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Abstract: 
 
Geyser Valley, currently known as Wairakei Valley, is a small valley located 
within the geothermal field of the Wairakei Powerplant in Wairakei, New Zealand.  
Geyser Valley was once a beautiful landscape filled with geothermal wonders such 
as geysers, mud pots, sinter terraces, and hot springs prior to geothermal 
production of the field in 1951.  Post-production the fluid flow into the valley 
ceased and turned into an area of steaming ground, it was then hypothesized that 
the fluid flow into the valley is heavily influenced by production and the pressure 
within the geothermal reservoir. This is supported by geochemical analysis 
regarding the Cl− concentrations of the features within the valley.  The  
fluid that once flowed to the surface in Geyser Valley is hypothesized to have 
traveled from the geothermal reservoir through a fault, subjected to boiling causing 
a small steam zone to form just below the surface, and then infiltrated by a 
secondary shallow source of cool Cl− rich waters before flowing out at the surface.  
To study this phenomenon two models were created and tested, a conceptual model 
and a numerical model. The first 3D geologic model was created using Leapfrog 
Geothermal, a Seequent modeling software, then a conceptual model of processes 
in the subsurface was created.  The second, a numerical model utilizing the mass 
fractions of the two water sources and relative permeabilities between the liquid 
and vapor in the subsurface.  The results of the models show the geology of Geyser 
Valley, a possible permeability structure, and how the geothermal and diluting 
fluids are mixing, supported by comparing the calculated Cl− concentrations and 
the real-life Cl− concentrations from Geyser Valley.  This thesis does show that the 
hypothesis of boiling in the reservoir upflow into Geyser Valley can be modeled, 
and the degree of detail in the geologic and conceptual model are able to provide a 
basis for more detailed numerical modeling 

   
Keywords: Geyser Valley, geothermal, hot springs, 3D geologic modeling, AUTOUGH2 
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Huglægt og tölulegt þrívíddarlíkan af Geyser Valley, jarðhitasvæði í 
Wairakey á Nýja Sjálandi 

 

Madison Lin MacKenzie 

Júní 2022 

 

Úrdráttur: 

Geyser Valley, einnig þekktur sem Wairakey Valley, er lítill dalur sem er hluti af 
stærra jarðhitasvæði hjá Wairakeysvirkjununni í Nýja Sjálandi. Geyser Valley var 
fallegt svæði áður en það var virkjað árið 1951, fullt af náttúruperlum sem 
jarðhitinn hafði uppá að bjóða, eins og goshveri, leirhveri, heitar laugar og 
hverahrúður, en eftir að virkjað var stöðvaðist vökvaflæðið inní dalinn og svæðið 
breyttist í jarðgufusvæði. Það var þá sem þeirri kenningu var varpað fram að 
vökvaflæðið inní dalinn sé undir verulegum áhrifum frá framleiðslunni og 
þrýstingnum í jarðhitalóninu. Þetta er stutt af jarðefnafræðilegum greiningum á Cl- 
styrk í jarðmyndunum dalsins. Vökvinn sem áður flaut uppá yfirborðið í Geyser 
Valley er talinn hafa flætt eftir sprungu frá jarðhitalóninu, náð upp suðumarki sem 
framkallaði myndun lítils gufusvæðis rétt undir yfirborðinu, sem svo varð fyrir 
áhrifum af öðru, grunnu klórríku vatni, áður en það flæðir uppá yfirborðið. Til að 
rannsaka þetta fyrirbæri voru tvö líkön búin til og prófuð, annarsvegar huglægt og 
hinsvegar tölulegt líkan. Fyrsta þrívíddar jarðfræði líkanið var búið til með notkun 
Leapfrog Geothermal, Seequent hugbúnaðarinns. Síðan var huglægt líkan af ferlum 
í yfirborðs jarðlögum hannað. Hið seinna, tölulega líkanið tekur mið af báðum 
vatnsbólunum og gegndræpi á milli vökvans og gufunnar undir yfirborðinu. 
Niðurstöður líkananna sýna jarðfræðina í Geyser Valley, mögulega 
gegndræpisferla og hvernig jarðhitalónið og aðrir útþynntir vökvar blandast, og eru 
studdar með því að bera saman útreiknaðann Cl- styrk og raunmældan Cl- styrk frá 
Geyser Valley. Þessi ritgerð sýnir að kenningin um suðu í jarðhitalónsflæðinu upp 
til Geyser Valley má greina, og nákvæmnin í huglega líkaninu getur gefið grunn að 
nákvæmara tölulegu líkani. 
 

Lykil orð: Geyser Valley, Jarðhiti, Heitar laugar, Þrívíddar-jarðfræði líkön, AUTOUGH2 
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Figure 1. Map of Geyser Valley geysers and surface formations from a 1905 hotel directory  

 

1. INTRODUCTION 

This thesis models the upflow of reservoir fluid from a high-temperature geothermal reservoir at 

Wairakei, New Zealand.  The fluid flows diagonally up and along a fracture to emerge in a 

thermal valley known as Geyser Valley.  The ascent is marked by boiling in the fracture, and the 

upflowing reservoir fluid is partially isolated from dilution by cool, shallow water by low-

permeability margins on both sides of the fracture.  These are postulated to be zones of mineral 

deposition from the ascending geothermal water. 

 

The first part of this thesis describes the background to New Zealand’s energy resources, 

geography, and geology.  The second describes the conceptual and numerical modeling of the 

boiling upflow from the Wairakei geothermal reservoir, which is the host geothermal system for 

the Geyser Valley (the modeled area).   
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Prior to development of the Wairakei geothermal field in 1951, the area named “Geyser Valley” 

located in the northeast corner of the field, was a spectacular display of natural geothermal 

features; geysers, springs, sinter terraces, and hot springs.  For many years people came from all 

over the world to witness the natural beauty of the area.  However, shortly after field production 

began, pressure in the geothermal reservoir decreased due to reservoir discharge, causing large 

subsurface steam zones to form.  Geyser Valley was fed from the deep reservoir of Wairakei, the 

pressure drawdown and the formation of the steam zones caused the surface features of the area 

to dry up, leaving behind only mud pots and steaming grounds.  By 1968 all of the features had 

dried up as well as the tourism.   

 

Chapter 2 provides background information on the energy profile and relevant background 

knowledge of New Zealand.  Chapter 3 is an overview of the geologic context of the study area, 

including lithologies, stratigraphy, and the geochemistry of Geyser Valley.  Chapter 4 describes 

the construction of the geological model of Geyser Valley and, following this the conceptual 

model of the geothermal system that fed the Geyser Valley surface features.   Chapter 5 contains 

the process and results of modeling the permeability and relative permeability using 

AUTOUGH2 and TIM programs.  Chapter 6 is the discussion of the results from the modeling in 

Chapter 5 and the final conclusions.   
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2. BACKGROUND  

 
2.1 Chapter Introduction 
In this chapter all of New Zealand’s energy sources are highlighted and summarized as well as 

some insight into the native culture.  Energy resources are vital to every community on Earth, 

there are benefits and downfalls to each one, what is important is how they can work together.  

New Zealand has a diverse portfolio that is a mixture of both renewable and non-renewable 

resources that together keep the island electrified and heated.  By studying how New Zealand has 

become one of the world’s foremost countries in renewable energies, it can help other countries 

become more energy independent and push the development of these resources elsewhere.  

Resources here also do more than power buildings, there are strong cultural roots the indigenous 

Māori people have regarding the geothermal features.   

 

2.2 Country Background 

 
Figure 2. Map of New Zealand (Blyth, et al., 2021) 

 

New Zealand is an isolated island nation located in the South Pacific Ocean and makes up the 

southwestern most part of Polynesia, Figure 2.  In the indigenous Māori language, it is called 
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Aotearoa, meaning the land of the long white cloud.  Its closest country neighbor is Australia, 

which lies a little less than 2000 kilometers away to the northwest.  New Zealand is composed of 

two main and several hundred smaller islands which lie off the coast of the big islands; the two 

mains are named North Island and South Island, in Māori Te Ika-a-Maui and Te Waipounamu 

respectively.  New Zealand is the largest country in Polynesia with a total land mass is 268,000 

square kilometers and as of 2019 has a population of 4.9 million people.  (Blyth, et al., 2021)  

 

New Zealand has a history of British colonialization, the country was annexed by Great Britain 

from 1840 and was unable to become officially independent until 1947.  To this day it remains 

part of the British Commonwealth of nations.  Due to this history with the native Māori people 

and the British colonizers, there remains economic, educational, and social differences between 

the descendants of the two groups; all of which are prominent issues that exist today in New 

Zealand’s political landscape.  (Blyth, et al., 2021) (MBIE, A Brief History, 2020) 

 

The New Zealand landscape is one of the most unique and beautiful in the world, drawing in 

visitors from all over the world to see the breathtaking views.  It is one of the more geologically 

interesting locations of the world, with displays of volcanos, hot springs, glaciers, glacial lakes, 

sandy beaches, caves, fjords, and snowcapped peaks all contained within its shores.  Despite a 

mountainous terrain, 2/3 of the country’s land is economically useful (Blyth, et al., 2021). In 

addition to the nutrient rich volcanic soil, extensive river systems allow for highly successful 

farmlands.  Due to its isolation New Zealand has also developed a unique array of flora and 

fauna.  90% of the indigenous plant species is distinct to the island nation and is the sole home to 

a long beaked, flightless bird known as a kiwi.  The term “kiwi” is also an informal description 

of a person from New Zealand.  

 

2.3 Current Energy Situation in New Zealand 
The energy supply profile for New Zealand is a 60/40% split between fossil fuels and renewables 

respectfully, including transportation.  According to 2020 reports from the OECD, this places 

New Zealand as the 6th highest renewable primary energy supply among the OECD countries.  

Countries ahead of New Zealand in order are Iceland (89.9%), Norway (51.1%), Costa Rica 

(50.5%), Sweden (44.9%), and Latvia (42.7%).   Although only 40% of New Zealand’s primary 
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energy supply is sourced from renewables, it accounts for 84% of source for electricity 

generated.  Hydropower and geothermal energy are the two largest contributors to this 

percentage; however New Zealand’s other renewable sources include wind, solar, and wood 

burning power. (Rosane O. , 2020) (MBIE, Energy in New Zealand '19, 2019).  Energy supply 

source broken down by percentages can be seen in Figure 3 below.   

 

 

 

2.3.1 Hydroelectricity 
Hydroelectricity has been an integral part of New Zealand’s energy system for over 100 years, 

with the majority of hydroelectric powerplants existing on the South Island.  A 2018 energy 

report states hydroelectricity makes up 9.8% of New Zealand’s total energy supply, totaling 

26,027 GWh.  This is the highest hydroelectric generation for the country in 14 years and 3rd 

highest on record.  Despite 2017 being a dry year, hydroelectric generation increased by 4.4% in 

2018.  Currently hydro has an installed capacity of 5000 MW spread out over 100 generation 

sites, on average hydroelectricity accounts for 55%-60% of New Zealand’s electricity supply, 

which is approximately 24,000 GWh.  

 

Figure 3. Total energy supply source for New Zealand 2019 by percentage %, modified from PepaNZ (MBIE, Energy in New 
Zealand '19, 2019) 
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The largest single hydro powerplant is the Manapōuri power station in South Island which has an 

installed capacity of 800MW (MBIE, Energy in New Zealand '19, 2019) (ICE, 2018).  One issue 

with New Zealand’s hydroelectric system is that the storage lakes are shallow and require a 

constant inflow of water to maintain lake levels.  This means there is a high necessity for backup 

systems to make up the deficits if the season is dry, as seen in 2017 when electricity from 

renewables dropped 2% (MBIE, Energy in New Zealand '19, 2019).   

 

2.3.2 Geothermal Energy 
Geothermal energy in New Zealand is used primarily for electricity generation and makes up 

over 17% of the country’s total electricity supply with a total output of 7,510 GWh which is the 

highest on record.  Geothermal power plants are mostly installed on North Island in the Taupo 

Volcanic Zone (TVZ), a highly volcanically active zone of New Zealand.  The exception to this 

is a 57MW powerplant installed at Ngawha in Northland; originally the power station was built 

to generate 25MW, at the end of 2020 the Ngawha expansion project was completed adding an 

additional 32 MW, more than doubling its original generation capacity (Richter, 2021). 

Geothermal energy has been operating for 62 years, since 1958 when the Wairakei power station 

opened for operations.  Currently there are 19 geothermal power plants in operation that are 

spread over 8 high-temperature fields and have an array of turbine technologies.  Different 

turbine technologies implemented are simple binary, 2-phase binary, condensing steam flash 

turbines (single, double, and triple), as well as back pressure turbines; turbine technology used is 

determined by the temperature of the subsurface reservoirs.  There are five companies that 

operate the geothermal power stations: Mercury Energy (489 MWe), Contact Energy (420 

MWe), Top Energy (57 MWe), Ngati Tuwharetoa Geothermal (20.5 MWe), Eastland Energy 

(9.5 MWe), and Nova (3.3 MWe) (NZGA, 2019).  

 

Geothermal energy is not only used for electricity generation, there are several other forms of 

direct heat use that have been implemented.  Approximately 65% is directed to industrial 

applications, 25% to commercial, and the remaining 10% split between residential and 

agriculture needs. Other direct use applications include timber drying, aquaculture, horticulture, 

milk drying, and space heating (MBIE, Geothermal energy generation, 2018).  
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In pre-European times, land with geothermal resources was considered highly desirable.  The 

geothermal resources of New Zealand were traditionally used by the Māori long before the 

settlement of Europeans.  The Māori refer to the natural resources as “treasures” or “taonga”, and 

these features have played important roles in the culture. The springs provided hot water for 

cooking, healing, ceremonial use, and bathing.  Mud pools were used for its medicinal properties 

to treat various ailments and skin health.  Red mud, called kokowai or red ochre, is used as paint, 

dye, and a wood preservative.  (Waikato Regional Cousel, 2019)  

 

2.3.3 Other Renewables 
Wind 

New Zealand currently has 17 wind farms in operation with a total of 490 turbines with an 

installed capacity of 690MW.  Meridian Energy is New Zealand’s largest wind generator, 

owning 6 operational farms with a total generating capacity of 416MW (Meridian Energy, 2022).  

In 2018 wind accounted for 2,047 GWh, as it is an intermittent resource that makes up ~5-6% of 

total electricity generation depending on the year.  Mercury Energy and Tilt Renewables have 

both pledged to invest in new wind projects.  Mercury has committed to a $256 million 

investment to build the wind farm at Turitea, with its commission projected to begin in late 2021.  

Tilt Renewables plan to invest $276 million into the Waipipi Wind farm in South Taranaki.  

Combined these projects are expected to raise total installed wind capacity by over 33% (MBIE, 

Energy in New Zealand '19, 2019). 

 

Solar 

Solar energy in New Zealand exits in the forms of solar thermal and solar PV systems.  Though 

installations of solar power systems is increasing, they are mainly utilized by individual 

households (on rooftops).  Residential solar contributes to 80% of the total installed solar 

capacity of New Zealand which was 90MW by the end 2018.  The largest single solar array is 

installed at the Yealands Estate winery, which has a rating of 412kW (MBIE, Energy in New 

Zealand '19, 2019).      
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2.3.4 Fossil Fuels 
Oil 

New Zealand does have domestic oil/gas reserves but is overall a net importer of oil.  Much of 

the domestic oil is exported due to its high quality and therefor high value on the international 

market (MBIE, Oil Statistics, 2021). Due to a 2018 amendment to the Crown Minerals Act, no 

new offshore permits will be granted, however existing permits will be honored, in an attempt to 

end offshore oil and gas exploration (MBIE, Energy in New Zealand '19, 2019).  Petrol and 

diesel for transportation are the two largest contributors to oil consumption.  Diesel is the 

primary resource for land transport, and petrol consumption is mainly for private use.  Due to 

this there continues to be an increase in diesel consumption for New Zealand as a whole.  As of 

2019 Oil makes up ~33% of New Zealand’s total energy supply (MBIE, New Zealand's 

Constumption, 2019) (MBIE, Oil Statistics, 2021). 

 

Natural Gas 

Natural gas makes up ~21% of New Zealand’s total energy consumption.  There are 5 main 

sectors in which natural gas is utilized: electricity generation (including cogeneration), industrial 

uses, as feedstock in the petrochemical sector, residential, and commercial.  First Gas Limited 

owns the entirety of New Zealand’s natural gas transmission network.  (MBIE, Gas Statistics, 

2021) 

 

Coal 

New Zealand has extensive coal resources around 16 billion tonnes (MBIE, Coal Statistics, 

2020) , mainly in the Waikato and Tarnaki regions, the west coast, Otago, and the Southland 

regions of South Island.  On North Island the coal fields produce sub-bituminous coal, which is 

used for heating and electricity generation.  The west coast produces bituminous coal, mainly 

used for metallurgy.  On South Island produces sub-bituminous as well as lignite coal and are 

used for low energy applications such dairy, meat processing, and household heating (MBIE, 

Energy in New Zealand '19, 2019).  Domestic coal use is primarily for electricity generation, 

including cogeneration.  In the industrial sector coal is used for production of cement, lime and 

plaster; meat, dairy, and food processing; and for wool, timber, and paper products (MBIE, Coal 

Statistics, 2020). 
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2.3.5 New Zealand Energy Policy 
New Zealand has been a member of the International Energy Agency (IEA) since 1977.  The 

IEA is a global collective created in 1974 with the goals of enhancing reliability, affordability, 

and sustainability of energy sources around the world; currently there are 31 IEA member 

countries (NZCG, 2011). In 2011 New Zealand began the implementation of the New Zealand 

Energy Strategy (NZES) 2011-2021, an overarching policy context, in order to develop its 

energy resources in an environmentally conscience and sustainable way.  Four priority areas are 

outlined in the NZES; diverse resource development, environmental responsibility, efficient use 

of energy, and secure/affordable energy, see Figure 4 (NZCG, 2011). Outlined within the NZES, 

the Government stated a target of having 90% of all electricity generation sourced from 

renewable sources by 2025. However, as part of her 2020 reelection campaign, Prime Minister 

Ardern promised to achieve the goal of having 100% of electrical generation come from 

renewable resources by 2035 (Rosane O. , 2020) (Trixl, 2021). 

 

At the time of drafting the NZES in 2010, New Zealand was already sourcing 74% of their 

electricity generation from renewable sources (NZCG, 2011).  New Zealand has also pledged 

itself under the 2016 Paris Agreement, agreeing to take steps to cut emissions by 30% below 

2005 levels by 2030.  This includes the Climate Change Response Amendment Act of 2019, 

which sets out a new framework to reduce net greenhouse gas emissions by 2050.  The reforms 

and deliverance of these targets is managed by the Climate Change Commission, an independent 

Crown entity providing evidence-based advice to the New Zealand government to achieve the set 

emission goals.   
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Figure 4. NZES 2011-2021 strategy structure to reach the four priority sustainability goals set forth by the New Zealand 

government (NZCG, 2011) 

 
2.4 History of Development at Wairakei 

In 1947 New Zealand experienced severe droughts for two consecutive years, drying up 

hydroelectric lakes, causing massive electricity shortages all over the country.  The New Zealand 

government already had a desire to become more independent from the use of imported fuel for 

electricity use, coupled with the droughts, the government turned towards alternative resource 

development for its electricity sector.  In 1948 New Zealand scientists travelled to Larderello, 

Italy, to learn and observe the use of geothermal energy at the newly rebuilt Larderello 

geothermal powerplant, the original having been destroyed during WWII.  Inspired by the Italian 

scientist’s enthusiasm for geothermal engineering, the engineers returned to New Zealand, and a 

geothermal project development team was established in 1949 (Thain I. A., 1998).   

The original plan for development at Wairakei was for a duel powerplant, a geothermal plant and 

a heavy water plant.  However due to high costs, the heavy water plant plans were scrapped by 

1956.  Exploratory drilling began at the Wairakei site in 1950-1951, in 1952 engineers were able 

to prove the shallow steam, 300m below the surface, was capable of producing 20MW of power.  
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The original Wairakei A design consisted of 7 total units; 2 high pressure units (6.5MW), 2 

intermediate pressure units (11.2MW), and 3 low pressure condensing units (11.2MW).  As 

drilling continued, adjustments were made to the original design adding an additional 3 units; 2 

high pressure units (11MW) and 1 low pressure condensing unit (11MW).  With the additional 3 

units, the Wairakei A plant capacity increased to 102.6MW, see Figure 5 for powerplant 

configuration.  During construction of Wairakei A, proposals for adding more capacity was 

approved due to the discovery of more steam than what was previously found.  This discovery 

resulted in the commission of Wairakei B.  Wairakei B configuration consisted of only 3 mixed 

pressure condensing and generating units (30MW), see Figure 5 for Wairakei B for 

configuration.  The extra 90MW provided by Wairakei B would bring the total generating 

capacity for the Wairakei powerplant to 192.6MW.  The original Wairakei A went online on 

November 15, 1958.  The additions to Wairakei A and Wairakei B went online in regular 

intervals over the next five years, the final units were added to the electrical grid in October 

1963.   

Unfortunately, when Wairakei A began production, an unexpected reservoir drawdown occurred, 

resulting in an extreme steam pressure decline due to production, see Figure 6 for pressure 

declines.  During the first 10 years of production, 1958-1968, the reservoir pressure in the 

Wairakei deep reservoir (275m below sea level) dropped from 58.6 barg to 30 barg.  After the 

commissioning of Wairakei B more production wells were drilled to make up the deficit that had 

been created.  Production of Wairakei A and B peaked in 1965 operating at 173MW, 19.6MW 

below the plant’s generating capacity.  However, drilling more production wells proved to be 

counterproductive, as that action only decreased steam pressure but at a lower rate.  To improve 

generation, well head pressure of the high-pressure wells was reduced to maintain flow to the 

intermediate, mixed, and low-pressure wells.  Double flash units were installed adjacent to the 

high-pressure wells as to not completely abandon them, these units were deemed successful, 

however all high-pressure units at Wairakei were taken offline in November 1982, none remain 

today. Drilling wouldn’t resume at Wairakei until 1985, this time the target being the Te Mihi 

vapor dominated zone, a zone of steam in the subsurface that had formed as a consequence of the 

reservoir pressure drawdown.  From 1985-2008 both steam and deeper liquid fed wells were 

drilled in the Te Mihi area.  (Thain I. A., 1998) (Thain & Carey, 2009) 
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Wairakei in the last 20 years and beyond: 

In the mid 1990’s a collaboration between Mercury Energy and Geotherm Energy resulted in the 

1997 commissioning of the Poihipi Power Station: a double flow condensing steam turbine 

capable of generating 55MW, although it never reached that capacity due to lack of steam.  3 

years after its commissioning, Contact Energy, who currently owns the Wairakei Powerplant, 

bought the new Poihipi station and constructed a new steam pipeline to bring steam from the Te 

Mihi to increase generation.  In May 2005 the Wairakei Binary Powerplant was commissioned 

and generates 14MW of electricity (Thain & Carey, 2009).  In 2008 approval passed for a new 

Te Mihi Power Plant, construction of the station commenced in 2011 and was completed in 

2014.   The Te Mihi Powerplant consists of two 83MW steam turbine generators which use 

double flash steam separation turbines.  It utilizes both intermediate-pressure and low-pressure 

steam to generate electricity.  The construction at Te Mihi serves a greater purpose than to add to 

the existing mega-wattage of Wairakei as a whole, Contact Energy plans to take Wairakei A and 

B completely offline by 2026, and Te Mihi is its replacement.  Once the Wairakei Powerplant is 

fully decommissioned, a planned third unit for Te Mihi will begin operations bringing the total 

mega-wattage up to approximately 240MW (Power Technology, 2014).    
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Figure 5. Powerplant design for the Wairakei A and Wairakei B powerstations, commissioned 1958-1963 (Thain & Carey, 2009) 
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Figure 6. Pressure declines in the Wairakei geothermal field from 1955-2000 (Clotworthy, 2000) 
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Figure 7. Location map of powerplants, proposed powerplants and Geyser Valley (Thain & Carey, 2009) 
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2.5 Chapter Conclusion  
This chapter studied the energy profile of New Zealand as well as the current energy policy, 

long-term sustainability goals, and the history of geothermal development at Wairakei.  The 

energy profile elaborates on the various sources the country uses for energy as well as how and 

where those sources are utilized, electrical use, transportation, commercial, and tourism.  In 

addition to energy usages, there are important cultural aspects, for the indigenous Māori, that are 

reviewed regarding the geothermal resources.  A quick look into the current energy policies and 

goals set forth by the New Zealand government concludes this chapter.  The following chapter 

will explore pertinent data and context for creating conceptual and numerical models regarding 

Geyser Valley.  
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3. DATA COLLECTION FOR MODELLING 

 

3.1 Chapter Introduction  
Wairakei-Tauhara geothermal system is located on the North Island of New Zealand, northeast 

of both Lake Taupo and the township of Taupo.  Wairakei-Tauhara is one of over a dozen 

geothermally active areas, see Figure 10, on the North Island, this abundance of geothermal 

systems is due to the underlying volcanic system named the Taupo Volcanic Zone (TVZ), see 

Figure 8.  The TVZ is a northeast-southwest geographical area defined by extensive volcanic and 

geothermal activity.  Although the Wairakei-Tauhara field is named such, throughout this paper 

it will often be referred as the Wairakei geothermal field, as the area of study is localized to the 

Wairakei side (west) of the field, not the Tauhara side (east); the boundary defining the two 

fields is the Waikato river, see Figure 12.  Data collection for this project began with a review of 

the geology, stratigraphy, and structure of the Wairakei geothermal field.  A review into the 

chemical changes, specifically involving chloride in Geyser Valley, was also conducted to 

understand how production has affected the fluid chemistry.  This is useful for modeling the 

natural stat of the springs as the rapid response to production indicates a direct connection 

between the reservoir and the Geyser Valley surface features and chemistry.  

 

 
 



33 
 

 
Figure 8. Map of North Island, New Zealand with an outline of the TVZ (Wilson, Blake, Charlier, & Sutton, 2006) 

 

 

Figure 9. Convergent plate boundary underlying New Zealand.  Converging plates are the Australian Plate to the West and the 
Pacific Plate to the East (Wilson, et al., 1995) 
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Figure 10. Geothermal areas outlined within the TVZ on North Island New Zealand.  Geothermal areas have been determined by 

electrical resistivity boundaries (Stewart, 2006) 
 

3.2 Regional Geologic Context  
The geologic context of the Wairakei geothermal area on the North Island of New Zealand is 

currently characterized by the TVZ and a subduction zone.  Within the TVZ are several 

extensional normal faults which allow for the development and utilization of geothermal 

energy.  Off the eastern shores of the North Island, the Pacific Plate is subducting beneath the 

Australian Plate, this forms the Kermadec subduction zone and several eastern offshore trenches, 

see Figure 9. As a result, the Central North Island is a highly active extensional volcanic arc with 

calderas; which are large basin shaped volcanic depressions (McSaveney & Nathan, 

2006).  However, this is a highly different tectonic setting to the South Island, which is 

dominated by the Alpine Fault, a major, active strike slip fault boundary between the Pacific and 

Australian plates (Hackett, 2016).  Though this study does not investigate anything on the South 

Island, it remains an important feature of the overall tectonic structure of New Zealand.  
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The Taupo Volcanic Zone (TVZ) was originally named to describe an area of young eruptive 

centers and associated high temperature geothermal systems, extending from Ruapehu to White 

Island (Wilson, et al., 1995). The volcanic activity is predominantly rhyolitic, and the TVZ is 

dominated by pyroclastic eruptive deposits and is the host for 25 different geothermal systems. A 

NNE-SSW trending zone, where the margins are defined by an envelope of all caldera structural 

margins and individual vent sites associated with the Kermadec subduction system (Wilson, et 

al., 1995).  Extension in the TVZ ranges from 7mm/year in the south, and up to 15mm/year in 

the north (Struthers, 2019).  In its 2-million-year lifetime, the central TVZ has experienced at 

least 25 caldera-forming eruptions, and 68 smaller eruptive episodes in the last 60,000 years 

(Rosenberg, et al., 2020). 

 

The majority of New Zealand’s 1005 MW of installed geothermal power is generated in the 

TVZ.  The exception to this is a powerplant outside of the TVZ, in Ngawha Northland, which 

has a current generation capacity of 57MW (Ngawha-Generation, 2021)   

 

3.2.1 Structure and Stratigraphy  

Between 2003-2013, 50 new wells were drilled at Wairakei, and 22 new wells drilled at Tauhara 

(Rosenberg, et al., 2020).  These, in combination to drillings prior to 2003, have revealed the 

geologic stratigraphy of the Wairakei and Tauhara geothermal systems.  Though the focus of this 

paper is to study Geyser Valley in the Wairakei system, much of the geology is shared with the 

neighboring Tauhara system to the southeast.  Not including a top layer of alluvium and recent 

volcanic tephra, there are 6 stratigraphic groupings present in the Wairakei and Tauhara 

geothermal areas determined by Rosenberg et.al in 2009 (Rosenberg, Bignall, & Rae, 2009). 

Greywacke Basement 

The Torlese Terrane makes up the basement unit of the TVZ.  It is comprised of Jurassic aged 

volcaniclastic sandstones and hosts deep heat and fluid sources for the geothermal systems 

(Rosenberg, Bignall, & Rae, 2009) (Bignall, et al., 2010).  Torlese greywacke does not outcrop 

within the Wairakei or Tauhara systems, nor within 30Km of the Taupo region.  However, 

greywacke has been observed in drill holes both at the Rotokawa and Tauhara geothermal fields 
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(Rosenberg, Bignall, & Rae, 2009).  In Tauhara, only one drill hole has reached the basement in 

the northeastern part of the field, at a depth of -1484mRSL (to date there are more wells drilled 

for a new Tauhara development, but data has not been available for this work).  This suggests 

that there is a northeast striking, westward-deepening graben that likely exists in the basement 

beneath Wairakei–Tauhara (Bignall, et al., 2010).   

Reporoa Group (Tahorakuri Formation & Waikora Formation) 

Above the basement unit is the Reporoa Group, formerly the Ohakuri Group, it comprises two 

formations, the Tahorakuri and the Waikora Formations.  The Tahorakuri Group contains 

pumiceous lithic tuff with intercalated partially welded ignimbrite.  The tuff is composed of a 

mix of pumice, rhyolitic lavas, siltstones, and some graywacke fragments (Bignall, et al., 2010).  

There is no evidence of the Tahorakuri Formation within the Tauhara Field.  Due to lack of drill 

hole data and evidence, little known about the specific stratigraphy.  The Waikora Formation is a 

greywacke pebble conglomerate unit that underlies or is intercalated with the Tahorakuri 

Formation (Bignall, et al., 2010).   

Wairakei Ignimbrite (Whakamaru Group) 

The Whakamaru Group is a widespread group of welded ignimbrites which appear in the TVZ 

(Brown 1998).  The Wairakei ignimbrites refers to a specific unit of welded ignimbrites, within 

the greater Whakamaru Group.  The Wairakei ignimbrites are dated to be >.32-.34 MA and 

erupted during the most intense episode of caldera volcanism in the TVZ (Bignall, et al., 2010) 

(Rosenberg, Bignall, & Rae, 2009).  The unit is described as crystal rich and moderately to 

densely welded (Bignall, et al., 2010).  This unit does not appear in all wells at Wairakei or 

Tauhara.  Absence in certain wells and not others suggest that there is a complex fault system 

that controls the geometry of the Wairakei Ignimbrite.  West of the Wairakei Geothermal Field, 

some drillings also show a 1.5km vertical displacement of the ignimbrites on a fault zone 

(Rosenberg, Bignall, & Rae, 2009).  There is a suggested structural arrangement, with horst and 

graben elements, but bounded in the East and West by fault-controlled basins, which could 

explain the sporadic appearance of the ignimbrites (Bignall, et al., 2010).  Extent and thickness 

of the Wairakei Ignimbrite has not yet been resolved, and the permeability structure of the 

formation is also not well known (Rosenberg, Bignall, & Rae, 2009). 
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Waiora Formation 

The Waiora Formation is composed of several types of lithologies with sequences of volcanic 

deposits, interlayered mudstones, and sandstones (Bignall, et al., 2010) (Rosenberg, Bignall, & 

Rae, 2009).  While this formation appears in both the Wairakei and Tauhara geothermal fields, 

not all members of the Waiora Formation appear at each location, nor do they all display the 

same thickness.  Due to the high variability of deposits and thicknesses, very little is known of 

their place in succession of regional volcanism and tectonic history (Rosenberg, Bignall, & Rae, 

2009).  Despite little knowledge on the formation specific stratigraphy, it is known that the 

Waiora Formation plays host to the main geothermal aquifer for both Wairakei and Tauhara 

(Bignall, et al., 2010) (Boden, 2017) (Rosenberg, Bignall, & Rae, 2009).  Within the formation 

there is an interlayered mixture of pumice bearing sandstones, pumiceous breccias, and ash- flow 

tuff units.  The pumiceous breccia units are particularly permeable and behave like sponges 

containing hot geothermal fluid (Boden, 2017).     

In 1965 geologist G.W. Grindley determined a 5-member lithostratigraphic sequence for the 

Waiora Formation at Wairakei.  The sequence is as follows; W5 quartz-bearing ignimbrites and 

associated tuffs; W4 and W3 are interbedded breccia, tuff, sandstone and siltstone; W2 is 

dominated by siltstone; W1 is distinctive non-welded and welded ignimbrite units, see Figure 11 

(Rosenberg, Bignall, & Rae, 2009).  

W5 ignimbrites contain steam dominated aquifers, particularly to the northwest of the Wairakei 

field. The highest temperature fluids are found within the pumiceous breccias within W3 and W4 

(Struthers, 2019). 

This 5-member interpretation has been challenged over the years due to lack of continuity and 

detail across the Wairakei and Tauhara geothermal fields.  For example, this 5-layer 

classification is nearly impossible to apply at the Tauhara field (Bignall, et al., 2010) as the well-

evidence from that field does not match Grindley’s proposed stratigraphy.  Despite the issues 

with Grindley’s 1965 interpretation, the classification is retained at Wairakei (Rosenberg, 

Bignall, & Rae, 2009) 

 



38 
 

 Huka Falls Formation 

The Huka Falls Formation (HFF) is made up of all the lacustrine sediments and water-deposited 

tufts that lie between the Oruanui Formation and the Waoira Formation.  >150ka the HFF 

accumulated from a long-lived but shallow lake basin that stretched north-eastwards at least 50 

km from the modern Lake Taupo to the Waiotapu Geothermal Field, 20 km southeast of Rotorua 

(Bignall, et al., 2010) (Struthers, 2019).  The HFF has not been dated but has been relatively 

dated from pollen assemblages and its age is bracketed by two other radiometrically dated units; 

the Oruanui ignimbrite (26.5ka) and the Kaingaroa Ignimbrite (230ka).  Megaliths of siltstone 

that are associated with the HFF have been enveloped by dacite dated to be 190ka, this is 

evidence that the HFF is at least 190ka. 

The HFF has been divided into three units: the Upper-HFF, Middle-HFF, and Lower-HFF (the 

upper unit is the youngest), see Figure 11. Unlike the Waiora Formation, this assemblage can be 

translated across to the Tauhara Geothermal Field (Rosenberg, Bignall, & Rae, 2009) 

Lower-HFF: mudstones, siltstones, coarse-fine sandstones (consistent with evolving lake 

conditions) 

Middle-HFF: at least 200 m thick in the Wairakei Power Station area) of unconsolidated pumice-

vitric tuff, pumice pebble conglomerate (or fine-grained equivalent), likely derived from primary 

and reworked ignimbrites that accumulated in the lake. (water deposited tufts) 

Upper-HFF: mudstones, siltstones, coarse-fine sandstones (consistent with evolving lake 

conditions) 

The HFF is hydrologically important, overall, it has a low permeability and acts as an aquitard 

that separates the hot fluid within the Waiora Formation from the cold, shallow groundwater 

(Bignall, et al., 2010).  
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Oruanui Formation 

The Oruanui Formation is synonymous with Wairakei Breccia, Wairakei Formation, Wairakei 

Lapilli Tuff, as they are all the products of a catastrophic eruption beneath Lake Taupo 

approximately 26,500 years ago (Bignall, et al., 2010).  This formation was produced by a single 

eruption episode and is comprised of several pyroclastic deposits, which are interbedded with 

ash-tuff units of airfall and/or flow origin.  This unit refers to all its constituents and is not 

divided by any single airfall or flow origins (Bignall, et al., 2010) (Rosenberg, Bignall, & Rae, 

2009). The Oruanui Formation is well defined lithologically, up to 170m thick in the northwest 

Wairakei field, and not exceeding 120m at Tauhara.  Permeability is generally high; however, it 

does not contain hot fluid or steam.  The Oruanui Formation is too shallow to be utilized as a 

productive geothermal reservoir (Rosenberg, Bignall, & Rae, 2009) 

 

Figure 11. Stratigraphic units of Wairakei and Tauhara geothermal area (Rosenberg, Bignall, & Rae, 2009) 
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Of the geologic units that appear in the Wairakei system, only three are of significance to the 

study of Geyser Valley: the Waiora Formation, the Huka Falls Formation, and the Oruanui 

Formation.  The Waiora Formation is the host of the main geothermal aquifer for the whole of 

Wairakei and Tauhara.  The composition of interlayered pumice, sandstones, ash tuffs, and other 

sedimentary lithologies to create a highly porous unit, perfect for storing hot geothermal fluids.  

The HFF is the aquitard rock that caps the highly permeable Waiora Formation aquifer below.  

Though the HFF is divided into three units, two of them are comprised of the same lithologies, 

the lower HFF and the upper HFF.  Both the upper and lower HFF is made up of fine grained 

rock types: mudstones, siltstones, and coarse-fine sandstones.  Both mudstones and siltstones are 

too fine grained to allow for the transport of fluids, fractures are required to allow fluid flow to 

the surface, making it an effective cap rock for the reservoir.    The Oruanui Formation is the 

closest unit to the surface, other than recent alluvium, and has been observed as having high 

permeability.  Though this unit does not contain any useful geothermal fluids, the high 

permeability aspect is possibly important in how fluids from the deep reservoir were able to 

make way to the surface and flow in Geyser Valley.   

 

Figure 12. DEM of Wairakei-Tauhara geothermal area with the Wairakei-Tauhara resistivity boundary (light gray), well 
locations and faults (Rosenberg, Bignall, & Rae, 2009) 
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3.3 The Geothermal System at Wairakei  

 

3.3.1 Overview 
The Wairakei geothermal system is located on the eastern margin in the central TVZ. However, 

the DC low resistivity outline of the Wairakei system is continuous with that of the Tauhara 

geothermal system; and this area is often referred to as Wairakei-Tauhara, see Figure 12.   The 

Wairakei and Tauhara systems are similar due to their shared geology and also have a hydraulic 

connection at reservoir depths.  However, despite being similar in geology and location, the 

fields are interpreted to have separate upflow zones (Rosenberg, et al., 2020).  

Resistivity studies at Wairakei show a contiguous area of low resistivity caused by geothermal 

activity, indicating the Wairakei field covers about 25 km2 (Clotworthy, 2000).  Prior to 

development, the Wairakei geothermal system was a liquid-dominated system with reservoir 

temperatures reaching 260 °C.  However, the large pressure drawdown due to production has 

caused the system to form extensive 2-phase zones; liquid and vapor (Kaya, O'Sullivan, & 

Brockbank, 2011).  Conceptual models indicate that the deep fluid flows into the reservoir from 

the west, then flows sub-horizontally into the Western and Eastern borefields (Clotworthy, 

2000).  On the northeastern boundary, next to the Eastern borefield, sits Geyser Valley, which 

was the main surface outflow of the reservoir in the natural state, and is the focus area of this 

study.  The Wairakei system is characterized by high horizontal permeability, this coupled with 

large northeast trending faults allows for the direction and flow of steam across the field and to 

the surface (Clotworthy, 2000)  (Kaya, O'Sullivan, & Brockbank, 2011).  Note that as the 

geysers and boiling pools declined at Geyser Valley, the area became what is now known as the 

Wairakei Valley.  However, because this thesis starts at the natural state of the Wairakei system, 

it retains the name Geyser Valley. 

 

3.3.2 Geyser Valley 
Prior to production the chloride output (used to indicate the existence of reservoir fluid in the 

surface outflows) within Geyser Valley was as high as 1800 g/t in some springs, with the geysers 

discharging chloride liquid that had originated from the deep reservoir (Glover & Mroczek, 

2009).  As production began and subsurface steam zones formed we hypothesize that this causes 
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less liquid fluid and more steam to travel the surface and therefore less chloride.  By the late 

1960’s the chloride output at Geyser Valley had dropped to approximately 300 g/t.  This 

dramatic decrease in chloride and increase in bicarbonate levels, suggest that the fluids 

outflowing at the surface are the deep chloride waters that have been diluted by another source, 

and the decline in flows suggests that flows from the deep reservoir had also declined.  The 

diluting fluid is possibly from the shallow bicarbonate aquifer that overlies the reservoir at an 

approximate depth of 150 meters (Glover & Mroczek, 2009) (Milloy, Newson, & Sepulveda, 

2014).   

 

3.3.2.1 Surface Manifestations 

Geyser Valley was so named due to the 11 geysers and many other geothermal surface features.  

Types of surface manifestations that were found in the area are geysers, mud pots, geothermal 

springs, and fumaroles.  The original field maps show a multitude of surface features.  However, 

the location, temperature, flow, and chemistry data is limited and not available for all features.   

 

According to travel guides from 1928, pre-production of the reservoir, this area was dubbed “The 

True Wonderland of New Zealand” and attracted visitors from all over the island.  However, by 

1958 when power generation at the new Wairakei Geothermal Power Station commenced, and 

reservoir fluid fed the Wairakei production wells, the surface manifestations of the valley began 

to decline.  By the mid-1960’s the surficial features of the Geyser Valley had devolved into 

steaming grounds and fumaroles.   

 

Due to the dramatic response to discharge from the geothermal reservoir, and the locations of 

faults, it appears that Geyser Valley’s surface manifestations are largely controlled by reservoir 

pressure and highly affected by production at Wairakei Power Plant and pressure drawdown in 

the reservoir.   
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Table 1. Geyser Valley surface features that have been categorized into Group A and Group B springs based on an analysis of 

available chemical data from (Milloy, Newson, & Sepulveda, 2014) 

 

 
Figure 13. Map of Geyser Valley, New Zealand.  Image depicts outline of Geyser Valley thermal area, Group A and Group B 

spring locations, as well as locations of all surface features present.  See Error! Reference source not found. for Group A and 
Group B spring names 
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3.3.2.2 Fluid Chemistry 

Data of Geyser Valley’s fluid chemistry was sourced from three separate unpublished D.S.I.R. 

letters dating back to 1963 and 1965.  Twenty-two springs from Geyser Valley were sampled, 

out of several hundred, they were likely selected due to accessibility or consistency of type of 

feature.  Locations for each sampled spring can be seen above in Figure 13 and the spring names 

can be found in Table 2.  The springs have been separated into two categories, “Group A” 

springs and “Group B” springs.  Ternary plots for the springs were created by (Milloy, Newson, 

& Sepulveda, 2014) depicting the difference in chemistry changes of both groups of springs over 

time.  As production from the reservoir commenced Group A springs began trending towards an 

increase in HCO3-, bicarbonate waters, but not SO4, sulfate waters.  Whereas Group B springs 

heavily trended towards a higher concentration of sulfate waters but not bicarbonate waters. Both 

sets of springs displayed a continual decrease in Cl−  concentration, see Figure 14.  As seen in 

Figure 13 above, the Group A springs are gathered in the western side of Geyser Valley, and the 

Group B springs are more clustered in the eastern side.  The springs that trended HCO3- could 

have been progressively diluted by a bicarbonate aquifer that overlies the Wairakei reservoir, 

whereas the springs that trended towards SO4- appear to have been diluted by condensate in 

groundwater.  The terrain, elevation differences, or that the two groups of springs have different 

feed depths that have caused the observed chemical differences.   

 

 

 
Figure 14. Ternary diagrams of Cl, SO4, and HCO3 for Geyser Valley surface features.  Group A and Group B springs have 

been separated into 2 groups based on the chemical trends seen above.  (Milloy, Newson, & Sepulveda, 2014) 
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Figure 15.  Changes observed during the 1950–1967 period in Geyser Valley and the Wairakei geothermal field. Note that the 

Wairakei Stream drains Geyser Valley (Glover & Mroczek, 2009) 

 
Figure 16.  Plot of chloride concentration within Geyser Valley for 22 surface features from November 1950-July 1967 
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3.4 Chapter Conclusion 
This chapter describes the overall setting of the Wairakei geothermal area which provides useful 

background knowledge to understand the models created for the second part of this thesis.  The 

information reviewed here includes the geographic context of New Zealand, the development 

history of the Wairakei side of the Wairakei-Tauhara geothermal system, the geologic context of 

the area, and an overview of the general geothermal system with an emphasis on the geochemical 

aspects and changes at Geyser Valley through the initial 15+ years of production at Wairakei.  

The following chapter will utilize data from this chapter to create the Leapfrog and TOUGH2 

models.    
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4. 3D MODEL CREATION 
 

4.1 Chapter Introduction 
In order to model the upflow from the reservoir to Geyser Valley, there first needed to be a 

geologic base model indicating the location and depth of each geologic unit and the faults within 

Geyser Valley, this is important because it provides the information on the permeability structure 

of the system.  This chapter will review the process of creating the 3D geologic model.  This 

includes the geologic subsurface structure, the fault expressions on the surface, and following on 

from that, develops the conceptual model of this part of the Wairakei system.   

 

4.2 3D Geological Modeling 
A 3D model of a potential permeability structure was built from cross sections taken from 

the large-scale Wairakei geological model, interpretation, and extension of the mapped fault 

structure, and application of details of the Huka Falls Formation structure. This created a 

detailed sub-model of the Geyser Valley part of the Wairakei system and the connection of 

Geyser Valley to the Wairakei reservoir. This area has never been the subject of a detailed 

reservoir model, so it was decided to put as much detail as possible into the geologic model in 

case this level of detail was needed in the reservoir heat and mass transport model. The link 

between the geology and reservoir model is the assumption that the permeability structure is 

related to the lithologic model. 

 

The first step was to build a geological model in Leapfrog Geothermal that reflected the 

subsurface as accurately as possible. Data was extracted from several different sources.  

Geologic papers were used to create the proper stratigraphy for the greater Wairakei-Tauhara 

area.  Three different cross sections of the Wairakei-Tauhara field from the large-scale Contact 

Energy Wairakei Geological model, supplied by Dr. Fabian Sepulveda of Contact Energy, were 

used to supplement the stratigraphic sections found in other papers.  The cross sections were also 

used to confirm and supplement the placement of faults, which are the main mechanism for fluid 

transport, cutting through the system. Other fault data was gathered from the GNS interactive 

fault map online, then added into the geologic model once they were compared and confirmed by 

the cross sections. 
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The second step was to create a conceptual model of the processes beneath the surface. The 

conceptual model was developed by from the data presented in this work- reservoir data, 

information about surface feature response before and after production at the Wairakei 

Powerplant, as well as reservoir and surface chemistry of the geothermal fluids.    

 

The last step was to develop and test an AUTOUGH2 model of the permeability structure of the 

subsurface.  There is little about the permeability values, hence these are a parameter that we 

alter to guide the hot fluid from the reservoir to the surface. The initial goal is to create a simple 

model of a possible permeability structure to understand better how the fluid and steam moves 

through the fault.  There is possibility to add complexity to this model with the hydraulic 

structure taken from the geological model, but for a first attempt it was decided to start with a 

permeable fault reaching from the reservoir to Geyser Valley, with the majority of the 

surrounding structure having the same permeability. Hence this initial model is a simplified 

version of a highly complex system.      

  

4.3 General Approach 
Following a review of past studies of the TVZ and Wairakei/Tauhara geothermal fields, this 

study is focused on modeling activity contained to Geyser Valley, a location within the Wairakei 

geothermal field characterized by a cluster of various geothermal surface manifestations; 

geysers, mut pots, and boiling pools.  The conceptual model integrates the geologic setting, near-

surface structural deformation (>500m), and fluid pathways, and the permeability of units. The 

initial goal is to model a connection between the reservoir and Geyser Valley. This 

will form the basis to continue and model a possible the history of Geyser Valley that integrates 

the available data over a certain time period, fifteen to twenty years, in order to visualize model 

the reservoir responses to production. 

 

The available data was imported directly into the Leapfrog Geothermal 5.0 modelling software 

as it was already set with the correct coordinate system; New Zealand has a specific coordinate 

system called New Zealand Map Grid (NZMG).  Types of data used include (x,y,z) point data, 

.dat files, geologic cross sections, and maps.  Other data that was not already set in NZMG was 
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converted using the NZ Map Reference Converter developed by LINZ.  All the converted data 

were simple point coordinates that were being used as reference points for map draping onto 

topography.  The 3D model that was produced displays the geology of Geyser Valley as well as 

the surrounding area of the Wairakei reservoir.  This includes faults, outlined thermal areas, and 

locations of Geyser Valley surface manifestations.  Conceptual models were also produced from 

cross sections drawn across the study area in LFGT, these are discussed in Chapter 5.    

 

 

 

 
Figure 17. Workflow diagram of project study process 
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4.4 Leapfrog Geothermal Modeling Software  
To create the 3D model, Leapfrog Geothermal 5.0 modeling software by Seequent was used to 

visualize the subsurface of Geyser Valley.  As Leapfrog has developed over the years, it has been 

adapted for work in a range of geoscientific professions, mineral resources, infrastructure, 

energy, natural hazards, and hydrology.  In the case of Geyser Valley, Leapfrog Geothermal 

provides a 3D representation of the subsurface geology, fault system, and surface 

manifestations.   

 

The models created by Leapfrog Geothermal are based on mathematical interpolation functions, 

providing a grid-free representation of the subsurface.  There are two main types of models that 

can be made: discrete and continuous.  A discontinuous model is one in which quantities are 

fixed within the geologic units such as geology or alteration zones.  A continuous model is one in 

which there is changing data that has been observed over a period of time, such as temperature, 

fluid chemistry, or pressure.  Once a base model is created, several different data types from 

varying sources can be imported into the program to build on the model.  An important feature of 

the software is that interpretation and measured data are maintained separately, allowing 

quantitative data to be updated automatically when new measurements come to hand and the 

interpretation to be changed as appropriate.  For the Geyser Valley model, the data types utilized 

were, well logs, various point data, raster data, shapefiles, JPEGs, TIFFs and meshes.  Leapfrog 

Geothermal models can be used to create the permeability structure for a TOUGH2 fluid flow 

simulation model, as has been done in this study.        

 

4.5 3D Modelling Process of Wairakei/Geyser Valley 

 

4.5.1 Coordinate System, Topography, and Surface Features 

The coordinate system used for this 3D model is New Zealand Map Grid (NZMG) which 

represents coordinates as X,Y,Z points.  NZMG is the projection of NZGD49 latitude and 

longitude coordinates.  NZGD is not based on a geometric projection, instead it uses a complex-

number polynomial expansion.  The advantage to using this projection is there is minimal scale 

distortion over New Zealand, however since this projection is unique to the country it can be 
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difficult to translate to GPS devices or other coordinate positioning devices (LINZ, 2021).  As 

this project is contained to North Island, New Zealand this issue is a moot point. 

The topography surface was created based off of XYZ coordinate data provided by Juliet 

Newson and originally downloaded from LINZ. 

 

 
Figure 18. Topography surface for the Wairakei geothermal area.  The blue outline represents the location of Geyser Valley, the 

topographic low across the south-east of the map is the path of the Waikato River. 

 

 

Figure 19. Closeup of the Geyser Valley thermal feature, no topography, the extent of warm ground outlined in green with 
locations of individual surface features studied, looking down.  Topography background has been omitted to clearly view spring 

locations within the thermal area. 
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4.5.2 Lithologies in the Geologic Model 

The 3D geological model was created by combining information from three different cross 

sections provided by Contact Energy, see Figure 22, Figure 23, Figure 24.  The model is focused 

on the upper 600 meters of the subsurface.  The deeper lithological units such as the Wairakei 

Ignimbrite, Reporea Andesite, and Tahorakuri Formation have been excluded from the model. 

As the deeper basement units were excluded from the model, the modeled basement is simply 

“Unknown”.  The various rhyolite units have been combined into one unit named “Rhyolite”, for 

the purposes of this project the dates of the specific rhyolite units are unnecessary.  Volcaniclasic 

Alluvium was also not modeled as its only appearance is outside of the GM extents used for this 

model.  The three layers of the Huka Falls Formation were also combined into one “Huka Falls 

Formation” unit, this is because only the Middle Huka Falls was differentiated out, leaving the 

Upper and Lower Huka Falls to be the same unit.  When creating the HFF unit it made more 

sense to combine all three into one unit, instead of splitting the three into two units.  As a result, 

nine distinct geologic units were created; Unknown (basement), Waiora Formation, HFF, Waiora 

Valley Andesite, Rhyolite, Rautehuia Breccia, Kaingaroa Ignimbrite, Oruanui Formation, and 

Superficial Alluvium deposits. 

Once the cross sections were added into the scene, polylines were used to trace the contacts of 

each desired unit, see Figure 20.   The surfaces between the Basement-Waiora Formation, 

Waiora Formation-HFF, HFF-Oruanui Formation, were all modeled as depositions because they 

all lie horizontally upon one another.  The Waiora Valley Andesite, Kaingaroa Ignimbrite, 

Rhyolite, and Rautehuia Breccia are all modeled as intrusions because they cut into the other 

units as well as some of the faults.  They are also distinct units that according to the geologic law 

of cross cutting relationships must have come after the other units had been deposited.   The final 

unit contact was between the Oruanui Formation and Surficial Alluvium, which was modeled as 

an erosional deposit as opposed to a deposition.  This is because the Leapfrog Geothermal 

program orders depositional units based on age and stratigraphy, there are portions of the 

younger Superficial Alluvium that occur deeper than parts of the Oruanui Formation causing an 

age contradiction, by modeling it as an erosional deposit, it helps clean up the units and display 

them properly.   
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The base of the model was determined by the reservoir unit, the Waiora Formation.  It is known 

that the Geyser Valley features began to decline directly after production began indicating a 

direct link between the two events.  Knowing this, all other units that exist below the Waiora 

Formation were determined to be unnecessary in the model for Geyser Valley, as they are not the 

focus of this model.  This limits the model to be approximately 1 kilometer thick.   

After the polylines were completed along each of the geologic contacts that were to be included, 

Leapfrog Geothermal was able to generate output volumes representing each of the geologic 

units.  In total, 10 lithologic output volumes were generated, however only 9 of them are true 

lithologies, the “Unknown” unit represents the bottom boundary of the model.  The 9 lithologies 

with output volumes are as follows; Superficial alluvium, Oruanui Formation, HFF, Middle-

HFF, rhyolite intrusions, Kaingaroa Ignimbrite, Waiora Valley Andesite, Rautehuia Breccia, and 

the Waiora Formation.  Output volumes can be seen in Figure 21, Figure 25 and Figure 26.   

The next step in finalizing the geologic model was to trim it to the desired size.  As the model is 

for just Geyser Valley, the GM could be significantly reduced in size in order to localize the one 

area instead of it being the size of Wairakei as a whole.   Using lateral extents the model was cut 

down to a smaller volume, to the proposed size of the TOUGH2 model, which will be discussed 

in Chapter 5, size reduction can be seen in Figure 25 and Figure 26 below. 

 
Figure 20. An East-West cross section provided by Contact Energy, displaying polylines drawn along geologic contacts.  Contact 

points were used to generate the geologic model.  In total 3 different cross sections were used to trace contacts 
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Figure 21. All three cross sections provided by Contact Energy superimposed into the geologic model. Used to show how the 2D 

lithology matches with the 3D generated model. 

 

Figure 22. An West-East geologic cross section of Wairakei geothermal system subsurface.  1st of 3 cross sections used to 
generate the 3D geologic model in Leapfrog Geothermal.  Cross section provided by Contact Energy.  Note-not all lithologies 
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were included in the model.

 
Figure 23. A NE-SW geologic cross section of Wairakei geothermal system subsurface. 2nd  of 3 cross sections used to generate 

the 3D geologic model in Leapfrog Geothermal.  Note-not all lithologies were included in the model. 
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Figure 24. A NW-SE geologic cross section of Wairakei geothermal system subsurface.  3rd  of 3 cross sections used to generate 
the 3D geologic model in Leapfrog Geothermal.  Note-not all lithologies were included in the model. 
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Figure 25. Geologic model generated in Leapfrog Geothermal using polyline contacts, original size.  Blue outline is Geyser 

Valley thermal area. 

 

 
Figure 26. Final geologic model generated from Leapfrog Geothermal with modified boundaries to localize Geyser Valley.  Blue 

outline is Geyser Valley thermal area. 
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4.5.3 Fault System 

The fault system of Geyser Valley is digitized as veins within a vein system in the study area.  It 

is modeled as veins and not as faults in order to control the width of the individual faults.  By 

modeling the faults as veins, output volumes could also be generated to represent them as 3D 

volumes instead of 2D lines on the surface.  The faults within Geyser Valley are important as 

they are the main mechanisms for hot fluid transport to the surface, through the HFF aquitard cap 

which sits on top of most of the Wairakei reservoir rock.   

The faults digitized were chosen based off the three cross sections used to create the lithologic 

units, as well as an interactive fault map from the GNS Science website, Figure 27.  They were 

created by adding the moving plane to the scene, creating a mesh for each the footwall and 

hanging wall of each fault, then extracting the vertices from the mesh, and finally inputting the 

vertices as two sides of a new vein. The strike of each fault was determined by the GNS Science 

map, the moving plane was lined up to the faults on the overlayed map, and the dip of each fault 

is 88° because they needed to be near vertical but not at an exact 90°.  The two faults that run 

directly through Geyser Valley have a thickness of 50 meters, all other faults have a thickness of 

25 meters.  The faults running through Geyser Valley were created to be thicker because they are 

thought to be the main mechanisms for fluid and heat flow to the surface.  As Geyser Valley was 

host to an abundance of surface features, it was theorized that these faults are facilitating fluid 

and heat flow in a more efficient manner than the surrounding faults possibly due to how wide 

the fault propagated.  The width was also determined by how it would be displayed and digitized 

for the numerical model discussed in Chapter 5.    
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Figure 27. GNS interactive fault map used conjunctively with cross sections to project the faults propagating through Geyser 

Valley. Dotted lines are how the chosen faults are extended in Leapfrog Geothermal. See faults on the Leapfrog model in Figure 
28.  (GNS, 2020) 

 

Figure 28. All faults that were generated for the complete fault system created from a combination of cross sections and a fault 
map published by GNS. Blue outline is Geyser Valley thermal area. 
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4.6 Conceptual Models 
During the pre-production in the early 1950’s, the surface features at Geyser Valley were the 

result of deep chloride water, originating from the Waiora Formation reservoir rock, ascending 

through the HFF, and discharged at the surface.  In the reservoir, the fluid temperature was 

approximately 260 °C, dilution of the reservoir fluid cooled it to 210-220 °C, boiling then 

occurred at the top of the reservoir at the base of the HFF.  The mixture of steam and chloride 

water then traveled up ~220m through the HFF and eventually discharged at the surface at ~98.5 

°C.  The initial chloride content of the surface features averaged to about 1750 g/t, Cl−  
concentrations were sampled from springs in the valley and the Wairakei Stream (Milloy, 

Newson, & Sepulveda, 2014).   

 

Shortly after production began, the decreasing trend in chloride concentration became apparent, 

and within 10 years nearly all of Geyser Valley’s springs and geysers would decrease in activity 

and be replaced with steam heated waters, steaming grounds, and fumaroles.  By 1968 the 

average chloride concentration fell from 1750 g/t to approximately 300 g/t. This is a clear result 

of production from the Wairakei reservoir. The pressure decline in the subsurface led to the 

formation of a larger steam zone below the HFF; this allowed for more steam and less Cl−  rich 

fluid to make its way to the surface. In addition to the pressure decline affecting Cl−  
concentration, the rising fluid has likely been invaded by groundwater, further diluting the 

discharge.   
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Figure 29. Reference image for conceptual models below.  A-B line relates to cross-sections in Figure 30 and  Figure 31. The 

blue outline is the Geyser Valley thermal area. Created using Leapfrog Geothermal 

 

The conceptual model cross sections of Geyser Valley display the hypothesized result of how 

energy production at Wairakei Powerplant and reservoir discharge affected Geyser Valley in the 

subsurface and its effect on surface features. Figure 29 displays the A-B line cross-section line 

for Figure 30 and Figure 31, the locations of the western and eastern borefields for Wairakei 

Powerplant, as well as the hypothesized direction of fluid flow through the faults into Geyser 

Valley, these are the blue arrows. Conceptual models are based on data collected and discussed 

in Chapter 3. Shown in all three cross sections is subsurface geology, reservoir pressure, and 

hypothesized direction of fluid flow. 
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Figure 30.  Conceptual model created by Madison MacKenzie of the subsurface pre-production (1950) state of the Wairakei 

geothermal field in relation to Geyser Valley. A-B line can be viewed in Figure 29 

 

In the pre-production 1950’s state of the Wairakei cross section, see A-B line in Figure 29, 

displays the location of Geyser Valley with active springs and geysers, the pressure of the 

reservoir at depth, the temperature of the reservoir at depth, as well as the hypothesized direction 

of the fluid flowing up and into Geyser Valley.  The HFF is a low permeability cap rock for the 

reservoir, fluid is hypothesized to make its way to the surface through the faults cutting through. 

The arrows depicting the fluid flow show that the fluid is moving into the fault from a 

perpendicular direction relative to this cross section. In Figure 29 the fluid flow is shown from an 

arial view, it can be seen that the direction of fluid is coming from the eastern borefield of 

Wairakei. At this time, the reservoir is at its known peak pressure of 50 bar gauge at 152 meters 

below sea level and the temperature is approximately 260°C. A more detailed view of the pre-

production state can be seen below in Figure 32.     
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Figure 31. Conceptual model created by Madison MacKenzie of the subsurface post-production state of the Wairakei geothermal 

field in relation to Geyser Valley. A-B line can be viewed in Figure 29 

 

In the post-production state cross section the direction of fluid flow remains the same as in 

Figure 30, however changes were added to display how production affected the subsurface.  In 

this cross section the reservoir pressure has declined by 20 bar gauge, this has lead to the 

formation of a steam cap beneath the HFF.  The steam cap formed because as the pressure 

declined, it caused boiling in the upflow of Geyser Valley and subsequently trapped beneath the 

low permeability HFF.  Due to boiling now occuring in the upflow, little fluid can make its way 

to the surface, causing the geysers to devolve into steaming grounds.  A more detailed view of 

the post-production state can be seen in Figure 32.       
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Figure 32. Side by side zoomed and enhanced images of the pre/post-production states of the subsurface just under Geyser 

Valley. See Figure 30and Figure 31 for full cross sections. 
Figure 32 is a more detailed depiction of the subsurface just below Geyser Valley and shows 

side-by-side images of the pre and post-production states at Wairakei.  On the left, in the pre-

production state, the ascending fluid is shown to have a small amount of boiling and steam 

formation but was not observed to have created a steam zone. This is reasonable because as the 

fluid rises up, the pressure and temperature decrease as it moves towards the surface, causing 

boiling and therefore steam. Boiling is known to occur in the pre-production state because the 

reservoir Cl−  concentration is approximately 1650-1750 mg/kg, however some features measure 

Cl−  over 1800 mg/kg. Steam means less fluid, and therefore concentrates the Cl−  in the 

discharging fluid. At the top of the fault there is mixing of the reservoir fluid with shallow 

groundwater. The discharge temperature at in the surface is approximately 98.5°C (Milloy, 

Newson, & Sepulveda, 2014)  

 

On the right side of the figure is the post-production state with the lowered reservoir pressure and 

a depiction of the newly formed steam zone.  Due to the lowered pressure, there was an increase 

in boiling while the fluid ascended. The increased boiling caused more steam to form, which gets 

trapped under the low permeability HFF. The steam cap formed just below this aquitard rock. As 
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the steam moves up the faults through the HFF, dilution occurs, either from a possible shallow 

aquifer or groundwater. In the post-production state, the Cl−  concentration decreases 

significantly, suggesting a secondary fluid mixing into the reservoir fluid. This is concluded 

because more boiling should have concentrated the Cl−, however it decreased, suggesting 

dilution by a secondary fluid. The chemistry does not indicate the fluid flow rate, however, the 

amount of fluid reaching the surface was declining over the period between the start of 

production to around 1970 when liquid flows to Geyser Valley had ceased, Figure 32.      

 

4.7 Chapter Conclusion 
This chapter has discussed the process of creating the 3D geologic model of Geyser Valley, 

leading to a conceptual model of the geothermal system related to Geyser Valley.  

 

A 3D geologic model of the Wairakei geothermal area was created and completed using two 

software from Seequent, Leapfrog Geothermal and Central. Leapfrog Geothermal is the 

modeling tool and Central is a program designed for data management of projects created within 

the Leapfrog Geothermal software.  The initial model included a wider area of Wairakei than 

was actually used for the conceptual and numerical models.  This was done for two main 

reasons.  First, the cross sections used for the contacts and creation of lithologic volumes covered 

a large area of Wairakei.  It was easier to trace contacts of the various lithologies using the whole 

area covered by the cross sections, instead of only tracing the contacts within the eventual 

smaller model.  This also allowed more freedom to choose how large or small the final geologic 

model would be.  Secondly, it was unclear how the numerical model would behave during the 

next stage of the study, therefore it was unclear how complex the geologic model needed to be to 

achieve the desired results.  The larger model consisted of 16 different rock types, a fault system, 

topography, electrical resistivity lines, location points of the hot springs, and multiple thermal 

outlines of localized heat.  After the model was reduced to a more manageable size what 

remained was 7 rock types, the fault system, some resistivity lines, location points of the hot 

springs, and the thermal outline of Geyser Valley.  

 

Elements of the conceptual model show how the faults create a hydraulic connection between the 

reservoir and the surface features-this kept the potential from a complex hydraulic structure in 
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the numerical model, although the initial structure of the reservoir model would be a simple 

fracture in a lower permeability medium. Evidence of boiling occurs in both models due to Cl−  
concentration measurements, but dilution occurs during the production period suggesting a 

secondary diluted fluid mixing into the upflow. Utilization of the geothermal field and the 

resulting pressure draw down increased the amount of boiling occurring in the subsurface, 

creating a steam zone and a subsequent steam cap in the upflow zone.  The decrease of fluid and 

increase in steam in the shallow subsurface allowed for an increase of mixing from this 

secondary dilution fluid, evident by a drastic drop in Cl−  concentration at the surface and 

eventual cessation of flow.   
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5. NUMERICAL MODEL 
 

5.1 Chapter Introduction 
The purpose of this project is to test the proposed conceptual models, depicting two different 

states of the reservoir and Geyser Valley, by use of numerical modeling in AUTOUGH2 and the 

pre and post-processor software called TIM. The initial permeability structure designated the 

surrounding rock types, outside the fault itself, would be low permeability.  This was based on 

requiring an initial simple permeability structure, but also has some basis in reality because if hot 

fluid has been moving up through the fault for a significant amount of time, the surrounding rock 

would have significant hydrothermal alteration and therefore have a low permeability.   

The objective of the numerical model is to test the conceptual model hypothesis from Chapter 4. 

The modeling process required a natural state model as the first step to provide the initial 

conditions for the production model.  As it happened, modelling the natural stat consumed the 

remainder of the project time.  After some consideration it was determined that modelling the 

production would cause this project to take too much time, and that the focus of this study would 

be to develop and test a natural state model which displayed boiling in the upflow of the fault, 

such that there was an increase in Cl− in the shallow subsurface could be observed. Although the 

problem cannot be well constrained by Cl− alone, the first challenge is to develop boiling in the 

fracture with concentration of Cl− below Geyser Valley.  The production model following this 

project would demonstrate the decline of the upflow and possibly increased inflow to the fault 

from a separate shallow aquifer. 

The geothermal simulator AUTOUGH2 and the graphical program TIM were used together to 

run and visualize each simulation.  AUTOUGH2 is Auckland University’s modified version of 

the Berkeley Lab TOUGH2, a program designed to model heat, fluid, and gas transport in the 

subsurface through porous media (Laboratory, Lawrence Berkeley National, n.d.).  Auckland 

University’s version is nearly the same, but it has been adapted for geothermal use specifically.  

TIM is a graphical tool for TOUGH2 simulations developed in 1995, it is designed to display 

quantitative and qualitative information clearly and efficiently (Yeh, Croucher, & O'Sullivan, 

2013).  The equation of stat was the two-water option, where the second water represents a proxy 
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for Cl-.  The output required some recalculation, as in the model both waters were present in the 

vapor phase, while chloride is a conservative tracer and should remain in the water. 

 

5.2 Natural State 
The initial natural state model is to provide an estimate of the reservoir conditions and the 

permeability structure before drilling and utilization of geothermal fluids at Wairakei Power 

Station.  In order to provide and create a reasonable natural state model, surface spring 

temperature data from Geyser Valley from the 1950’s, set the top boundary conditions and  

Wairakei reservoir temperature and chloride concentrations were used to set the bottom 

boundary conditions for the simulations.   

 

The objective of the numerical model is to test that the conceptual model is physically realistic. 

Calibration of the numerical model is by adjusting the subsurface permeability structures until 

the output matches the subsurface data such as temperature and/or pressure.  More qualitative 

data such as subsurface boiling can also be used to calibrate a numerical model. In this case the 

geologic model created in Leapfrog Geothermal provided the original rock types (i.e. 

permeability domains, permeability structure) and the locations of each.  The modelling process, 

which will be discussed further in section 5.3, largely involved adjusting individual rock-type 

permeabilities in the X, Y, or Z direction. The parameters that were adjusted were mainly in the 

fault, the location and magnitude of the inflow and the relative permeability function parameters. 

As work progressed, the linear relative permeability parameters were adjusted, which gave more 

control over vapor saturation in the fracture. Many simulations were performed to achieve a 

reasonable outcome. 

 

5.3 Model Set-Up 
All models have the same base grid structure and base heat generator. The subsurface 

permeability structure as well as the mass generator are different for each model.  

 

5.3.1 Grid Structure 
The total area of the model grid is 21.56 km² (4.9 x 4.4 km) with an approximate depth of 600 

meters, which has been divided into 26 layers.  As seen in Figure 34 and Figure 35 the grid is 



69 
 

made up of many different sized grid blocks.  The closer to the center of the grid, the smaller the 

blocks, this is because the center is the location of Geyser Valley.  In general, the smaller the 

grid block, the better the resolution is, and the simulator can provide a finer more detailed result.  

The thickness of the grid blocks on the XY plane vary from 500-100 meters on the edges and 

decrease down to the smallest resolution of 25 meters in Geyser Valley.  The thickness of the 

vertical layers varies from 100m to 12.5m.       

 

The initial grid was created using a suite of python scripts that use PyTOUGH.  

 

 

 
Figure 33. TOUGH2 flow model grid input into Leapfrog Geothermal, overlayed with the geologic model 
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Figure 34 PyTOUGH grid structure, looking down.  The finest squares are the location of Geyser Valley 

 

 
Figure 35. Vertical cross-section through the grid  

 
5.3.2 Lateral Boundary Conditions 
This numerical model is designed so that the lateral (side) boundaries are closed.  This was 

decided based on the assumption that the boundaries are far enough away to have no effect on 

the part of the system under investigation. Though this is not the most realistic representation, 

this project also assumes the heat and mass flow is originating from the base and moving 

vertically through geologic units via near-vertical faults to the surface. Due to the topography 

from NW to SE there is some increased pressure and heat buildup and discharge to the surface 

on the SE edge of the model. However, it did not appear to affect the behavior in the fault so the 

model was not redesigned. 
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5.3.3 Top and Bottom Boundary Conditions 
The top boundary of the model is where the top of the grid meets the atmospheric block at the 

surface.  The atmospheric block is set to be liquid with a pressure of 1bar with a temperature of 

13°C, which is an average atmospheric pressure and the annual average temperature at Wairakei.  

The conditions of the atmospheric block are fixed by virtue of its large volume. Adding a 

saturated atmospheric block at the top of the model allows for heat and mass flow from the 

bottom boundary to the surface. 

 

At the bottom boundary layer heat and mass generators have been placed in blocks ai26 and 

bf26, see Figure 36, to inject heat and mass directly into the fault.  Heat generators in the base 

layer in blocks ai26 and bf26 is 161.5 W/m2 and 116.25 W/m2 respectivly. The model also has a 

background crustal heat flow.  The background crustal heat flow has been set to 100 mW/m2, 

which is high compared to the global average crustal heat flow of 40-70 mW/m2, this is because 

Wairakei is a geothermally active area on a convergent plate boundary and is assumed to be 

significantly hotter than the Earth crustal average.   

 

 

 
Figure 36.  Snapshot of the bottom layer (layer 26) of the Geyser Valley TIM model. “a” shows the concentration of heat at the 

base of the model, scale can be seen in “c”. “b” shows the different rock types of the layer, orange and blue being a fault 
running through Geyser Valley, and purple being the surrounding rock.  “c” is a closeup of the location of the heat source for 

the model. 
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5.4 Modelling Process 
The modeling process consisted of making slight changes in the permeability structure of the 

grid in TIM and then run through the program AUTOUGH2 for fluid flow simulations.  Some 

changes to the heat and mass flow generators were also made, however, the control on this was 

that the concentration of the second water at the base of the model, which was 1650mg/kg-the 

reservoir value 

 

5.4.1 TIM and AUTOUGH2 
The grid file, data file (.dat) and condition files (. listing) get uploaded into the program TIM for 

each simulation run in order to visualize how each change to the permeability structure affects 

the subsurface.  With each change made in the subsurface blocks, a new .dat file is created and 

ready to be run through AUTOUGH2 simulation to test if the new parameters would allow the 

model to get to a steady state and produce a boiling upflow in the fault.  In cases where the 

AUTOUGH2 could not be run to a steady state, the program was halted, files input back into 

TIM, readjusted and the simulation re-run with the new parameters.  This process was repeated 

until the desired output result was achieved.  To ensure that the bottom and top boundary 

conditions were within reasonable parameters, the temperatures were compared to downhole 

temperatures published by (Bixley, Clotworthy, & Mannington, 2009), and the mass flow 

directions were monitored to ensure heat and water was moving towards the surface.   

Initial permeability of rock types was set at a low to moderate value. For the initial model, it was 

decided to focus on permeability in the fault and to assign most of the surrounding rocks a 

uniform permeability. In the fault, most rock types initially had low permeability values and 

were gradually adjusted into higher permeability values based on location and the desired 

direction for hot water flow to the surface.  New rock types were continually created to create a 

system made up of varying permeabilities in the XYZ directions. In the end, 7 rock types were 

utilized. Although permeability was the only value manually adjusted in TIM pressure and 

temperature were highly affected by the changes.   
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5.4.2 Permeability Structure  
The parameters that were adjusted were permeability mainly in the fault, the location of the deep 

inflow; and also the relative permeability function parameters.  The permeability structure inside 

the fault was the main focus as it was assumed that the fault is how the fluid moved to the 

surface.  The structure was developed by creating different “rock types” then within these rock 

types the permeabilities in the X, Y, and Z directions could be individually manipulated.  Figure 

38 shows the different rock types created for within the fault. The “rock types” in this model do 

not correlate to a specific lithology as the name suggests, but different permeabilities. Table 2 

shows the rock types and each value assigned for the X, Y, and Z permeability values assigned 

for each rock type.  In order to achieve these values, a trial-and-error process was used. As 

permeability values were assigned and/or changed, the file was saved and then tested in 

AUTOUGH2, which ran the file to a steady state.  The goal of manipulating the permeabilities in 

this manner was to visualize how the fluid could move from the base of the model (the reservoir) 

up through the fault and discharge at the surface.  In addition, it is known that boiling occurs as 

the fluid ascends through the rock towards the surface. Part of the hypothesis in the conceptual 

model, is that as the fluid nears the surface the drop in pressure causes the fluid to boil producing 

a high vapor saturation within the shallow fault blocks.       
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Figure 37. A-A’ reference image for cross sections in Figures 38-40.  The A-A’ line cuts directly through the fault, where most of 

the fluid transport occurs and where permeability manipulation was conducted. 

 
Figure 38. Cross section of Geyser Valley within the fault showing the various rock types and final permeability structure. 
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Rock type K1/X (𝐦𝟐) K2/Y (𝐦𝟐) K3/Z (𝐦𝟐) 
Faul3 1.00E-16 1.00E-16 1.00E-15 
Faul6 8.50E-13 5.00E-13 8.50E-13 
Faul7 1.00E-12 1.00E-12 1.00E-12 
Fault 1.00E-15 1.00E-15 1.00E-15 
Low P 1.50E-16 1.00E-16 1.00E-16 
Sroud 1.00E-15 1.00E-15 1.00E-15 
Surfa 1.00E-14 1.00E-14 2.00E-14 

Table 2. Table of rock types used in Tim model and permeabilities of each rock type in the XYZ direction.  All permeabilities are 
in 𝑚2.  TIM has a character limit for each rock type of 5 symbols so names of rock types have been shortened to accommodate 
this, Faul3=Fault3, LowP=low permeability, Sroud=surround, Surfa=surface 
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Figure 39 and Figure 40 show how the permeability structure looks for the X and Z direction, 

respectively.  The Y direction was omitted as the values are near identical to the X direction.  In 

Figure 39 the highest permeable zone extends from the base of the model up towards Geyser 

Valley in an effort to widen the fractures enough so that the fluid can move towards the surface.  

The blue zone surrounding the red blocks represent the lowest permeability rocks.  Due to the 

hot fluid moving through the rock, it was assumed that high amounts of hydrothermal alteration 

is likely to have occurred directly around the area in which the fluid is moving.  The low 

permeability of blue blocks created a flow constraint that prevented heat and fluid from escaping 

the fault zone.  The blue blocks at the bottom right of Figure 39 and Figure 40 were added to 

further inhibit heat and fluid from flowing completely through the fault and out of the system. By 

constraining the fault in this way, it contained the heat within the system and not allowing it to 

flow out of the fault. 

 
Figure 39. Cross section of Geyser Valley within the fault showing permeability in the K1/X direction.  Permeability is in units of 

𝑚2 

 
Figure 40. Cross section of Geyser Valley within the fault showing permeability in the K3/Z direction.  Permeability is in units of 

𝑚2 
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Permeability value testing began at the base of the model in layer 26 because the base is where 

the heat generator has been placed; heat will be moved from the base of the model to the surface. 

As seen in Figure 41 the highest Z permeability is right over the heat generator block, see Figure 

36 for heat values for this specific block, in order to move the fluid and heat vertically through 

the fault.  The low permeability blue surrounds the high permeability zone in order to contain the 

heat, so it does not flow out of the system and also represents the probable hydrothermal 

alteration surrounding the fault. Figure 42 shows permeability in the X direction.  In this image 

the low permeability blue blocks completely surround the high permeability red blocks.  As in 

Figure 41 this is to force the fluid in an upward direction and to prevent the fluid from moving in 

an outward direction.   

 

 
Figure 41. Bottom layer of TIM model showing permeability values (𝑚2) in the K3/Z direction. 
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Figure 42. Bottom layer of TIM model showing permeability values (𝑚2) in the K1/X 
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Moving up the layers into layer 20, the high permeability zone is extended further into the 

Geyser Valley area as to move the fluid closer to the desired destination point.  The process for 

adding and changing the values within each block was done very gradually as not to overload 

AUTOUGH2 with too many simultaneous changes.  If too many changes were made at one time, 

the program would not be able to find a steady state. In Figure 43 the Figure 44, which show the 

Z and X permeability values respectively, it is seen how the low permeability red blocks have 

been extended closer towards Geyser Valley, slowly moving the fluid from the reservoir up 

through the fault and into the valley.    

 

 
Figure 43. Intermediate layer, 6 layers above the bottom of the TIM model, showing permeability values (m^2) in the K3/Z 

direction 



80 
 

 
Figure 44. Intermediate layer, 6 layers from the bottom of the TIM model, showing permeability values (m^2) in the K1/X 

direction 
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Closer to the surface in layer 10 of the TIM model, seen in Figure 45 and Figure 46, the high 

permeability red blocks were extended directly in Geyser Valley.  Here, the high permeability 

blocks are now in the correct position in the subsurface directly under Geyser Valley, from here 

the high permeability zone can be extended only to the surface, not in a lateral direction as in the 

deeper layers.  The low permeability blue blocks continue to surround the high permeability red 

blocks because hydrothermal alteration will follow the same pathway as the rising hot fluid.  

This change from moving the rock types in both a lateral and upward direction through the fault, 

to only an upward direction can be seen in Figure 39 and Figure 40 

 

 

 

 
Figure 45 Intermediate layer, 10 layers below the surface of the TIM model, showing permeability values (m^2) in the K3/Z 

direction 
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Figure 46. Intermediate layer, 10 layers below the surface of the TIM model, showing permeability values (m^2) in the K1/X 

direction 

Layer 5, Figure 47 and Figure 48, is the uppermost layer in which this permeability structure was 

extended, the reasoning for this is discussed at the end of this section. In Layer 5 the high 

permeability red blocks are fully concentrated to an area within Geyser Valley where the fluid 

and heat just below the surface.  The blue low permeability units are positioned on the northwest 

side of the fault due to large amounts of fluid mass attempting to move out of the fault in that 

direction.  To keep mass from flowing out to the northwest low permeability blocks were used as 

a sort of dam, keeping the fluid and heat in the correct area. 
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Figure 47. Shallow layer, 5 layers below the surface of the TIM model, showing permeability in the K3/Z direction 

 
Figure 48. Shallow layer, 5 layers below the surface of the TIM model, showing permeability values (m^2) in the K1/X direction 
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One goal of manipulating the subsurface permeability was to create a pathway in which the hot 

fluid from the reservoir could travel upward towards Geyser Valley.  Figure 49 shows that this 

manipulation was successful as the hot fluid can be seen moving first laterally and then up 

through the rock layers with each change and addition to the permeability structure; and was 

eventually concentrated in the correct location of Geyser Valley.   

 

 
Figure 49. Progression images of how the heat moved through the subsurface and into Geyser Valley, in conjunction with how 
the permeability structure was altered in Figures 41-48. Layer 5 is zoomed to better see the concentration of high temperatures 

within Geyser Valley. Temperature is in degrees Celsius. 
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In Figure 50, there are six different rock types used within the fault with varying permeabilities, 

this is in layer 5 of the TIM model.   The yellow and orange units, Faul7 and Faul6 are the 

highest permeability units, which are being constrained by several low permeability units, Fault, 

LowP, and Faul3.  See Table 2 for permeabilities of relevant units. This configuration of the 

units and permeabilities allowed for the hot fluid to properly concentrate and discharge into 

Geyser Valley.  During the simulations at the surface, fluid kept flowing out of the fault to the 

southeast, the “downhill” side.  Because of this, the LowP unit was made to be thicker on the 

northwest side of the fault, again this prevented too much of the fluid to flow out of the fault.    

 

 
Figure 50. Shallow layer, 5 layers below the surface of the TIM model.  See Table 2 for permeabilities associated with each rock 

type. 

 

Figure 51 is Layer 4, the final layer that exists for Geyser Valley, layers 1-3 are at a higher 

elevation than the valley.  The more complex permeability structure was not extended all the way 

to the surface layer for computational reasons. The Surfa, or surface, unit was used to cover the 

entire valley with a middle permeability configuration, not the highest or the lowest 
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permeability, as it was assumed most of this area just below the surface would have a similar 

permeability throughout the valley.  

 
Figure 51. Shallow layer, 4 layers below the surface of the TIM model. See Table 2 for permeabilities associated with each rock type 

 

5.4.3 Relative Permeability 

This thesis utilizes a linear relative permeability function between the liquid saturation and vapor 

(gas) saturation within the fault.  The linear relative permeability functions are as such: 

 
𝑘𝑟𝑙 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠 𝑙𝑖𝑛𝑒𝑎𝑟𝑙𝑦 𝑓𝑟𝑜𝑚 0 − 1 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑎𝑛𝑔𝑒 

𝑅𝑃(1) ≤ 𝑆𝑙 ≤ 𝑅𝑃(3); 
 

𝑘𝑟𝑔𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠 𝑙𝑖𝑛𝑒𝑎𝑟𝑙𝑦 𝑓𝑟𝑜𝑚 0 − 1 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑎𝑛𝑔𝑒 
𝑅𝑃(2) ≤ 𝑆𝑔 ≤ 𝑅𝑃(4) 

 
 
The immobile liquid fraction (RP1) was set to be 0.05, which is low, in order to produce a high 

vapor saturation within the shallow fault blocks.  Though the immobile liquid fraction is low, it 

is still considered reasonable if it is assumed that there is mainly fracture permeability within the 

fault.  RP2 is the immobile gas saturation which is set at zero as all vapor within the fracture is 
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mobile.  RP3 is the fully mobile gas set at 0.95 because RP1=0.05 (RP1+RP3=1).  Using the 

functions above the, krl (relative permeability of the liquid) and krg (relative permeability of the 

gas/vapor) were calculated and plotted in Figure 52 below.  A visual of the final subsurface 

vapor saturation can be found in the next section in Figure 56.  

 
Figure 52. Plot of the linear relativity permeability function between the gas saturation and the liquid saturation. Gas 

saturation=Sg, krg=relative permeability of gas.  Liquid saturation= SI, krl=relative permeability of liquid.  The immobile liquid 
fraction=0.05 

 

5.4.4 Chloride Mixing Model 
The chloride mixing model was achieved by utilizing two liquids, fluid from the reservoir and a 

secondary “tracer water” which is the cool Cl− rich groundwater infiltrating the fault and mixing 

in with the reservoir fluid.  According to Milloy et.al the feed zone for a secondary diluting fluid 

is at approximately 150m below the surface.  Layer 11 in the TIM model was identified as the 

possible feed layer due to the Cl− concentration, specifically in block abw11, see Figure 53 for 

location of block. In addition to the Cl− concentration, Layer 11 is 147.7m below the surface 

which fits with the prediction from Milloy et.al.  For this thesis, we cannot do more to identify an 

actual feed location, but there is a known average Cl− concentration of 1700 mg/kg coming from 

the reservoir (Milloy, Newson, & Sepulveda, 2014), and block abw11 is calculated to have a Cl− 
concentration 1702mg/kg.   
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The mixing calculations use a multitude of variables to achieve the result; temperature, vapor 

saturation, liquid saturation, mass fraction of water (mass fraction 1), mass fraction of tracer 

water- this is the Cl− - (mass fraction 2), vapor density, and liquid density.  Each block within 

the model has specific values for each variable calculated within the PyTOUGH code that was 

simulated using AUTOUGH2.  All variables that went into the Cl− concentration calculations 

came from the .listing file produced by AUTOUGH2.  Note that the equation of state used is a 

two-water option, where the secondary water was used as a tracer and proxy for Cl−.  Block 

abw11 was not the only block sampled, there is variability in the Cl− concentrations measured in 

the surface features, so 10 other surrounding blocks were sampled and Cl− concentrations 

calculated, see Figure 53, discussed further in section 5.5 and Chapter 6.  Other selected blocks 

can be seen in Table 3.  

 

 
Figure 53. A closeup image of specific blocks, parameters such as pressure, temperature, vapor saturation, liquid saturation, 

liquid and gas mass fractions, vapor density, and liquid density were extracted from the Listing file to calculate the 𝐶𝑙−  
concentration.  Blocks studied are highlighted by the pink circle. 

5.5 Modelling Results 
The end result of the subsurface permeability structure can be seen below in Figure 54, note that 

this figure is the same as Figure 38 Overall seven rock types were used to complete this structure 



89 
 

which allowed heat, fluid, and steam to travel from the input heat generator located under the 

model on the left side.   A description of permeability values for all seven units can be found in 

Table 2 in the above section.  The results of the numerical model are presented as cross sections 

extracted from TIM showing the permeability structure (as rock types), a temperature profile, as 

well as a vapor saturation profile. 

 

Permeability structure:  

The lowest permeability values are Faul3, Fault, Sroud and LowP.  The units Fault and Sroud do 

have the same permeability values in the X, Y, and Z, directions, but it was important that they 

remained different units both for visualization, and it allowed for freedom to potentially 

manipulate the parameters of the original fault rock but not the surrounding area.   The lower 

permeability units were often utilized as barriers for heat and fluid flow out of the desired 

pathway.  However, it is still logical that the Faul3 unit could surround the heat and fluid flow 

pathway as a low permeability zone of hydrothermally altered rock.  See Figure 54. 

 

 
Figure 54. Cross section of Geyser Valley within the fault showing the various rock types and final permeability structure. 
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Temperature profile: 

The heat generator is located below the two hottest blocks, ai26 and bf 26, see Figure 55. The 

heat generator blocks are the hottest blocks with bf26 at 253°C and ai26 at 252°C.  According to 

Bixley et.al 2009 the temperature of the reservoir is approximately 260°C at 500m depth, but 

253°C was acceptable for the results.  The heat and fluid flow follow the pathway of the 

permeability structure to the surface and discharging at Geyser Valley. The discharging liquid at 

the surface is higher than expected, approximately 130°C, but this is 25m below the actual 

surface, vertically in the middle of the block. Readings from TIM are taken from the center of 

the block, not the surface. The two-water output had to be processed to calculate the 

concentration of the second water (water 2) if it was a conservative tracer. In a boiling block, 

there was a fraction of water 1 and a fraction of water 2.  These values and the other requisite 

properties such as density, are in the listing file for each block in the grid.   

 
Figure 55. Temperature cross section of the A-A’ line within the Geyser Valley fault 
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Vapor saturation:   

 Figure 56 is an image of the vapor saturation within the fault and the created pathway.  As 

shown, near the surface of the model vapor saturation is extremely high and the vapor gathers at 

the top boundaries of the fault. The vapor saturation results were controlled by the relative 

permeability function.  Linear functions were used, and the results were achieved by adjusting 

the relative permeability variables so that the immobile liquid fraction was small (0.05) and the 

fully mobile gas fraction was high (0.95). These values are usually related to fracture flow.       

 

 
Figure 56. Vapor saturation in the subsurface after the permeability structure was finalized. 
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Mass fractions and Chloride mixing: 

The 2-water output had to be processed to calculate the concentration of the second water (water 

2) if it was a conservative tracer.  In a boiling block, there was a fraction of water 1 and a 

fraction of water 2, Figure 57 and Figure 58.  These values and the other requisite properties such 

as density, are in the listing file for each element (block). After converting from volume to mass 

fraction, the water 2 vapor was returned to the liquid phase as chloride, while a corresponding 

amount of water 1 was removed and added to the vapor phase; the resulting Cl− concentration in 

the liquid phase was slightly greater than the original concentration of water 2.  The calculated 

chloride concentrations for model blocks in layer 11 to layer 6 are shown in Table 3 below. 

 

 
Figure 57. Mass fraction of water in the fracture of Geyser Valley (mass fraction 1) 

 
Figure 58. Mass fraction of 𝐶𝑙− in the fracture of Geyser Valley (mass fraction 2). Mass fraction 

 

Block 
Names: 

avw11 avw10 avw 9 avw 8 avx11 avx10 avx 9 avx 8 avs10 avs 9 avs 8 

Concentration 
of 𝐂𝐥− 

(mg/kg) 

1702.6 1647.3 1502.1 1451.7 1695.4 1643.3 1522.2 1472.4 1674.5 1618.5 1497.1 

Table 3. Calculated 𝐶𝑙− concentrations in mg/kg of selected blocks from Figure 53.  The yellow highlighted block is the selected 
feed zone block for the dilution fluid. 
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5.6 Chapter Conclusion 
A numerical model of Geyser Valley and the surrounding area was completed using a 

combination of AUTOUGH2, a subsurface modeling program used to run the simulations and 

data, as well as Tim, a visual program designed to view and modify the files for the simulations.  

The numerical modeling for this project was a useful way to test and simulate how changes in 

permeability and heat parameters of the subsurface resulted in increased steam levels within the 

test area of Geyser Valley.  It is already known that the drawdown in pressure had created 

subsurface steam zones and subsequent decreases in fluid discharge at the surface, but there has 

been no modeling done on how the hydraulic connection could be made from the reservoir to the 

surface.  The conceptual models discussed in Chapter 4 goes further than what was completed in 

the numerical model.  This was due to the fact that the scope of a project including all elements 

discussed in the conceptual model would be too large for a single project of this scale.   

 

The result of the AUTOUGH2 modeling is a visualization of a possible permeability structure of 

the system that could exist and how steam zones can form as a result, and how the mass fractions 

were utilized in order to calculate the concentration of Cl− within the fault in order to identify a 

possible feed zone for a secondary cool water source mixing into the hot reservoir fluid. The 

AUTOUGH2 model results are also to prove the possible hypothesis made from the conceptual 

models in Chapter 4.6.    

 

6. DISCUSSION AND CONCLUSIONS 
This chapter discusses the results for both the conceptual and numerical models for Geyser 

Valley within the Wairakei geothermal system as well as the proposed hypothesis of the 

subsurface permeability structure.  In addition to the results, other topics discussed in this chapter 

will be the data availability for modeling, the limitations for modeling the system, as well as the 

potential for future projects regarding Geyser Valley.      
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6.1 Discussion 
The conceptual models in Chapter 4.6 show the subsurface geology, direction of fluid flow in the 

subsurface and up through the local faults and theorize a boiling upflow below the surface of 

Geyser Valley.   Two conceptual models were created, one describing 1950’s Wairakei 

geothermal area in its pre-production state, the other being a post-production depiction after the 

reservoir pressure rapidly decreased. The post-production conceptual model was not numerically 

modeled in this thesis; however, it is important knowledge in understanding the pre-production 

state of the reservoir and Geyser Valley.  The pre-production conceptual model is the bases for 

the AUTOUGH2 and numerical modeling.  It is acknowledged that the conceptual models 

discussed in Chapter 4 goes further than the numerical model completed here.  This was due to 

the fact that the scope of the project including all elements discussed in the conceptual model 

would be too large for a single project of this scale, and that nonetheless, groundwork has been 

done for a continuation of this project. 

 

The numerical model of Geyser Valley and the surrounding area was completed using a 

combination of AUTOUGH2, a subsurface modeling program used to run the simulations and 

data, as well as Tim, a visual program designed to view and modify the files for the simulations. 

The numerical modeling for this project was a useful way to test and simulate how given a set of 

permeability and relative permeability values, and bottom boundary heat and mass input, there 

was a boiling upflow from the Wairakei reservoir to Geyser Valley It is already known that the 

drawdown in pressure had created subsurface steam zones and subsequent decreases in fluid 

discharge at the surface, but there has been no modeling done on how the hydraulic connection 

could be made from the reservoir to the surface. 

 

The pre-production conceptual model is the bases for the AUTOUGH2 and 

numerical modeling. The knowns of the pre-production reservoir are that hot fluid from the 

reservoir traveled up fractures within faults, boiled during its ascension, and was 

infiltrated by a secondary diluting fluid somewhere near the surface before discharging in the 

form of geysers and hot pools.  
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The AUTOUGH2 modeling resulted in a successful modeling of a potential permeability 

structure in the subsurface of Geyser Valley.  The modeling for this part existed entirely within 

or around a fault that was projected to run through Geyser Valley.  The Wairakei geothermal 

area is highly faulted, and it is known that the geothermal features in Geyser Valley were directly 

affected by the electrical production from the powerplant, this is why the permeability modeling 

was focused within the projected fault. The final permeability structure can be seen in  Figure 54 

and permeability of each rock type can be viewed in Table 2.  Rock types Faul3 and Const are 

the lowest permeability units and constrain the pathway, keeping the heat and fluid within the 

fault and moving in the desired direction. Rock type Faul7, is the highest permeability unit and 

was placed at the inner base of the constrained pathway and is the unit responsible for fluid 

movement directly above the heat generator.  It was placed above the heat and mass generator to 

release as much heat and fluid as possible into the fault.  The fluid will cool as it moves towards 

the surface, it was imperative that as much heat from the base of the model be released into the 

system at the bottom so it could be moved to the surface and remain hot. Once the hot fluid was 

moving within the fault, the heat flow out of the fault zone became an issue.  This was solved by 

the unit Faul6.  Faul6 is a high permeability unit that has a lower permeability and is directly 

above Faul7.  By placing Faul6 on top of Faul7 it allowed for the fluid and heat to move through 

the system effectively, however, was not too permeable to allow for all of the heat to escape.   

 

This thesis is the first attempt at a subsurface permeability model, modeling the pre-production 

flows from the Wairakei reservoir to Geyser Valley, due to this, the AUTOUGH2 and TIM 

model was kept as simple as possible. A boiling upflow was modelled, and the relative 

permeability values used are those usually associated with fractured media. The calculated 

chloride values in the shallow subsurface are between 1451.7 and 1702.6 mg/kg, which indicate 

some concentration of chloride due to boiling in the upflow. Further work and more detailed 

modeling of the shallow zone of Geyser Valley may achieve a better match to the actual pool 

discharge chloride values and may indicate the role of the shallow aquifers and fluid mixing as 

well as boiling. 
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Data Availability for Modeling and Limitations: 

 

The data utilized in the Leapfrog Geothermal geological model was collected from geologic 

cross sections provided by Contact Energy and fault maps from the GNS interactive fault map 

online.  Three cross sections were provided by Contact Energy, this allowed for a relatively 

detailed 3D geologic model to be rendered.  All units were created and added into the geologic 

model; however all units were not relevant and therefore were not shown in the conceptual 

models.  Specific details about the faults such as the true strike and dip were unavailable. The 

faults from the GNS map were projected along the direction they appeared to propagate towards.  

Thus there is room for error for the true locations of the faults and data for faulting within 

specifically in Geyser Valley was unavailable.  The dip of all of the faults were set to 89 degrees. 

It was assumed that the faults running through Geyser Valley that moved the fluid to the surface 

would be near vertical. 

 

The geology of Wairakei is comprised of volcanic and sedimentary units intermixed.  This is due 

to the North Island’s history of explosive eruptions.  The Waiora formation is the reservoir unit 

for Wairakei, therefore all units below it were ignored.  This was to keep the model simple as the 

units below the geothermal reservoir are irrelevant to the study in this thesis.  Despite having all 

the geologic units in the 3D geologic model, it was used mainly for the conceptual models only, 

not the numerical modeling.  The 3D model is a visualization tool used to come up with the 

hypothesis tested in the other models.  This thesis is the first attempt at a subsurface permeability 

model, modeling the effect of production within Geyser Valley, due to this the AUTOUGH2 and 

TIM model was kept as simple as possible.  Permeabilities and the permeability structure was set 

up without regard to any specific rock type, such as breccia or sandstones, because many of the 

geologic formations are layered with volcanics and sedimentary lithologies, therefore a singular 

permeability cannot be assigned to any individual lithology or formation.   

 

A silica geothermometer was used to compare the results of this thesis with the temperature of 

silica equilibration from the geothermometer. Unfortunately, the results from the silica 

geothermometer calculate the reservoir temperature to be ~330°C, which is much higher than the 

260°C reported for the reservoir.  Although the geothermometer does not match the results of 
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this thesis, this knowledge can be further investigated in other projects and be sued as a control 

for future work. 

             

6.2 Conclusions 
A 3D geologic model, conceptual model, and numerical model of the subsurface permeability of 

Geyser Valley within the Wairakei geothermal system was created by combining publicly 

available geological, geochemical, and geophysical data as well as information provided by 

Contact Energy.  The models created allowed for better understanding of how the permeability 

structure and relative permeabilities of the Wairakei subsurface can have an affect on the surface 

features within Geyser Valley.  The relationships between permeability, relative permeability, 

mass fractions, and chloride concentrations facilitate understanding the natural state of the 

Wairakei geothermal system.    

 

The subsurface modeling that has been completed for Geyser Valley at Wairakei provides a 

better and more complete understanding how fluid flow and boiling can occur in a fault zone.  

Ideally, future projects would include a more detailed numerical model of boiling within the 

fracture as well as the post-production effects that the Wairakei Powerplant had on the 

subsurface of the geothermal field. This thesis provides a conceptual model and permeability 

structure in which boiling does occur and Cl−concentrates in the shallow subsurface, from which 

further additions and modifications can be made and more detailed numerical modeling.     
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