its type in natural condition.

TABLe 1.    RANKING SCHeMe FOR INDIVIDUAL GeOTHeRMAL FeATUReS IN THe 

TAUPO VOLCANIC ZONe.
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In each geothermal field, a score was given for intactness of vegetation, 

landscape and geothermal features (Table 2). These three scores were then 

averaged to produce a multiplier that was applied to the sum of geodiversity 

types scored above. Land-use activities were distinguished from fluid-extraction 

effects because the latter are generally more destructive and more likely to be 

irreversible, especially at the rates required for power generation. Note that 

land-use or geothermal field changes considered to result from entirely natural 

processes have not been included. 

RANK DeSCRIPTION

 1.0 Intact, natural and unmodified geothermal field (incl. vegetation).

 0.9 Largely intact and only slightly modified by land use effects (incl. vegetation).

 0.8 Some feature types degraded by land use effects.

 0.7 Some feature types now destroyed by land use effects.

 0.6 Some feature types slightly modified by fluid extraction effects.

 0.5 Some feature types degraded by fluid extraction effects.

 0.4 Some feature types destroyed by fluid extraction effects.

 0.3 Features, vegetation and landscape highly modified by land use effects.

 0.2 Features, vegetation and landscape highly degraded by human activities

     including extraction of fluids as well as land use effects.

 0.1 Features, vegetation and landscape destroyed by human activities including 

  extraction of fluids as well as land use effects.

TABLe 2.    RANKING SCHeMe FOR LANDSCAPe AND LAND USe FeATUReS OF 

GeOTHeRMAL FIeLDS IN THe TAUPO VOLCANIC ZONe.

 4 . 1  H O W  D O e S  G e O D I V e R S I T y  I N F L U e N C e 
B I O D I V e R S I T y  I N  G e O T H e R M A L  F I e L D S ?

Appendix 3 presents geodiversity information for each geothermal field. It 

also includes a general score for vegetation intactness around the geothermal 

fields surveyed. It does not, however, include a detailed ranking of botanical or 

biological features or aspects. This component will require further work from 

specialist scientists and is a key aspect intended for eventual inclusion in this 

ranking system.

Geothermal fields and features exhibit extreme variations of temperature, acidity 

and other environmental factors that would seem to make them unlikely places 

for plants, animals and microorganisms to exist. However, many species do 

survive these conditions, and some very rare and specialised species are found 

in geothermal areas. Table 3 shows the temperature ranges at which particular 

life forms can survive, providing an example of how geodiversity (in this case 

temperature) can influence biodiversity in geothermal fields.

The amount and extent of oxidation of H2S gas is thought to have a highly 

significant influence on the abundance and diversity of biota in geothermal fields 

and may explain some of the differences in biota that occur between fields.

It appears that thermophilic (heat-loving) plants and animals, some of which 

are of tropical origin (e.g. clubmoss Lycopodium cernuum), require very stable 
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conditions of warmth with high humidity (but low acidity). This is most likely 

to be attained where warm or hot springs are reliably present, as these have a 

greater intensity of concentrated heatflow than steam without the evolution of 

acid gases. For example, Waikite Valley, which contains mainly hot alkaline-

chloride-bicarbonate springs, has abundant thermophilic ferns and native snail 

populations. 

Similarly, the hot alkaline-neutral springs of Te Kopia host tropical ferns and 

snails, although little silica is presently being deposited there. Recent studies 

indicate that silica deposition is of little importance to biota other than for 

providing suitable anchor points on which to grow (Handley et al. 2003). The 

presence of thermophilic plants is probably related to the consistently warm 

conditions, however they are achieved, without excessive acidity.

Several factors operate to produce unique biotic environments in geothermal 

fields. Diversity in gas chemistry and fluid dynamics, acidity, alkalinity, oxygen or 

sulphur availability, light, temperature, moisture, substrate, altitude and landform 

can lead to high biodiversity.

Wherever boiling conditions exist in a geothermal field, evolved gases play a 

major role in the creation and maintenance of the surface thermal environment. 

If boiling is occurring at shallow depths (< 200 m) and gas upflows are rapid 

without any interaction with oxygenated groundwaters or entrained air, there 

may be insufficient residence time in which sulphides may oxidise. The extent 

to which oxidation occurs and what oxidation state is achieved also depends 

upon the abundance of an oxygen supply, e.g. does the H2S oxidise to sulphur, 

sulphur dioxide or sulphate? 

LIFe FORMS TeMPeRATURe LIMIT (°C)

Eukaryotes

Animals 

Fish 38

Insects 45–50

Ostracods (crustaceans) 49–50

Plants 

Vascular plants 45

Mosses 50

Eukaryotic microorganisms 

Protozoa 56

Algae 55–60

Fungi 60–62

Prokaryotes 

Bacteria 

Cyanobacteria (blue-green algae) (oxygen-producing photosynthetic bacteria) 70–73

Other photosynthetic bacteria 70–73

Heterotrophic algae 90

Archaea 

Methane-producing bacteria 110

Sulphur-dependent bacteria 115

TABLe 3.    UPPeR TeMPeRATURe LIMITS FOR LIFe (ADAPTeD FROM BROCK 1994).
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The extent or absence of this oxidation process in a geothermal field has vital 

repercussions for biota, as it influences both the nature and abundance of airborne 

emissions and condensates. The resulting inertness or chemical aggressiveness 

of moisture and air then plays a key role in determining the variety and extent 

of thermophilic biota that may be hosted by a field. Where sulphur formation 

occurs at the ground surface, condensates and air at the surface are generally 

highly acidic, imposing severe constraints on what life forms can exist in these 

areas.

Strong acids also dissolve ground materials to produce turbid waters, muddy 

waters and muds. The resulting suspended solids block penetration of strong 

sunlight, so that no UV light is available for photosynthesis, meaning that algae 

are also excluded.

The abundance of water plays a significant role in the determination of biotic 

diversity and abundance. Water dilutes acid condensates and hence reduces 

acidity, so that fluids become more benign to biota.

Temperature limits what photosynthesis can occur, and higher temperatures 

lead to a reduction or absence of soil microorganisms, so that processes such 

as symbiotic root nitrogen fixing and enzyme production cannot take place. 

This severely restricts the number of species of vascular plants that can exist 

in thermally heated ground. However, some microorganisms can thrive in 

temperatures up to 115°C

Despite, or in some cases because of, the extreme conditions, some very 

specialised microorganisms have been found in high-temperature geothermal 

fields. In recent years, these have been studied by scientists because of the 

insights they provide to the earliest life on earth and possible life forms on 

other planets. One microorganism (recovered from yellowstone National Park 

in the USA) is now a vital component of DNA analysis. Others, including some 

obtained from geothermal areas in the TVZ, are being used or investigated 

for use in a variety of industrial applications. For more information on this 

aspect of geothermal areas (especially microorganisms), see Brock (1994; 

www.bact.wisc.edu/Bact303/b1). The environment Waikato website  

(www.ew.govt.nz/enviroinfo/geothermal/geobiodiversity.htm) also provides 

useful information.

The life forms that live in and around geothermal areas require the same degree of 

consideration in protection efforts as the geothermal features that host them.
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 5. Which geothermal fields exhibit 
the greatest geodiversity?

The total scores for each geothermal field are given in Table 4. The four highest 

scoring fields are Waiotapu (340), Te Kopia (294), Waimangu (290) and Tokaanu-

Waihi-Hipaua (199).

It is important to regard these scores for geothermal fields as being relative to 

each other, rather than absolute values to the exclusion of other considerations. 

Although the relative intactness and diversity of each geothermal field is considered 

to be reasonably reflected by its score, there are a few obvious anomalies. For 

example, Tikitere has a score of 151 and Rotorua a score of 127, yet Rotorua 

contains features of international significance (two large geysers) while Tikitere 

has no geysers at all and no features of either international or national significance. 

Instead, Tikitere has a wide variety of many individual geothermal feature types 

and has also been less severely modified by human activity.

Similarly, Orakeikorako (130) might be expected to rank more highly than some 

of the fields that scored higher, because of its large number of active geysers 

and the rarity of these features. However, refinement of the ranking system to 

address such issues is beyond the scope of this first attempt and will require a 

great deal more discussion and planning to achieve. It is also possible that the 

GeOTHeRMAL FIeLD GeODIVeRSITy RANKING 

  >	300

 Waiotapu 340

  

  200–300

 Te Kopia 294

 Waimangu (incl. Rotomahana) 290

  

  100–200

 Tokaanu (incl. Waihi, Hipaua) 199

 Tikitere 151

 Whakaari 136

 Orakeikorako 130

 Rotorua 127

 Waikite Valley 109 

 Rotoma 103

  

  50–100

 Tarawera 89

 Tongariro 79

 Ruapehu 78

 Reporoa 69

 Ngatamariki 68

 Rotokawa (Taupo) 67

TABLe 4.    GeODIVeRSITy RANKINGS OF GeOTHeRMAL FIeLDS IN ORDeR OF DeCReASING SCOReS.  

See APPeNDICeS 1,  2  AND 3 FOR DeTAILeD SCOReS FOR eACH GeOTHeRMAL FIeLD.

GeOTHeRMAL FIeLD GeODIVeRSITy RANKING 

  10–50

Moutohora (Whale Island) 47

Mokai 40

Kawerau 36

Taheke 23

Tauhara 22

Wairakei (excl. Tauhara) 14

Rotoiti 14

Whangairorohea 11

Atiamuri 10

  <	10

Ongaroto (Whakamaru) 9

Okataina 8

Horohoro 8

Ohaaki (Broadlands) 7

Rotokawa (Rotorua) 5

Mangakino 2
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inclusion of biodiversity values in the ranking system may change the scores 

and hence the placement of fields in Table 4. The addition of biodiversity values 

would certainly produce more robust scores. 

Given the limited amount of biodiversity information presently available for use 

in the ranking system, several geothermal fields clearly stand out in terms of the 

range and quality of their geothermal features and the naturalness of adjoining 

land. Some fields do not score highly because they do not contain extensive 

geothermal sequences, yet they have particular geothermal features that are 

unique and exceptional worldwide. Both these categories are discussed more 

fully below. 

 5 . 1  F I e L D S  W I T H  e x T e N S I V e  G e O T H e R M A L 
S e q U e N C e S 

The underground extent of the geothermal fields assessed in this study have 

all been defined by robust and accepted means, such as resistivity surveys. 

Geothermal reservoirs show up as areas of low resistivity (contours of  

< 20 ohmmetres) compared with the ground around them.

Although the underground extent of geothermal fields can be very large  

(c. 10 km × 10 km), not all of the land surface above the reservoirs exhibits 

heating or geothermal activity, because impermeable surface rocks and strong 

horizontal flows of underground cold water can block access of hot water and 

steam to the ground surface. The surface extent of areas of geothermal activity 

above reservoirs varies considerably from large (e.g. Waiotapu) to small (e.g. 

Mangakino) or non-existent.

Altitudinal range commonly affects the variety of natural features that occur in 

a geothermal area. Generally, the greater the altitudinal range in a geothermal 

field, the greater the variety of features. This is mostly because large altitudinal 

ranges can allow the separation of steam- and gas-related features (at higher 

altitudes) from hot-water features (at lower altitudes). 

Te Kopia (260 m), Tokaanu (356 m), Waiotapu (370 m), Tarawera (650 m) and 

Ruapehu (1170 m) each have large altitudinal ranges. However, Ruapehu,   

Tarawera and Tokaanu do not show a continuum of geothermal features 

throughout their altitudinal range, as each has large areas without any surface 

expression of the underlying geothermal activity. Waiotapu has a nearly 

continuous sequence of geothermal features above its geothermal reservoir, but 

still contains large areas of ground at ambient ground temperature, that contains 

non-thermal vegetation and can be used for roads and forestry tracks, plantation 

forest blocks, and buildings, farmland, power lines, etc.

Te Kopia has a good continuity of geothermal features that occur within an area 

of rural and natural forested land. The Scenic Reserve adjoining and partially 

enclosing Te Kopia comprises about 1700 ha of largely unmodified forest. 

Geothermal features are present from 360 m a.s.l. c. 500 m west of Te Kopia 

Road, to 620 m a.s.l. c. 300 m east of the Paeroa Fault scarp summit. 

In historical times (pre-1950s), Wairakei had a large variety and number of 

geothermal features and outstanding geothermal values. However, these have all 

been irreversibly destroyed by extraction of fluid from the field for electricity 
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generation and subsequent land changes. Wairakei is now known worldwide for 

its large amount of land subsidence (> 15 m) induced by ongoing fluid removal 

from the field (Allis 2000). The natural features formed from outflows of the deep 

hot water (geysers, boiling springs and silica sinter deposition) have gone, but 

steam-related activity has increased in some areas. Similarly, Orakeikorako was 

highly significant for its abundance of large and frequently active geysers until 

these were mostly destroyed in January 1961 by flooding associated with the 

formation of Lake Ohakuri (Lloyd 1972). 

 5 . 2  G e O T H e R M A L  F I e L D S  W I T H  I N D I V I D U A L 
F e A T U R e S  O F  O U T S T A N D I N G  I M P O R T A N C e 

Several New Zealand geothermal fields contain features that are of international 

significance. Some are in fields that score highly in terms of the range of features 

they contain, while others are in fields that have been modified by human activity 

or have few other features of significant value.

examples of fields that contain individual features of international significance 

are: 

Waimangu: Frying Pan Lake and Inferno Crater, two interconnected, large 

and sympathetically interactive flowing springs.

Waiotapu: Champagne Pool for its large size and brightly coloured mineral 

deposits together with the associated Primrose Terrace, also known as 

Artist’s Palette, for its extent of actively growing silica terrace, now the 

largest of its type remaining in New Zealand, and Hakareteke Geyser, the 

only clear acid water, sinter-depositing geyser in New Zealand.

Te Kopia: for its unique and long-active mud geyser, the only one of its 

type in New Zealand and, possibly, the world; also, its large and powerful 

Te Kopia fumarole, now considered to be the most powerful geothermal 

fumarole remaining in New Zealand.

Orakeikorako: Waipapa Valley for its extent of actively forming silica 

terraces, and Artist’s Palette Terrace for its active geysers.

Rotorua: Whakarewarewa for its frequently active large geyser Pohutu and 

an extinct geyser that is readily accessible to people (the only example 

of such a feature known in the world today; Cody & Lumb 1992).

Other geothermal fields in the TVZ that historically had internationally significant 

geothermal features are: 

Ohaaki (or Broadlands): Ohaaki spring and silica terraces. Deep hot water 

ceased flowing to these features after electricity generation started in 

1989. The spring was subsequently irreversibly changed when its vent 

was concreted-up. The pool that remains is now fed by geothermal bore 

water.

Wairakei: Geyser Valley had 22 geysers that were active daily until they 

all dried up (by the early 1960s) following commissioning of the Wairakei 

geothermal power station. 

Tokaanu: Once had an extensive silica sinter terrace. Growth ceased at 

an unknown date, possibly before europeans arrived in New Zealand.

•

•

•

•

•

•

•

•
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 6. Geothermal features most 
vulnerable to effects of 
geothermal energy utilisation

The geothermal features most at risk from energy utilisation are the boiling 

alkaline-chloride water springs and geysers, and associated silica sinter deposits 

derived directly from the deep hot reservoir fluids. Wells may directly compete 

with these natural features by extracting water from the same conduits as supply 

them. It is also well established that the extraction of fluids from anywhere in 

the reservoir invariably causes drawdown (i.e. lowers the water level in the 

reservoir). This has two effects: a reduction in the amount of hot water available 

to flow to the surface; and boiling at the top of the reservoir as a result of the 

pressure drop caused by the reduction in water level. extraction does not need 

to be very substantial before changes occur. Once boiling conditions develop, 

great quantities of steam and other gases are evolved. This leads to an increase in 

the amount of steam flowing to the ground surface. The chloride water features 

then either die and become cold, or become increasingly steam-heated. existing 

steam-heated features may increase in activity, and new hot and steaming ground 

can form. Hydrothermal eruptions may also occur. exploited geothermal fields 

commonly produce hydrothermal eruptions and sometimes these can produce 

craters in excess of 100 m diameter with the catastrophic eruption of ejecta 

volumes of >10 000 m3. 

However, it is the geysers, flowing alkaline springs and silica sinter deposits 

that are most vulnerable to loss when a geothermal field is exploited. Geysers 

typically operate at very low pressures, perhaps rarely > 30 KPa and typically  

< 10 KPa. Therefore, a pressure fall of a few KPa may be sufficient to permanently 

stop boiling from ever commencing at the critical depth where a stored chamber 

of water underneath a geyser can be induced to boil and erupt. It is well known 

in New Zealand and other countries that air pressure fluctuations can sometimes 

start and stop geysers erupting, indicating that driving pressures are only  

c. 5 KPa or less.

Similarly, by experimental sandbagging of outflows, it has been found that most 

hot flowing springs also operate at very low pressures, typically of only c. 3 KPa. 

By contrast, most exploited geothermal fields undergo pressure drops in the 

order of 20 atmospheres (or 2000 KPa); e.g. Ohaaki and Wairakei have undergone 

this scale of pressure drop (Allis 2000).

At Wairakei and Ohaaki, well drawoff rates of 160 000 and 120 000 tonnes 

per day (tpd) occur, while natural spring outflows were 10 000 and 500 tpd 

respectively. After geothermal power stations went into production on these 

fields, all spring flows quickly ceased (within 2 years at Wairakei and within  

2 weeks at Ohaaki). At Rotorua, where natural outflow was estimated at  

17 500 tpd before many wells began exploiting the field (for heating purposes, 

rather than electricity generation), well drawoff of 35 000 tpd severely impacted 

on flows of all hot springs and geysers (Cody & Lumb 1992). Some of the decline 

of activity has been reversed since many wells were closed in the 1990s (see 
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www.envbop.govt.nz/water/geothermal for more details about the Rotorua 

geothermal field).

At Wairakei, new areas of hot ground formed at Craters of the Moon (Karapiti) 

and new hot ground is still being formed at Ohaaki. 

It is also important to recognise that some geothermal fields are linked, so that 

the effects of exploitation in one field can be observed in the linked field. This 

has occurred in Wairakei/Tauhara, where exploitation at Wairakei has affected 

conditions in Tauhara. Other fields that are believed to be linked are Waimangu/

Waiotapu/Waikite/Reporoa and Orakeikorako/Te Kopia.

 7. Significance of Te Kopia 
geothermal field

Te Kopia is significant because its surrounding landscape is still in a mostly 

natural condition. This has been a largely fortuitous consequence of its location 

on the steeply faced Paeroa Fault scarp, which has made the land less suitable 

for farming use, rather than a result of any foresight in preservation of natural 

landscapes. The relatively intact natural vegetation at Tokaanu and Tarawera 

similarly results from these areas’ unsuitability for other land uses.

While Te Kopia has suffered some land clearing for pastural use and some 

early logging of native trees, it still contains a substantial tract (c. 1700 ha) of 

largely natural native forest. In contrast, Tarawera, Waimangu and Waiotapu 

were denuded in AD 1886 by the volcanic eruption of Mount Tarawera, so that 

vegetation in those areas has still not fully recovered to a mature or climax forest; 

more recently, they have also been subject to exotic plant invasion.

Te Kopia has a varied topography. There are gullies and valleys with surface 

streams, small marshes and wetlands, hillslopes, and steep faces on an active fault 

scarp and its associated splinter faults. The field’s altitudinal range and exposed 

setting at higher altitudes provide a progression of geothermal features and 

growing situations for both ambient and thermophilic plants. Such sequences of 

geothermal activity and associated vegetation are now rare in the TVZ because of 

land-use practises. One particular feature of the geothermal activity in Te Kopia 

has been the formation of landforms associated with hydrothermal eruptions. 

These include a wetland enclosed by a low arcuate ridge of eruption ejecta, as 

well as other ridges and lakes.

Ruapehu, Tarawera, Tokaanu and Waiotapu all have large altitudinal ranges, but 

they all lack the continuity of geothermal features throughout that range, and/or 

have significant human disturbance. For example, Ruapehu and Tarawera do not 

have a continuity of geothermal features across the length and breadth of their 

fields, and Tokaanu and Waiotapu have roads, housing and (at Waiotapu) plantation 

forestry on areas of ambient temperature ground between the thermal areas.  

In contrast, Te Kopia has a very good continuity of geothermal areas without large 

tracts of ambient ground dissecting them. It also has only one road (near to its 
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western flank), with few access ways such as farm or logging tracks fragmenting 

the natural vegetation.

examination of the geodiversity spreadsheet (Appendix 3) shows that Te Kopia 

scores low for alkaline and boiling springs, although it has a good range of acidic 

geothermal water bodies, mud features and types of hot ground. It has deposits 

of silica sinter from prehistoric times (C14 dated at 3000 years old; Browne et al. 

1994). In recent times, it has been an area of ongoing change, with the formation 

of new hot ground associated with local earthquake activity.

There is a general paucity of sulphur deposition at the ground surface at  

Te Kopia and very little smell of H2S, although sulphates and alums are common. 

This indicates that most H2S is being oxidised deeper within the ground, rather 

than at the surface. As a result, the steam-heated surface features at Te Kopia 

may be less acidic than in some other fields. The hot alkaline-neutral springs of  

Te Kopia host tropical ferns and snails.

Fluid extraction at Te Kopia would lead to the cessation of alkaline–neutral 

hot spring flows and quickly modify fumarole outputs. Hydrothermal eruptions 

would be likely to occur. In the past, hydrothermal eruptions at Te Kopia have 

produced craters ≤ 300 m dia. Ground heating would reduce in some places 

but could also increase in others. Since heated ground is the most common 

geothermal feature type, an increase in its extent at the expense of less common 

features such as hot alkaline-neutral springs would reduce geodiversity. 

Use of Te Kopia geothermal field for energy production would result in a loss of 

geodiversity and an associated loss of biodiversity.

 8. Summary

The ranking of high-temperature geothermal fields in this study according to 

their individual geothermal features and other characteristics has been done 

using a judgement of size, representativeness, natural quality and adjoining 

natural values. It is an attempt to assess geothermal fields in a transparent and 

quantitative manner and is, as far as we know, the first such ranking attempted 

in New Zealand or elsewhere. At the time of writing this report, the author was 

not aware that any significant scoring system had been compiled anywhere else 

in the world. A rudimentary first attempt at such a system had been made by the 

Geological Society of New Zealand (Houghton et al. 1989), but that work was 

incomplete in that it considered only flowing springs and geysers that had already 

been mapped and described in written reports and papers. It did not consider 

the significance of any geothermal features that were not already documented.

The goal of this study was to establish a procedure by which high-temperature 

geothermal fields in the TVZ could be ranked on the basis of the geodiversity 

of their geothermal features. It is acknowledged that this is a first effort that 

could be greatly improved with further inputs to develop more rigour in the 

scoring procedure; it particularly needs to incorporate measures that assess 

biodiversity.
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It should be noted that the two regional councils responsible for managing the 

land encompassed by the TVZ—environment Waikato and environment Bay of 

Plenty—have systems of their own for classifying the geothermal fields in their 

areas. Details of these can be found at www.ew.govt.nz/envioinfo/geothermal/

classification/index.htm and www.envbop.govt.nz/media/pdf/PRWLP9.7May9-

7.pdf.

 8 . 1  A S S e S S M e N T  O F  R e L I A B I L I T y  O F  G e O D I V e R S I T y 
S C O R e S  O B T A I N e D  B y  T H I S  P R O C e S S

The geodiversity scores calculated for geothermal fields in this exercise 

(Appendix 3) are generally in keeping with informal rankings made by the author 

based on personal experience and impressions and similar assessments from other 

informed people. Therefore, although it is apparent from this exercise that some 

geothermal fields score higher than others because of clusters of characteristics 

rather than because the individual features in the clusters are all of outstanding 

merit, the rankings are considered to provide a fair and robust comparison.
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A1.1a

  Appendix 1

  G e O T H e R M A L  F I e L D S  I N V e N T O R y

This comprises a large spreadsheet split into a number of tables to enable 

reproduction in this report. To reconstruct the spreadsheet, the tables need to 

be viewed as follows:

A1.1b A1.1c A1.1d

A1.2a A1.2b A1.2c A1.2d

A1.3a A1.3b A1.3c A1.3d

He = hydrothermal eruption. 
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  Appendix 2

  I N D I V I D U A L  G e O T H e R M A L  F e A T U R e S 
I N V e N T O R y

This comprises a large spreadsheet split into a number of tables to enable 

reproduction in this report. To reconstruct the spreadsheet, the tables need to 

be viewed as follows:

A = active at present in geothermal field; Hn = historically active but now inactive 

or lost due to natural causes; Hh = historically active but now inactive due to 

human causes; P = prehistorically active; and N = never present. 

O = outstanding example in its natural state; G = good example in its natural 

state; M = modified; and D = severely degraded. 

I = internationally important, if it is the only one of its kind or the best in  

New Zealand; R = regionally important, if it is one of the best examples in the 

TVZ; L = locally important, if it is one of the best examples in its geothermal 

field.

He = hydrothermal eruption. 

A2.1a

A2.2a A2.2b

A2.3a A2.3b

A2.4a A2.4b

A2.5a A2.5b

A2.6a A2.6b

A2.7a A2.7b

A2.8a A2.8b

A2.1b

A2.9a A2.9b

A2.10a A2.10b
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  Appendix 3

  G e O T H e R M A L  F I e L D S  R A N K I N G

This comprises a large spreadsheet split into a number of tables to enable 

reproduction in this report. To reconstruct the spreadsheet, the tables need to 

be viewed as follows:

A3.1a A3.1b A3.1c

A3.2a A3.2b A3.2c

A3.3a A3.3b A3.3c

For geothermal fields with with dual names:

Broadlands see Ohaaki

Ketetahi see Tongariro

Hipaua see Tokaanu

Rotomahana see Waimangu

Taupo see Tauhara

Waihi see Tokaanu

Whale Island see Moutohora

Whakamaru see Ongaroto

•

•

•

•

•

•

•

•
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