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Abstract 

Analytical and numerical models of heat and mass transfer in geothermal soils are calibrated 

using soil temperature time series, porosity, and saturation data from four sites at the Karapiti 

Thermal Area, Wairakei. The Karapiti data were collected by Bromley and Hochstein (2001). 

They measured temperature at several sites over periods of four to seven days at the soil 

surface and at depths of 0.0 I, 0.05, 0.1, 0.15, 0.2 m. 

Thermal conductivity estimates for Karapiti soils as a function of saturation show that the dry 

and wet thermal conductivities for these soils is 0.1 W/mK, and 0.8 W/mK respectively. 

Fourier analysis of the soil temperature data shows that the diurnal term is dominant in all 

cases. The Fourier analysis gives, at each depth, the mean temperature and the amplitude and 

phase shift of the diurnal component of the temperature. 

The analytical models are used to derive estimates of thermal diffusivity which range from 2.8 

x 10-7 to 6.1 X 10-7 m2/s for the pumice soils sampled. The mean temperature versus depth 

profiles are non-linear and indicate that mass flow and associated advective heat transfer is 

imp011ant in warm ground. 

Numerical modelling results show that mass flows and total heat flows are between 0.00065 

and 0.00175 kg/s/m2 and 148 and 917 W/m2, respectively, for the Karapiti sites. The heat 

flows are comparable to calorimeter measurements from Karapiti (Hochstein el al. (2005». 

The second pat1 of this study uses flow data from three geothermal features at the Alum 

Lakes, Wairakei, and Wairakei reservoir data, to calibrate a two-dimensional model of the 

Wairakei geothermal system. The model is based on an existing tlu'ee-dimensional computer 

model ofWairakei system, but uses a finer grid in the vicinity of the Alum Lakes. The results 

show that pressure decline in the Wairakei reservoir has resulted in a cessation of the 

geothermal up-flow to the overlying Alum Lakes, and the Alum Lakes feeder conduit now 

hosts a down-flow of groundwater. 
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1 Introduction 

1.1 Background 

The objective of the research described in this thesis is to set up numerical models of 

some of the key surface features in the Wairakei-Tauhara geothermal system, with the 

aim of developing a better understanding of their behaviour. The study is divided into 

two parts: In the first palt mathematical and numerical models of steaming ground are 

developed. The models are calibrated using temperature time series data from Karapiti 

and are used for calculating the heat and mass transpolt in geothermal soils in the area. 

The second patt is the development of a model that links the behaviour of geothermal 

springs near the Alum Lakes at Wairakei with the behaviour of the deep geothermal 

reservoir. The model matches the declining mass discharge from the Alum Lakes and 

shows that it is linked to the pressure drawdown in the Wairakei reservoir. 

The Karapiti thermal area has been the subject of much research in the last fifty years, 

because of its spectacular increase in thermal activity, generated by boiling in the deeper 

Wairakei reservoir. The heat flow was estimated to have increased ten-fold to - 400 

MW in the period between 1958 and 1975 (Allis (1979)). It decreased again to around 

200 MW by 2000 (Bromley et al. (2005)). 

The present study uses soil temperature data collected by M. P. Hochstein and C. J. 

Bromley (Bromley et al. (200 1 b), Hochstein et al. (2002), Hochstein et al. (2005), 

Bromley et al. (2005)) at Karapiti for the following purposes: 

• To develop mathematical models of heat and mass flows in geothermal soils. 

• To investigate a method of calibrating numerical models of steaming ground. 

• To investigate the sensitivity of the model behaviour to changes in various 

parameters. 

• To compare results from the mathematical and numerical models. 

• To discuss what the models reveal about heat and mass transfer in geothermal 

soils. 
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• To suggest improved data collection programs so that the models can be further 

improved. 

The model of the Alum Lakes thermal area is used to investigate the following 

questions: 

• What is the permeability structure that has caused the Alum Lakes features? 

• What are the subsurface saturation and flow conditions? 

• Is the mass flow decrease at the surface features linked to the reservoir pressure 

drawdown? 

Traditionally, chemical and physical measurements at geothermal surface features have 

been used to deduce subsurface conditions. For instance, many geochemical studies 

have used measurements from natural surface features to gain information about the 

deeper system. For example: Glover el al. (200 I) relate the gas content of Karapiti 

fumaroles to boiling, and the subsequent decreasing steam pressure, in the deep 

Wairakei reservoir, Simmons ef al. (1994) use the chemical and isotopic compositions 

of springs to infer subsurface boiling and groundwater dilution in the Waimangu 

geothermal system. Measurements of soil temperatures and mass flow rates from 

springs have been used to assess the heat and mass flows in deep geothermal systems 

(Dawson (1964), Dickinson (1964), Allis (1988». For systems under exploitation some 

studies have qualitatively correlated reservoir changes with changes in measured 

chemistry, temperature and mass discharge at surface features (Glover el al. (2000a». 

Quantitative studies of the physics of geothermal surface features include laboratory and 

modelling studies of geysers (Saptadji (1995), Lu el al. (2005), Khazaee el al.), and of 

hydrothermal eruptions (McKibbin (2006), McKibbin el al. (2006». 

Empirical models of heat and mass transport in steaming ground have been developed 

by Hochstein ef al. (2002), Hochstein el al. (2005) and Bromley el al. (2005). Models 

which quantitatively link hot spring behaviour to the deeper reservoir behaviour are 

rare. A recent study by White el al. (2005) used a single phase model to relate spring 

decline at Geyser Valley, Wairakei , to changing feed pressures. A systems dynamics 

2 



approach by Leaver el al. (2007) was used to produce a lumped parameter model to 

represent mass and energy balances for a hot spring at Orakeikorako. 

Geothermal modelling studies that include the entire geothermal system, such as the 

large scale reservoir model of Wairakei-Tauhara (MalUungton el al. (2004), O'Sullivan 

el al. (2009» have grids that are too coarse to model individual geothermal surface 

features, and they represent large areas of surface activity in one grid block. 

1.2 Thesis outline 

The Karapiti section of this research (described in Chapters 2-6) uses mathematical 

models and numerical models, calibrated with data collected by Hochstein and Bromley 

in the summer of 2000/200 1. Shallow ground temperatures were recorded at five sites 

around the Karapiti Thermal Area (Bromley el al. (2001 b» . Soil temperatures were 

measured at several sites over periods of 4 to 7 days at the soil surface, and at depths of 

0.01 m, 0.05 m, 0.10 m, 0.15 m and 0.20 m. A Fourier analysis (with respect to time) of 

the field data gives a simplified representation of surface and soil temperatures, in terms 

of a single Fourier component and the mean. Soil samples from each site were used for 

laboratory determinations of porosity and saturation. The temperature record at each 

depth and the soil saturation data gives four key sub-sets of data from each site which 

are divided into steady-state and transient calibration data: 

Steady-state data : 

• Gas saturation. 

• Average (steady-state) temperature for each depth (from the Fourier analysis). 

Transient data: 

• Amplitude decay with depth of the diul'l1al temperature wave as it travels into 

the soil 

• Phase shift versus depth of the diul'l1al temperature. 
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In addition to the above, there is also porosity data available for each site from the 

laboratory work carried out by Hochstein e/ al. (2001) and Hochstein e/ al. (2002). 

Chapter Two describes the history of the Karapiti thermal area and the characteristics 

that are important for a modelling study of the temperatures in the shallow soils. It 

includes the history of thermal activity at Karapiti, and discusses the measurements and 

heat flow assessments that have been made. 

Chapter Three is a review of models of the thermal conductivity of soils. Various 

models of the thermal conductivity of a porous media are investigated and the 

relationship between thermal conductivity and saturation is discussed. The models are 

used to determine values for the thermal conductivity of the Karapiti soils over a range 

of saturations. 

Four mathematical models of heat and mass flow in geothermal soils are derived in 

Chapter Four. For all the models, the soil is treated as a uniform, semi-infinite layer, 

and the temperature at the upper boundary is represented by a sinusoidal function, 

which is provided by a Fourier analysis of the Karapiti soil temperature time series. The 

model parameters are determined by calibration with the mean and diurnal component 

of the soil temperature data, obtained from the Fourier analysis. The first, simple 

conductive model is based on an analytic solution of the one-dimensional beat 

conduction equation. A similar approach was repOlted by Carson (1963), Dawson e/ al. 

(1964) and Hurley e/ al. (1993). The second model also assumes heat transfer occurs by 

conduction, but at the surface a more complex heat-loss boundary condition is used that 

allows the air temperature to be different to the ground surface temperature. In the third 

model a mass flow is introduced giving advective and conductive heat transfer in the 

soil. The fourth model is a combination of the second and third models. 

Chapter Five discusses a numerical modelling study of the shallow zone at Karapiti. The 

model simulations are carried out using the TOUGH2 geothermal simulation code. 

Each of the four sites is modelled using a one-dimensional column with a steady 

geothermal heat and mass input at the base. The steady-state model uses the mean air 

temperature and atmospheric pressure for the top surface boundary conditions. The 

model is calibrated with the mean temperature and saturation data for the partially 

saturated Karapiti soils. The transient model uses the mean temperature plus the 
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sinusoidal air temperature, representing the diurnal component of the measured 

temperature, as one of the top surface boundary conditions. The computer model is 

calibrated with data for the amplitude and phase behaviour of the diurnal temperature 

variation as it travels through the soil. The steady geothermal heat and mass flows are 

found to have an imp0l1ant influence on the behaviour of the model. 

Chapter Six presents the numerical modelling study of the Alum Lakes, Wairakei. The 

model results show that the decrease in mass flows from the Alum Lakes area is directly 

related to the pressure drawdown in the deep reservoir. It can be inferred from the 

model results that there is a shallow eastward groundwater flow beneath the Alum lakes, 

and that the contribution of this groundwater flow to the spring flow at Alum Lakes is 

the reason for the relatively slow response of the springs to the deep pressure changes. 

When the steam and liquid flows from the deep reservoir decline, the groundwater 

begins to flow down into the reservoir, and the flow to the surface springs ceases. Low 

permeability zones, which are possibly due to hydrothermal alteration, are required in 

the model to direct the subsurface flows. The low permeability zones act in two ways. 

First they control the degree of dilution of the up-flow from the reservoir; and secondly, 

in the near surface they control the location of the springs by 'holding up' the shallow 

eastwards groundwater flow, forcing it to discharge at the Alum Lakes. 

In Chapter 7 the main results of the study are discussed and conclusions presented, 

together with recommendations for future work. 
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2 Background to the Karapiti study 

2.1 Introduction 

Karapiti is a surface expression of the Wairakei Geothermal System. It lies three 

kilometres to the south of the Wairakei bore field (Figure 2.1). From historical times it 

has always been an area of warm and steaming ground, steam vents, and warm acidic 

sulphate pools, accounting for approximately 10% of the total natural state heat 

discharge from the Wairakei system. 

The intensity and location of the geothermal activity at Karapiti have varied with 

changes in the Wairakei reservoir. Heat flow from the area was approximately 40 MW 

prior to production at Wairakei, with around 12 MW from the Karapiti Blowhole, a 

large, superheated fi.unarole in the north of the Karapiti area. After production from the 

Wairakei wells began in 1953, boiling in the reservoir led to increased activity at 

Karapiti, marked by hydrothermal eruptions, a southward shift in fumarole activity, and 

an increase in areas of warm ground. Heat flow from Karapiti peaked in the early 

1960's at around 419 MW and thereafter has slowly declined to its present estimated 

rate of >200 MW, which is still 5 times greater than the estimated natural state heat 

flow. 

Heat flows from Karapiti have been measured USll1g various methods, by many 

geothermal researchers. Some have attempted to assess the total heat flow from the 

Karapiti area (e.g. Allis (1979), Dawson el al. (1970)), while others have concentrated 

on a single feature or groups of features (e.g. Grange (1955), and Gregg (\958)). 

Bromley ef af. (2005) estimated the total summer heat flux from Karapiti to be 245 MW 

± 20 MW based on assessment of the heat discharged by steam vents and fumaroles 

(107 MW) and diffuse discharge involving convective and conductive heat transfer (138 

MW). 

A model proposed by Bromley el al. (2005), based on Karapiti data, can be used to 

calculate the heat flow from warm ground as a function of the boiling depth. 

One of the foci of this thesis is to use numerical modelling to investigate the heat and 

mass transfer processes in the warm and steaming soils and to identify the important soil 
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parameters (see Chapters 4 and 5). These results are used to test the Bromley-Hochstein 

model for assessing heat flow from warm and steaming ground. This will contribute to 

improving the accuracy of the monitoring and modelling of geothermal heat flow. 

Figure 2.1. The location ofKarapiti within the Wairakei arca. The black dots arc the Wairal<ei 
geothermal wells. 

2.2 Wairakei area local stratigraphy 

An outline of Wairakei geology is given in Rosenberg e/ al. (2009). In summary, the 

drilled stratigraphic sequence at Wairakei consists of: 

The Tahorakuri Formation, a sedimentary and volcanic/volcaniclastic deposit with 

andesitic lavas and breccias. 
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Wairakei Ignimbrite, a member of the Whakamaru Ignimbrites (- 0.32 Ma). This is a 

weakly to moderately welded ignimbrite, the top of which is displaced 1.5 km by 

faulting. The drilled thickness is more than 1000 m east of the Kaiapo Fault, but the 

formation has not been accessed by drilling to the west of the Fault zone. Permeability 

is thought to be a combination of fracture and formation permeability. 

The Waiora Formation, which is made up of all strata, except rhyolite and andesite 

lavas, lying between the top of the Wairakei Ignimbrite and the Huka Falls Formation. 

The Waiora is the main geothermal aquifer at Wairakei, and is divided into five units 

originally proposed by Grindley (1965) and retained by Rosenberg el al. (2009). Hence 

the Waiora Formation consists of: 

Was - quartz-bearing ignimbrites and associated tuffs, which are an important shallow 

steam aquifer at the Te Mihi; 

Wa3 & 4 - interbedded pumice breccia, tuff, sandstone, and siltstone, which is regarded as 

the most productive horizon; 

Wa2 - a siltstone dominated member; 

Wa, - welded and non-welded ignimbrites. 

The Stockyard Ignimbrite, which occurs at 1700 to 2000 m depth in the western 

Wairakei borefield. It is a newly defined member of the Waiora Formation, and is a 

productive fractured geothermal aquifer. 

Interbedded in the Waiora formation are rhyolitic and andesitic lavas. At Wairakei 

these are the Karapiti and Poihipi rhyolites, and the Waiora Valley Andesite. The 

Karapiti 2A rhyolite is the most extensive of the former, and is a large rhyolite dome 

that extends from the Waikato River in the east to the resistivity boundary in the west. 

It has been drilled at Tauhara (in TH2 and TH8). It is thonght to have permeability in 

fractures, and in the flow-brecciated margins (Rosenberg el al. (2009)). The Karapiti 

2A dome penetrates the Huka mudstones and is in contact with the more permeable 

Oruanui ignimbrites and Taupo pumice at the Karapiti Thermal Area. The dome is 

thought to act as a high permeability connection between Karapiti and the Wairakei 
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reservoir (Allis, 1997), a theory that provides an explanation for the response of 

Karapiti to boiling in the shallow Wairakei reservoir. 

The Rautehuia Breccia, a volcanic breccia and overlying tuffaceous sandy siltstones. 

The Huka Formation, a predominantly lacustrine mudstone of low permeability that 

extends over much of the Wairakei area, and forms a low permeability cap to the 

geothermal system. 

Ol'llanui Ignimbrite and recent Taupo Pumice deposits that overlie the Rautehuia 

Breccia. Locally generated hydrothermal eruption deposits also overlie these surficial 

deposits at Karapiti. 

Recent alluvium and tephra 

OrllanUi Formallon 

Huka Falls Formation 

......... . .. ~-. .. .. ..... - - , 
Rautehuia Breccia : 

WalOra formation 

Wa, 
Karapiti Rhyoli tes 

Wa, 

Te Mihi Rhyolites 

Wa, 

Poihipi Rhyolites Ws, 

Wa, 

Stockyard Ignimbrite 

(Whakamsru Group) Wairakei Ignimbnte 
Waiora Valley 

Andesite 

( Reporoa Group) Tahorakun Fonnatlon 

Figure 2.2. The schematic representation of the stl'atigraphy at Wairakei. Adapted frolll Rosenbel'g el !II. 
(2009). 
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Figlll'c 2.3. Contonrs of the top snrface of the Karapiti 2A and Karapiti 28 rhyolite domes. 
Conton,'s a,'e relativc to sea level (SL is sea level). The light grey is the Wai ... kei resistivity 
boundary. From Rosenberg ellil. (2009). 

2.3 Kal'apiti Topogl'aphy and Hydl'ology 

Karapiti lies approximately two and a half kilometres south-south-west of the Wairakei 

borefield, at elevations between 450 masl in the nOlth and 415 masl at the 

Waipourewarewa Stream in the south. 

The Karapiti area was described by Kerry-Nicholls (1884) as "covered with 

innumerable fumaroles ... [the heated soil] .. . was covered with a dense growth of moss 

and stunted manuka scrub". At the turn of the century, the Karapiti Blowhole was the 

single largest feature in the area, and steam from Te Karapiti (the Karapiti Blowhole, 

shown in Figure 2.4) "issued with a terrific force and uneatthly screeching noise". The 

temperature in the plume was measured at 220°F by Kerry-Nicholls, and the steam 

plume was repOlted to be visible for fifty miles. The heat flow from the Blowhole was 

10 



thought to be around 12 MW, with the total heat flow from the area being estimated at -

40MW. 

Figure 2.4. The Karapiti Blowhole (from the Boileau Family Album, 1894-5». 

The Wairakei geothermal power station began generating electricity in 1958, with the 

steam supplied by the Wairakei wells in the Waiora Valley 2 km north of Karapiti 

(Figure 2.1). Production from the Wairakei liquid dominated reservoir was 

accompanied by a rapid drawdown of reservoir pressures by around 25 bar, over the 

first decade of production (ClotWOlthy (2000». Reservoir boiling due to the pressure 

drawdown resulted in a pulse of heat flow and steam discharge at Karapiti, with the heat 
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flow reaching >400 MW in the early 1960's. As the geothermal activity at Karapiti 

increased in intensity, it migrated to the south and west. Since 1975 reservoir pressures 

have reached a quasi-steady-state, with a slowly expanding steam zone fed by a boiling 

reservoir. Similarly, at Karapiti, the intensity of activity has subsided, but the heat flow 

is still around five times its original value. Present day geothermal activity at Karapiti 

occurs in a roughly circular depression that is around 700 m across (outlined in red in 

Figure 2.1). The surrounding hills are covered by exotic pine forest and farmland, while 

vegetation in the Karapiti depression is predominantly a heat tolerant prostrate manuka, 

with some heat tolerant moss. Patches of bare ground indicate temperatures above the 

tolerance level for manuka, or in some cases are the sites of recent hydrothermal 

eruptions. Occasional dead pine trees are the result of heating in formerly cold ground, 

and are an indication of local transient variation in ground temperatures. Geothermal 

gradients in the top few metres of unsaturated, warm soil can be very high, with 

temperatures of 100°C measured at less than I m depth (Bromley et al. (2005». The 

surface is pockmarked with fumarole vents, hydrothermal eruption craters, and collapse 

craters due to subsurface clay alteration and erosion of the host rock. The craters often 

have continuing fUl11arolic activity or mud pools at their base. The craters, fhmaroles, 

and hot pools at Karapiti are surrounded by areas of warm ground that often have very 

little visible steam discharge, although recent measurements (Hochstein et al. (2002» 

show that there is often a diffuse vapour discharge from such ground. The ground 

surrounding some of the larger craters has a series of concentric fractures that have a 

visible steam discharge, or can be identified in infrared surveys as having a higher heat 

flow than surrounding ground (Hochstein et al. (2005». 
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Figure 2.5. View of Karapiti looking south. April 2003. 

The source of steam for the Karapiti fumaroles has changed over time (Glover el al., 

200 I). Under natural state conditions the source of steam was boiling chloride water, 

which was losing steam as it flowed south below Karapiti. The depth to the chloride 

water is unknown, but silica sinter in hydrothermal eruption deposits, and chloride water 

(840 mg/l el) squeezed from the hydrothermal mud indicates that some deep hot liquid 

was close to the surface at Karapiti some time in the past. By 1990 the steam source for 

the Karapiti fumaroles was the Wairakei reservoir steam zone (Glover el al. (2001». 

However, detailed subsurface saturation conditions at Karapiti are unknown. Although 

there are often mud pools at the bottom of hydrothermal eruption craters; there is no 

surface drainage network for these pools; they may represent the pJu'eatic surface, or 

they are possibly perched lenses of condensate and/or rainwater. The Waipourewarewa 

Stream runs tlU'ough the southern margin of the Karapiti area at a height of 420 mrsl 

(meters relative to sea level), which indicates the level of the water table, in the south. 

Ground level in the north is 440 mrs!' Measurements in the very shallow subsurface (up 

to I m depth) of hot ground where the boiling depth is < 0.15 m, show there is a 

condensation zone with - 80% liquid saturation, underlain by a less saturated isothermal 

zones (Hochstein el al. (2002». 
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2.4 Kal'apiti heat flow studies 

The first repotted heat flow measurements at Karapiti was of 12.6 MW from the 

Karapiti Blowhole (Grange (1955)), followed by measurements of heat flows of 13.4 

MW in the Waipourewarewa Stream (Gregg (1958)). 

Heat flow measurement techniques developed by Dawson (1964) and Robertson et al. 

(1964), were used by Fisher (1964) to estimate details of the heat flow at Karapiti, as 

part of a larger Wairakei study. These included: 

• Direct measurements of heat loss from steaming ground by calorimeter, or by a 

Venturi meter (collecting and measuring steam flow over a known area). 

• Indirect assessment of heat flow from warm ground based on the soil 

temperature at a depth of I m. This method from Dawson ef al. (1964) , 

estimates the heat flow based on the difference between the ground temperature 

at 1 m depth and the surface (air) temperature and was first applied to data from 

the Wairakei base station (now the GNS Science offices). 

• Calculation of heat loss from water surfaces. 

• Heat flow from fumaroles based on the velocity, temperature and steam column 

cross section. 

The Karapiti Blowhole heat output was estimated to be 12.6 MW and 29.3 MW in 1951 

and 1958 respectively, and 34.3 MW in 1960. Fisher (1964) also estimated the 1958 

heat output from warm and steaming ground at 76.6 MW; from pool surfaces as 32.3 

MW; and other steam vents at 2.9 MW. Fisher also noted new hydrothermal eruption 

craters at Karapiti, and that heat flow in that area appeared to have increased over the 

period from 1951-1959. 

Dawson ef al. (1970) used ground temperature surveys and aerial photography to assess 

ground temperatures from the nature of the vegetation cover. They also used the 

dimensions of fumarole steam clouds, and infrared photography, to assess heat flow 

from Karapiti in 1964 and 1969. They reassessed earlier information from 1958 and 

1961, and found that the heat flow, from any selected feature or group of features, had 
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been increasing up to 1964, and then had decreased from 1964 until 1969. They 

estimated that the total heat flow from Karapiti had been 92.1 MW in 1958; 280.5 MW 

in 1961; 418.7 MW in 1964; and had declined to 380.2 MW in 1969. Similarly, heat 

flow from large steam vents had decreased slightly from 275.1 MW in 1964 to 242.4 

MW in 1969, and the heat flow from warm and steaming ground had decreased from 

143.6 to 137.7 MW over the same period. The heat flow assessments by Dawson et al 

are incorporated in Figure 2.9 which shows all the Karapiti heat flow assessments since 

1946. 

Allis (1979) resurveyed Karapiti heat flow in 1978, using all the methods developed by 

Dawson (1964), Robertson el al. (1964) and Dawson el al. (1970). He found the 

following: 

• That total heat flow in 1978 was around 220 MW (with an accuracy of +/-20%); 

• The 1978 heat flow from warm and steaming ground, and from large steam 

vents, had decreased to 96 MW and 121 MW respectively. 

• The heat flow in 1946 based on aerial photographs was 40 MW +/- 20 MW; 

• Cooling was occurring in the n0l1h and east, and activity was increasing to the 

south and west. 

• The output of the Karapiti Blowhole had decreased to 7 MW in 1978 from a 

high of38 MW in the mid 1960' s. 

Mongillo (1988) notes that the heat output from Karapiti in 1988 appeared to be similar 

to the 1978 value, although the area of steaming ground was expanding to the south, 

south east, and north, and that the Karapiti Blowhole had ceased to discharge, although 

there was a weak discharge from a fumarole 30 m away. There was a large collapse 

cavern which possibly had blocked the feed to the Karapiti Blowhole. 

The heat flow data discussed above is summarised in Section 2.5 (Karapiti Heat Flow 

Summary) Table 2.2 and Figure2.9. 

A method of assessing heat output from fumaroles, presented in Hochstein el al. (2000), 

differs from earlier methods by allowing for air entrainment close to the vent and using 
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accurate electronic monitoring equipment. The heat output nom accessible fumaroles, 

measured by this method, is linearly related to the area of the steam cloud in aerial 

photographs (Hochstein el al. (2000), Hochstein el al. (200 I )). This allows an 

assessment of the heat output of all fumaroles visible in aerial photographs, and was 

applied to aerial photographs from 1999 and 2000. The heat output from fumaroles 

with visible steam clouds in aerial photographs was 99 MW in 1999 and 88 MW in 

2000. 

Bromley el al. (2005) averages these values to give 94 ±II MW for the total heat output 

of fumaroles, visible in aerial photographs, for 1999/2000. Smaller steam vents which 

cannot be identified on aerial photographs were assessed by measuring accessible vents 

and estimating the steam cloud volume of inaccessible vents from the ground. A total 

of 13 ±3 MW is estimated to come from - 150 small vents for the 199912000 heat 

output. Measurements from the Karapiti Blowhole in 1950 were re-evaluated and used 

in conjunction with a 1946 aerial photograph to assess the heat loss from fumaroles in 

1950 to be - 30 MW. 

Karapiti has a large area of thermal ground of - 0.33 knl (Bromley el al. (2005))). 

Hochstein and Bromley have been measuring soil temperature, mass discharge, and 

taking core samples in order to determine saturation, porosity, and soil density since 

1999 (Hochstein el al. (1999), Hochstein el al. (2000), Hochstein el al. (200 I), Bromley 

el al. (2000), Bromley el al. (200 I b), Hochstein el al. (2002), Hochstein el al. (2005) , 

Bromley el al. (2005)). Their aim is to evaluate heat and mass flow in geothermal soils. 

The earliest study uses data collected over the sununer of 2000/2001, and involved 

measuring soil temperature time series and taking core samples of the soil to determine 

the porosity and moisture content. For the first part of the study the soil temperature 

was recorded at 5 sites over periods of 4 to 6 days. Simultaneously soil cores were 

taken from the sites and properties of the cores measured in the laboratory. Two core 

samples were taken from each site, one from the surface to a depth of 0.15 m, and the 

second from 0.15 m to 0.3 m. The data were used to estimate the conductive heat flux 

through the soil. These same temperature and soil saturation datasets are used by the 

author to calibrate the mathematical and numerical models that are the subject of this 

thesis. 
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Analysis of soil temperature time series data (Bromley et al. (200 I b» gives a value for 

the soil thermal diffusivity, which was then used to compute an ' effective' soil thermal 

conductivity. The commonly used method of deriving the soil diffusivity is based on a 

harmonic analysis of the diurnal (or alUllIal) temperature variation as it penetrates the 

soil. In the case of Wairakei soils the diffusivity value obtained by Dawson et al. 

(1964) from the amplitude decay and from the phase shift is 0.29 x 10-6 and 0.59 x 10-6 

m2/s respectively; diffusivity values obtained by Newson et al. (200 I a) for the 

amplitude decay and from the phase shift for Karapiti soils are 0.21 x 10-6 and 0.59 x 

10-6 m2/s, respectively. The interpretation of this result was that the model of purely 

conductive heat transport is inadequate (Newson et al. (2001a». However, Bromley ef 

a/. (2001 b) suggest that the assumption that the diurnal variation is the only periodic 

signal is flawed. They used frequency as a parameter, obtaining a period of 16.5 Ill's 

and a value of 0.4 x 10-6 m2/s for the diffusivity. Using this value, and an 'effective' 

heat capacity of the wet soil (dependent on porosity and fluid saturation), they deduce a 

value for the 'effective' thermal conductivity for the soil, which is between 0.4 and 1.4 

W/m K, with most of the variation related to the soil moisture content. The conductive 

heat flux is then derived from the near surface temperature gradient and the effective 

thermal conductivity, and ranges from 47 to 392 W/m2 for the Karapiti sites. 

Hochstein et a/. (2005) later revised the effective thermal conductivity by relating the 

diffusivity to the soil saturation as described in Chapter 3 

The remainder of this section summarises data from Hochstein et al. (2002), Bromley et 

al. (2005), and Hochstein et a/. (2005), who used a calorimeter to directly measure the 

heat and mass flux from geothermal soils, while simultaneously taking temperature 

measurements, and core samples of the soil for porosity and moisture content laboratory 

measurements. The cores were sampled over shOiter intervals (0.05 m), and the total 

length of core was up to 0.9 m for some sites. The data from this study contains more 

information about the soil porosity and saturation than the earlier work, but there are no 

associated temperature time series measurements. The resulting data were used to 

derive a relationship between boiling depth and heat flow in order to provide a rapid 

method for predicting heat loss from steaming ground. Saturation profiles were used to 

identify zones of evaporation and condensation, and counterflow (heat pipes with up 

flowing vapour and down flowing liquid). The soil saturation was also identified as the 
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controlling parameter for the in situ thermal propeliies of the soil (diffusivity and 

conductivity). 

The total heat flux was measured with a calorimeter, and mass flow rates were obtained 

from the condensation rate of steam on the bottom of the calorimeter. The measured 

total heat flows ranged from 31 to 1044 W/m2
. Mass flow rates were 10 x 10.6 to 150 X 

10.6 kg/s/m2, with an associated heat transfer rate of between 21 and 566 W/m2
• The 

convective heat flux accounts for up to 50% of the total heat flux from warm ground. 

The mass flux was also estimated by relating it to a measured CO2 flux, since the 

C02/H20 ratio for many steam vents at Karapiti is relatively constant at 190±26 mmol 

C02 per 100 mol H20. Repeat measurements from 12 sites gave a mean mass flux of 

H20 of 65 x 10,6 kgls.m2, which gives a total mass flux of - 20 kg/s over an area 0.33 

k.m2 

The conductive heat flux was computed from the calorimeter measurements as the 

difference between the total and the convective flux. This is lower than the values 

computed from the 'effective ' thermal conductivity described earlier in tllis section and 

very near surface (0.01 to 0.05 m) temperature gradients. A relationship of the thermal 

diffusivity (K) to porosity (n) and liquid saturation (SI) is suggested in Hochstein et al. 

(2005): 

K = [- 0.25(S,n) + O.4] x lO'" 2.1 

Equation 2.1 produces a 'revised conductive flux ' of between 21 and 591 W /m2
• 

An empirical formula was developed to provide a simple method for estimating the heat 

flow tlU'ough geothermal soils. The relationship between the measured soil temperature 

profile beneath the calorimeter and the boiling depth was derived by fitting an 

exponential function to the measured soil temperature profile. These measurements are 

within the depth of soil that is affected by the diurnal temperature variation, however, 

Hochstein et al. (2005) claim that the fitting process averages the diurnal fluctuations in 

the soil temperature. The formula is: 

z = exp[C, (Tn? - Tz )]+ C, 2.2 
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Then an empirical relationship was derived for the boiling depth and the measured heat 

flux (q,o,) (Figure 2.6): 

q = a[ZDP ]-h 
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Figu,'c 2.6. Heat flow in W/m' as a fnnction of boiling dCllth for hot gl'onnd at Karapiti according 
to Eqnation 2.2 (Bromley ellli. (2005)). 

In Equation 2.2, q,o' is the total heat flow, a = 185 W/nl, and b = 0.757 for the Karapiti 

data, Zsp is the boiling depth, Zo is the unit depth of I m, and T is the temperature. The 

conductive heat flow can also be calculated using Equation 2.2 with a = 97.3 W/m2 and 

b = 0.709, indicating that the conductive heat flow is approximately half the total heat 

flow at Karapiti. Thus for a boiling depth of 0.3 m, the total and conductive heat flow is 

approximately 460 W/nl and 229 W/m2, respectively. 

There are several problems with applying Equation 2.2. It does not explicitly model the 

physical processes (heat and mass flow; condensation and vaporization) in warm soil, 

the parameters a and b are likely to be dependent on soil type, and the validity of 

Equation 2 is not indicated for depths> 3m, or for geothermal soils in other areas. 

In order to extend the applicability of their empirical relationships between boiling 

depth and heat flux, Bromley et af. (2005) revisited the vegetation index concept of 

Dawson (1964) whereby an index is assigned to thermally-stressed vegetation in areas 

of thermal ground. The earlier work relates the vegetation to the surface temperature of 

thermal ground, whereas Bromley et af. (2005) related the vegetation index to the 
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boiling depth,. They assigned a numerical value to the vegetation index which ranges in 

value from I (hot bare ground) to 7 (shrubs, kanuka and bracken growth). Soil 

temperature profiles recorded at another 86 sites confirmed that the vegetation index can 

be related to the boiling depth, and hence can be used to interpolate boiling depth 

between soil temperature measurement sites. Aerial photographs and infra red images 

were used to help delineate the boundaries of the vegetation zones resulting in a boiling 

depth zone map (Figure 2.8), enabling an evaluation of the total diffuse heat discharge 

from areas of warm ground. A figure of 138 ± 16 MW was calculated (Table 2.1). By 

using the enthalpy of steam diffusing through the soil at the mean surface temperature 

for each zone, Bromley el al. (2005) calculate a total mass flux of 28 kg/s for diffuse 

discharge tlu'ough the Karapiti soil. 

Table 2.1. Heat discharge of thermal ground, Karapiti (from Bromley ellli. (2005». 

Zone 
Vegetation 

Boiling depth Area Total heat flow 
Convective heat 

index flow 

Zop m2 MW MW 

1 <0.1 - 5200 7.2 3.8 

2 2&3 0.1-0.2 63500 49.4 25.7 

3 4 0.2-0.4 76000 35.0 17.6 

4 5 0.4-0.8 135000 36.7 17.8 

5 6 0.8-1.5 43700 7.2 3.4 

6 7 1.5-3.0 31200 2.0 0.9 

7 7 3.0-10.0 
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Figure 2.8 .. Map of Karapiti showing boiling depth zones, soil tempel'ature measurement sites, 
"egetation, and infra red infol'lnation (f"olll B"olllley ellll. (2005». 
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The diffuse heat flow from warm ground can be added to the output from fumaroles 

(from aerial photographs and infra red surveys) to give a total summer heat output from 

Karapiti of245 ±20 MW (Bromley el al. (2005». 

2.5 Karapiti heat flow summary 

Heat flow measurements at the Karapiti thermal area have shown that there has been a 

response to the pressure drawdown in the Wairakei reservoir. However, the work 

undertaken at Karapiti over the past 50 years has also demonstrated that assessing the 

heat and mass flux from geothermal features such as those at Karapiti is not a 

straightforward exercise. Due to the diffuse nature of much of the discharge, direct 

measurements of mass flow are often not possible. Heat flow estimates are dependent 

on the thermal properties of the soil or on indirect measurements such as the steam 

cloud from fumaroles. Table 2.2 summarises all the heat flow estimates for the Karapiti 

features and the total thermal area. This summary is also presented graphically in 

Figure 2.9 

Table 2.2. Heat now estimates for Kal'apiti ill MW. 

Total for Karapiti Waipou- Steaming Fumaroles Pool 

Year Investigator Karapiti Blowhole rewarewa ground surfaces 
Stream 

MW MW MW MW MW MW 

1946 Allis (1979) 40 (± 50%) ------------ --------------- ---- ------ -- -- --- --- ------

1946 
Bromley et al. ------------ .. ------------ --------------- ---------.-- 30 (2000) 

1951 Fisher (1964) --_._---------- 12.6 ----- --- ------- ------------ ---------- ----

1955 Grange (1955) -----------._-- 12.6 ---------_.---- ------------ --------------

Gregg ( 1958) 
--------------- ------------ 13.4 ------------ --------------

1958 
Fisher (1964) 

--------------- 29.6 --------------- 76.6 2.9 32.3 
Dawson el al. 

92.1 
(1970) 

.......... -- --------------- ------------ -.--._ .. . ... _-

1960 Fisher (1964) ------------0- 34.3 .-0 __ ._.- .. ---- ------------ --..... _. __ ... 

1960 
Bromley et al. --_._-_. __ .. _- ... __ ._-_ ... __ 0 • • ____ -_ . __ • -_ . . __ . .. _-- 235 

(2000) 

1961 
Dawson et al. 

280.5 
( 1970) 

.... __ ._-_ . . . __ ....... _---- . -.---.----- ____ 0. ___ •• __ • 
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1963 
Bromley el al. ---------_ .. _- ------------ --------------- --,""------- 265 

(2000) 

1964 
Dawson ef al. 

418.7 143.6 275.1 
( 1970) 

--------_ ... ------_."-----

1969 
Dawson ef al. 

380.2 137.7 242.4 
(1970) 

-.---.. ----- _____ w. ___ • ____ 

1978 Alli s (1979) 220 (± 20%) 7 --------------- 96 121 

1978 
Bromlcy el al. -------------- ... -0------- ---_._-------- ---_._.----- 120 

(2000) 

1988 
Mongillo et al. -- ------------- Close to 0 --------_ .... -- -------_._-- --_ ... __ .. _._-

( 1988) 

1999 
I3romley el al. --------------- ... _------_. --------------- ------------ 105 

(2000) 

1999 
Hochstein et af. 99 (revised) 

(200 I) 
____ o w •• _______ 

_ ___ ow_OW_A. ------------_.- ------------

2000 
Hochstein et af. 98' 88+12 

(2002) 
----_.--------- """-- -- --- -- -----_ .. -------

Bromley el al. 
(2005) 

107+ 2000~ 245±20 ------------ -_._----_ .. ---- 138±16 
Hochstein el af. 

(2005) 

·cstimatcd conductive heat loss 

+ consists of 94± II MW for fumaroles that are visible in aerial photographs and 13±3 MW for small vents that are 
not visible in aerial photographs 

~.-----~----------~------------------~---. -

151 

· . .... _ . ... --~. -- -- -- - -- -~ ---· . 
· . ----- -- - -- -. -_ .... _ .. ..... . 
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Figu ,·.2.9. Ka rapiti heat flow. 
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2.6 Soil data 

2.6.i illtroductioll 

In 1999 soil cores from Karapiti were taken simultaneously with the soil temperature 

time series (Bromley e/ al. (2001 b)). These cores were sampled over depth intervals of 

0.15 m, and form palt of the data used in this thesis, and hence the discussion of this soil 

data is delayed until Section 2.7.4. The saturation and porosity data described in this 

section are not used directly in the present study because the associated temperature 

measurements are only 'spot' or instantaneous measurements. There are no soil 

temperature time series that were measured simultaneously. 

2.6.2 Soil stl'llcture alld textllre 

Karapiti soil consists of rhyolitic, predominantly unwelded pumice air fall deposits 

(- 2000 yr) and hydrothermal eruption deposits. Most of the Karapiti soils are 

hydrothermally altered, with a clay content of between 20-80%, and the hydrothermal 

alteration tends to increase with depth (Hochstein, pel's cOlmn.). Core sample lengths of 

between 0.05 to 0.15 m have provided information on the porosity and saturation 

profiles in the soil. It has a relatively high porosity (> 0.59) over the sampled depths 

(up to 1m depth for KP06), and variable saturation conditions. 

2.6.3 Saturatioll 

For the second round of sampling Hochstein e/ al. (2002) used shorter depth intervals of 

0.05 and 0.01 m, which gives enough detail to show complex saturation profiles (Figure 

2.10). The soil saturation profile shows a zone of high liquid saturation at shallow 

depths (:SO. 1 m in these samples). The soil saturation is impOltant because it influences 

the thermal diffusivity and thermal conductivity of the soil (Chapter 3). The implication 

of this is that simple models of conductive heat transport in a uniform soil are unlikely 

to be adequate. 
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2.6.4 Porosity 

Porosity is very high (0.59 - 0.84) for all sites reported in Hochstein et al. (2002) and 

Hochstein et al. (2005), with the most likely explanation for the extremely high values 

being the pumice composition of the soil. Detailed information from KP06 shows 

porosity increasing with depth from ~0.7 at the surface, to at maximum of ~0.87 at .2 m 

depth, then decreasing slightly to ~0.83 at 1.0 m (Figure 2.11). 
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2.7 Data for Karapiti thermal ground 

2.7.1 Introduction 

This section discusses the Karapiti data collected by Hochstein and Bromley between 

1999 and 2000. Chapters 3 to 5 discuss the interpretation and processing of their data, 

and describe analytical and numerical modelling methods for quantifying the heat and 

mass flow through shallow geothermal zones. Some preliminary versions of the 

research presented in Chapters 3 -5 was presented in conference papers (Newson et al. 

(2001a), Newson et al. (2001b), Newson et al. (2002), Newson et al. (2004». 

The two key datasets used in this study are described below. They are: 

1. Soil temperature time series collected by Hochstein and Bromley at Karapiti. 

2. Simultaneous soil core samples taken allowing the determination of approximate 

profiles of porosity and moisture content. 

2.7.2 Karapiti soil temperature data 

In the early months of 2001 soil temperature time series were recorded at five sites in 

warm and steaming ground at Karapiti. These sites and the data sets are referred to as 

KPOl, KP02, KP03, KP04, and KP05. Data sets from repeat measurements at some of 

the same sites are named KPOla and KP04a. The data is shown in Figures 2.12 to 2.16. 

Temperatures were recorded at the surface, and at depths of 1 cm, 5 cm, 10 cm, 15 cm, 

and 20 cm; Figure 2.16 shows all the temperature data collected at this time. The data 

at Karapiti sites KPOl, KPOla, KP02, KP03, and KP04 show a strong influence of the 

variation in daily temperature, but at sites KP04a, and KP05 the data also show the 

influence of factors such as cloud cover, rain, and barometric pressure. Ultimately the 

data sets KPO 1 a, KP02, KP03 and KP04 were selected as suitable for the harmonic 

analysis described in a following chapter (4.7.1), while the data sets KPOl, KP04a and 

KP05 lack the required periodicity. 
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2.7.3 Soil saturation and porosity 

Simultaneously with the soil temperature time series, soil samples were taken at 0 - 15 

cm and 15 - 30 cm depth for laboratory analysis of moisture content and density 

determinations (Bromley et al. (2001b)). Unfortunately the soil core sample length 

(0.15 m) results in a soil saturation and porosity profile that lacks the detail of the 

temperature profile. 

There are two coring intervals for every site, each with a length of 0.15 m. The data 

from the core is the average over the core depth, resulting in measurements over two 

depth intervals, compared to six for temperature. These saturation measurements are 

taken only at one time and thus do not provide a time series. 

Figure 2.12c, Figure 2.13b, Figure 2.14b and Figure 2.15c show that the gas saturation 

in the top (0 - 0.15 m) core samples ranges from 0.34 to 0.65, and from 0.05 to 0.53 in 

the deeper samples (0.15 - 0.3 m). At each site it appears that there is decreasing gas 

saturation with depth. 

The porosity was determined from the same core samples and hence the data has the 

same detail as the saturation data, i.e. two measurements, with some shallow repeats, for 

each site (Figure 2.12 d, Figure 2.13c, Figure 2.14c, and Figure 2.15d). The porosity of 

the soil is very high (0.59 - 0.81) and the only trend with depth for this limited dataset 

is a narrowing of the range of porosity (0.62 - 0.74) in the lower core samples. 
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Figure 2.12. Site KPOI. 
a) Measured soil temperatures at the surface (air temperature) and at 1, 5, 10, 15, and 20 cm 
depths. 
b) A subsequent temperature time series measurement at site KPOl, named KPOla. 
c) Soil gas saturation. The saturation has been determined for 0.15 m length soil cores. 
d) Soil porosity, determined from the same core samples as the saturation. Derived from data in 
Bromley and Hochstein (2001). 
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Figure 2.13. Site KP02. 
a) Measured soil temperatures at the surface (air temperature) and at 1, 5, 10, 15, and 20 cm 
depths. 
b) Soil gas saturation. The saturation has been determined for 0.15 m length soil cores. 

1 

c) Soil porosity, determined from the same core samples as the saturation. Derived from data in 
Bromley and Hochstein (2001). 
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Figure 2.14. Site KP03. 
a) Measured soil temperatures at the surface (air temperature) and at 1, 5, 10, 15, and 20 cm 
depths. 
b) Soil gas saturation. The saturation has been determined for 0.15 m length soil cores. 
c) Soil porosity, determined from the same core samples as the saturation. Derived from data in 
Bromley and Hochstein (2001). 
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Figure 2.15. Site KP04. 
a) Measured soil temperatures at the surface (air temperature) and at 1, 5, 10, 15, and 20 cm 
depths. 
b) A subsequent temperature time series measurement at site KP04, named KP04a. 
c) Soil gas saturation. The saturation has been determined for 0.15 m length soil cores. 

1 

1.0 

d) Soil porosity, determined from the same core samples as the saturation. Derived from data in 
Bromley and Hochstein (2001). 
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Figure 2.16. Site KP05. Data from this site was not used because it lacked periodicity. 

2.7.4 Summary o{the use of data in this study 

The soil temperature, saturation, and porosity data described above are to be used in this 

work to calibrate models of heat and mass flux in geothermal soils. The modelling 

studies are described in detail in Chapters 4 and 5. A brief summary is given here. 

First Fourier analysis of the temperature time series is used to derive the diurnal 

variation of soil temperature, and an average soil temperature for each depth. The 

processed data are then used to calibrate models in the following way: 

The steady-state data: 

The mean soil temperature profile is dependent on the steady geothermal heat flow from 

depth. Matching this profile allows us to estimate the ratio of geothermal mass and heat 

flows. 

The saturation data can then be used to calibrate the parameters III the relative 

permeability and capillarity functions . 
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Transient data 

The diurnal temperature variation is characterised by a decrease in amplitude with 

depth, and a change in phase shift with depth. Both the amplitude and the phase shift 

are dependent on the geothermal heat and mass flows. This relationship can used to 

derive the best-fit heat and mass flow for each site. 

Porosity 

The porosities at each site are used as input for the models. 
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3 Determination of thermal conductivity 

3.1 Introduction 

This chapter describes investigations of thermal conductivity models for soils, with the 

aim of determining a wet and dry thermal conductivity for Karapiti soils. These 

conductivities can then be used to derive heat flow from the mathematical models 

discussed in Chapter 4, and can also be used as input parameters for the TOUGH2 

simulations described in Chapter 5. 

Thermal conductivity is an important parameter when modelling heat transfer in soils. 

The factors to consider with respect to the thermal conductivity (A) of soils are the 

conductivity of the solid particles, the porosity, the conductivity of the interstitial fluid 

(air, water or steam, or a combination of these), and how these should be combined to 

give an overall effective thermal conductivity. 

The solid particles in the soil are a composed of a variety of minerals and rock 

fragments, and organic matter. For the Karapiti soils that are the subject of this study 

the organic content is negligible and only the mineral and rock content will be 

considered. 

The mineral content of an individual soil is defined by the composition, the size 

distribution, and the shape, of the particles. The thermal conductivity is specific to each 

type of mineral, and the particle composition will have a large effect on the overall 

conductivity of the solid. Equally important, but difficult to quantify, are the grain 

packing and orientation in the soils. Some common minerals have anisotropic thermal 

conductivity; for instance quartz has higher thermal conductivity parallel to the optical 

c-axis than perpendicular (approximately 10 W/mK and 6 W/mK respectively, at 25 

°C). The thermal anisotropy of the minerals, and also the contacts between the grains, 

will affect heat transfer through the soil. Accounting for the above factors when 

modelling soil thermal conductivity often involves using empirical constants calibrated 

for individual soils (Kohout (2004), Lu (2007), Cote (2009)). 
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Three general models for heterogeneous media described below (the parallel, series, and 

EMT models) are used here to determine a thermal conductivity for the solid fraction of 

the Karapiti soil. 

The porosity of the soil and the composition of the interstitial fluid are the other factors 

contributing to the effective thermal conductivity of the soil. The porosities of Karapiti 

soils are very high (often over 70%), and the relative amounts of air, water vapour, and 

water in the pores (the saturation) will have a large effect on the in-situ thermal 

conductivity. The effect of variations in porosity and saturation are approached 

separately. 

First, the thermal conductivity ofthe completely saturated soil (Awet), and the completely 

dry soil (Adry) are related to porosity. Two generic curves are shown in Figure 3.1, one 

for saturated soil, and another for unsaturated soil, showing how the thermal 

conductivity changes with porosity. Note that at 100% porosity the thermal 

conductivity will equal the thermal conductivity of the fluid, and at zero porosity the 

wet and the dry thermal conductivity are both equal to the solid phase thermal 

conductivity. 

In this study the dependencies of wet and dry thermal conductivity (Awet and Adry 

respectively) on porosity are determined from three general models for heterogeneous 

media (the parallel, series, and EMT models), and also from four models specifically for 

soils: the Johansen model (Lu (2007), and models given by Kohout (2004), Lu (2007) 

and Cote (2009)). 
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Figure 3.1. Wet and dry thermal conductivities as functions of porosity. At 100% porosity the 
thermal conductivity will equal the thermal conductivity of the fluid, and at zero porosity the 
thermal conductivity will equal the solid phase thermal conductivity. 

o 

Then the effective thermal conductivity (Aeff) of the soil for a given porosity is computed 

as a function of saturation, Awe! , and Adry. Again the four heterogeous soil models are 

used to determine Aeff. Also three further models for Aeff are considered: a model by 

Hochstein et al. (2005) for Karapiti soils, and two models included in the TOUGH2 

simulator. Table 3.1 summarises the thermal conductivity models discussed in this 

chapter. 

3.2 Determination of the thermal conductivity of the solid fraction 

of the soil 

3.2.1 Description o(the soil components 

The first stage in the calculation of Aeff is the calculation of the thermal conductivity of 

the soil solid fraction, which consists of particles of minerals and organic matter with a 

wide range of thermal conductivities. Some common minerals, in this case quartz and 

clays, also have different thermal conductivities on each crystallographic axis. 
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The information available for evaluating the composition of the solid phase for Karapiti 

soils is given in Hochstein et al. (2005) and is as follows: "the Karapiti soils in this 

study are thermally altered pumice soils, with a clay content between 20 and 80%". The 

clays have been formed from the weathering and/or alteration of, predominantly, glass 

and feldspar. The remaining particles (80-20%) are predominantly relict glass and 

quartz. Hence in this study the minerals present are quartz, clays, and glass. For quartz, 

the mean of the thermal conductivities of quartz parallel and perpendicular to the c-axis 

(11.1 and 6.12 W/mK, respectively) is used (8.6 W/mK). The thermal conductivity for 

a polycrystalline aggregate of clay is 1.3 W/mK (from Perry (1997)), and the thermal 

conductivity of glass is in the range from 1.36 to 1.38 W/mK (Clauser (1995), Horai 

(1969)). These values for glass were rounded up to provide a value of 1.4 W/mK to 

represent the clay/glass fraction of the soil. 

Smith et al. (2005) list the crystal content of post 42,000 yr eruption products from the 

Taupo caldera as 2 to 20% quartz. The present study uses 20% quartz, with the 

remaining 80% assumed to be composed of a mixture of clays and glass with a thermal 

conductivity of 1.4 W /mK. 

Thermal conductivity of two-component media 

The thermal conductivity of two-component heterogeneous media can be modelled by 

assuming simple geometric structures for the two components. This study uses three 

structural models of heterogeneous media, shown in Figure 3.2, and described by Wang 

(2008), which can be used to calculate effective thermal conductivity. For a two 

component medium (described here as components 1 and 2), these models are: 

The series and parallel plate models (Figure 3.2 a) and e)) which represent a layered 

structure of the phases. These are the simplest models, and form the bounds for the 

three models shown here. 

The Effective Medium Theory (EMT) (Figure 3.2 c)) where all phases are equally 

dispersed. This is considered to be a good representation of the solid phase of soil. 
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. ) c) 

Figure 3.2. Three structural models used for calculating the effective thermal conductivity of a 
heterogeneous materials. a) parallel, b) Effective Medium Theory, c) series model. The simplest 
models include two phases, however all the models may be extended to more than two phases. 
Diagram adapted from Wang et al (2008). 

Parallel plate model 

For the parallel plate model of the two components, the heat flow is parallel to the 

layers. Here the conductivity of the medium is given by a weighted mean of the 

conductivities of the two components. The thermal conductivity is represented by A and 

n the fraction of each component. 

3.1 

Series model 

For the series model, the heat flow is across layers of components, and the conductivity 

of the medium is given by the harmonic mean of the two component conductivities: 

3.2 

This model (Wang et al (2008) has both phases mutually dispersed. The conductivity is 

given implicitly by: 

3.3 

Combination of parallel and series models 

More complex models can be made possible by combining the three basic models. In a 

typical soil this may be a combination of the series and parallel orientation of the two 

components. For comparison, we consider here the option of equal proportions and 
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consider both the arithmetic and the geometric mean of the series and parallel models to 

compare with the other models under discussion. 

The arithmetic mean is : 

3.4 

and the geometric mean: 

3.5 

Johansen Model 

For the Johansen model (Lu (2007)) the thermal conductivity of the solid phase (/>"s) is 

related to the quartz content q by: 

3.6 

Here AD is 1.4 W/mK, the conductivity of the second component (glass and clay). 

Thermal conductivity of the solid fraction of Karapiti soils (As) 

For Karapiti soils we are interested in the thermal conductivity of a heterogeneous 

material composed of one material with a thermal conductivity of 8.6 W/mK 

(representing quartz), and a second material with a thermal conductivity of 1.4 W/mK 

(representing clay and glass). The thermal conductivities for various compositions were 

computed using the series, parallel, EMT, and Johansen models and plotted in Figure 

3.3. The EMT and Johansen model results are intermediate between the series and 

parallel models. For the estimated composition of Karapiti soils (20% quartz) the two 

models are very close. The EMT result of 2.11 W/mK for a solid mixture of 20% 

quartz and 80% clay and glass is used for the input to the next task of determining wet 

and dry thermal conductivity. 
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Figure 3.3. Thermal conductivity of a heterogeneous material consisting of quartz (8.6 W ImK) and 
a glass and clay mixture (1.4 W/mK). The series, parallel and EMT models define different 
structures as shown in Figure 3.2. The arithmetic and geometric means of the series and parallel 
models, and the Johansen model for As are also shown. 

3.2.2 Calculation o{lwet:.1drv. and 19[[for Karapiti soils 

Once the thermal conductivity of the solid matrix of the soil is estimated, there are 

several models available for calculating Awe! and Adry as a function of porosity for 

Karapiti soils. The models discussed below are listed in Table 3.1. First the following 

five models are considered: parallel, series, EMT, the arithmetic mean of the parallel 

and series models, and the geometric mean of the parallel and series models. Next four 

other soil models Johansen (from Lu (2007), Kohout (2004), Lu (2007) and Cote 

(2009)) are investigated. All of the soil models have empirical parameters related to 

soil particle composition, shape, size, and size distribution. The parameters used in this 

study are those judged to be closest to Karapiti soils. These models also require the 

input for the thermal conductivity of air and water, which are 0.026 W/mK, and 0.6 

W/mK respectively. The solid fraction conductivity (2.11 W /mK) is as determined in 

the previous section. 

The four soil models are used to derive the effective thermal conductivity Aeff as a 

function of saturation. Two of these models, the Kohout and Cote-Komad, have options 
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for different soils. The Kohout model has two options: these are for packed spheres and 

overlapping cubes and are both plotted in Figure 3.6. The Cote-Konrad model has 

options for clayey soils and silty soils, and both of these are shown in Figure 3.6. 

In addition three other models are considered. The first is a model developed by 

Hochstein et al. (2005) for Karapiti soils, and the other two are models included as 

options in the TOUGH2 simulator. Thus a total of nine models are used to derive a 

value for Aeff as a function of saturation. 

Johansen Model 

For this model, the wet thermal conductivity is a function of the porosity and solid and 

liquid water thermal conductivities, As, Aw, respectively: 

1 11-n 1n 
/l,wet - /l, s Aw 

Johansen defmes the dry thermal conductivity by the formula: 

1 _ 0.135Pb + 64.7 
dry - 2700 - 0.947Pb 

Here the bulk density of the soil Pb is defined by: 

3.7 

3.8 

3.9 

Thus Adry implicitly depends on the porosity through the bulk density of the soil. To 

satisfy the earlier determination that Adry is 2.11 W /mK for solid rock, ps has to be 

2640.5 kg/m3 which is reasonable for Karapiti soils, given that the density of quartz is 

2650 kg.m3
. The density of air is 1.2 kg/m3

. 

The effective thermal conductivity is given as a function of Awet and Adry, and a 

parameter Ke which itself is a function of saturation: 

3.10 

where Ke, for fine textured soils at saturation greater than 0.1, is given by: 

3.11 
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Kohollt 

Kohout (2004) proposed a power-law correlation for modelling a range of porosity 

microstructures. This model is based on numerical solution of FOlll'ier's law by 

computer simulation of 3-D media, and data from controlled experiments on three-phase 

microstructures with known phase volume fractions, particle shape and size distribution, 

liquid-solid contact angle, and component thermal conductivities. 

3.12 

For a random close packing of spheres, the empirical parameter c is given by: 

c = 0.13610g( ).<J + 1.27 
3.13 

For a random assembly of overlapping cubes, c is given by: 

c = 0.23910g( X,.) + 1.10 
3.14 

Then )' dry is given by a formula similar to (3.12): 

3.15 

Here )'a is the thermal conductivity of air. Again, c is given by formulae such as (3.13) 

or (3.14) with I,,, replaced by A.a. 

c = 0.13610g( XJ + 1.27 
3.16 

Similarly, for overlapping cubes, c is given by: 

c = 0.23910gC){,)+ 1.10 
3.17 
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For variation of thermal conductivity with respect to saturation, the relative volume 

fraction, i.e. saturation, of the liquid is used in place of the solid fraction 1-n and the 

thermal conductivity as a function of satlll'ation is: 

For the close packing of spheres, c is given by: 

c = 0.13610g()'''''' / ) + 1.27 
/ JI<,b)' 

For overlapping cubes, c is given by: 

c = 0.23910g(A",,, / ) + 1.10 
/ JI-df)' 

LII-Rell 

3.18 

3.19 

3.20 

Lu (2007) use the Johansen expressIon for I'wet and l"err, but modify the Johansen 

expression for Ke to improve the model for [me textured soils at lower soil moisture 

content, and they also use a linear function for dry thermal conductivity as a function of 

porosity: 

A"". = -an + b 

0.2 :0; n:O; 0.6 

3.21 

3.22 

Here a and b are empirical parameters which have the values 0.56 anel 0.51, respectively 

for the soils measured by Lu (2007). 

3.23 

K,. = exp{a(t - sia
-
U3»)} 

3.24 

Here CI. is 0.27 for fine textureel soils. 
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Cote-Kollmd 

The Cote-Komad model Cote (2009) use an empirical parameter K2P to account for 

structural effects in two phase porous geomaterials, leading to an expression relating 

thermal conductivity and porosity. Various values for X2P are given in Cote (2009). The 

values for soils similar to Karapiti soils are used to plot the results below. They are 

0.057 for a dry soil with a porosity of 0.32-0.57 (used for the )'dr), computation), and 

0.44 for fine , saturated sediments (used for the AWe! computation). 

The formulae for )'we! and Adr)' as a function of porosity are: 

2. _ C:C2P2., - 2.a Xl-n)+ 2.a 

dry· - 1+(X" -IX1-n) 
3.25 

2. = (XU)" -2.,,'xl-n)+},w 
Wei 1+(X2I. - IXI - n) 

3.26 

The effective thermal conductivity as a function of),,,,,, and Adr)' and residual saturation 

Sr is given by: 

3.27 

The weighting factor X depends on the soil particle size. The values of X are 1.9 for 

silty soils or and 0.6 for clayey soils, as recommended in Cote (2005). AcO' for both silty 

and clayey soils are plotted in Figure 3.6. 

TOUGH2 optiolls for effective thermal cOllductivity 

TOUGH2 has two options relating thermal conductivity to saturation; one gives )'eff as a 

function of the square root of saturation (3.28), and the other defines )'eff as a linear 

function of saturation (3.29). Both include porosity implicitly in the values of AWe! and 

Adr)" 

3.28 

3.29 
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The wet and dry thermal conductivity parameters are used as input to TOUGH2. 

Hochstein-Broil/ley deterll/ination oj therll/al conductivity Jor Ka/'{/piti soils 

Bromley el al. (200 I b) and Hochstein el al. (2005) calculate the effective thermal 

conductivity of pumice soils at Karapiti using the thermal diffusivity K (derived from 

harmonic analysis), the effective thermal capacity Cen', and the bulk (wet) density Pb: 

3.30 

where Ceff is given by: 

(l - n)p,c, +nS,p,c, 
C'II = 

p. 
3.31 

And Pb is defined in terms of dry density Pdry , and soil moisture content <i) as follows: 

3.32 

Here 

P"ry = (l - n )p, 3.33 

3.34 

3.35 

These formulae assume that the contribution to density of air III the pore space is 

negligible. Hence (3.32) can be written as: 

3.35 

Then the following equation is used to obtain the effective thermal conductivity of a 

partially saturated soil: 

3.36 
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The thermal diffusivity (K) term has proved difficult to define for Karapiti. Dawson e/ 

al. (1964) give values ranging from 2.9 x lO'7 to 5.9 X lO'7 m2/s for Wairakei soils, 

while our work on mathematical models of heat and mass flow in geothermal soils (in 

the following Chapter 4) gives values for the thermal diffusivity of Karapiti soils at four 

sites ranging from 2.9 x lO'7 to 6.3 X lO'7 m%, with a median value of 4.6 x lO'7 nl/s). 

Hochstein e/ al. (2005) use K = 4.0± 1.3 x lO'7 m2/s (from six Wairakei sites), but also 

postulate that thermal diffusivity is itself a function of saturation and use an empirical 

function (given below) to match calorimeter data. 

K<lf = [- 0.25(S,n)+ O.4] x 10" 3.37 

The effective thermal conductivity computed usmg the Hochstein-Bromley formula 

(3.38 and also 2.1) is shown in Figure 3.6. This plot is based on values for average 

porosity, dry density and particle density for all Karapiti samples of 0.77, 533 kg/m3
, 

and 2357 kg/m3
, respectively. This empirical formula (shown in Figure 3.6) is in good 

agreement with some of the theoretical models. 

Table 3.1. Thermal conductivity models. 

Model: 

Series 

Pamllel 

Arithmetic mean of 
scries & parallel 

Geometric mean of 
series & parallel 

EMT 

Johansen 

Kohout spheres 

Kohout overlapping 
cubes 

Lu-Ren 

Solid fmction 
thermal conductivity 

./ 

./ 

./ 

./ 

./ 

./ 

Thermal 
conductivity as a 

function of porosity 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 
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./ 

./ 

./ 
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Cote-Konrad fo,' 
wet & dry thermal 
cond lIctivi ty 

Cote-Konrad clayey ./ soil 

Cote-Konrad silty ./ soil 

TOUGH2 linear ./ 
TOUGH2 ./ polynomial 

Hochstein-Bromley ./ 

3.2.3 Discllssion 

Porosity 

Figure 3.4 and Figure 3.5 show the results for Adey and Awel as a function of solid fraction 

(I-porosity). Figure 3.4 shows a wide range of values for )'dry, particularly at low 

porosities. The series model defines the lower bound, however, the Lu-Ren, Cote

Komad, and the geometric mean of the series and parallel models are in reasonable 

agreement with values slightly above the series model. The Lu-Ren and the Cote

Komad are the models validated by measured data. The parallel model forms the upper 

bound, and is in close agreement with the Kohout models, which are computer models 

validated by measurements on artificial media constructed with glass beads. The EMT 

model and aritlU11etic mean of the series and parallel models lie between the other 

models. 

The results for Awet as a function of solid fraction (Figure 3.5) show close agreement 

between all the models. 

Saturation 

The effective thermal conductivity of the soil with a porosity of 0.77 as a function of 

saturation is shown in Figure 3.6 for the Johansen, Kohout, Cote-Komad, and Lu-Ren 

models. The thermal conductivity of each model at a saturation of 0 is determined by 
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the intersection of the dry thermal conductivity for that model with the vet1ical line 

representing porosity of 0.77 on Figure 3.4. Similarly the thermal conductivity for each 

model at a saturation of 1 is determined from Figure 3.5 by the intersection of the wet 

thermal conductivity for that model with the vertical line representing a porosity of 

0.77. The Hochstein-Bromley model for Karapiti soils is also shown on Figure 3.6 for 

comparison. 

The TOUOH2 square root and lineal' models are shown on Figure 3.6, with the 

endpoints (Awet and Ad,),) set so that the effective thermal conductivity matches Awet = 0.8, 

and Ad,), = 0.1, which means that the TOUOH2 thermal conductivity models 

approximately matches the other models. 

2.5 -r-----.,------,..-----,..-----.--------, 
lu·Ren dry 

--Cote·Konr.1d 
--Pu.1l1el 
--Serlu 
--Geometric rne.1n of parallel & series 
--ArithmetIc mean of par.1lJel & series 
- - Effective medIum theory 

- - Kohout: spheres 
--Kohout: cube. 
--Joh.1nsen dry 

... Kc:::L~~lty .~ .O.77) .. 

0.0 0.2 0.4 0.6 O.S 
1 - n 

Figure 3.4. Model results fot' dry thermal couductivity versus the solid fraction of soil for the 
complete range of models discussed in this study. 
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3.3 Chapter conclusion 

In this chapter various models were used to determine the effective thermal conductivity 

for Karapiti soil. 

The solid phase of the Karapiti soils is treated as a two-component heterogeneous 

medium, with the two components being quartz, and a mixture of clay and glass. Four 

models are used to derive the thermal conductivity of the solid phase as a function of the 

quartz content. The models considered are tlU'ee simple geometric models (the parallel 

model; the series model; the Effective Medium Theory (EMT), where all phases are 

equally dispersed); and the Johansen soil model. The parallel model gives the highest 

thermal conductivity for all qualtz contents, and the series model gives the lowest, while 

the results for the EMT and Johansen models are intermediate between the series and 

parallel models. For a heterogeneous solid with a composition of20% qUattz, and 80% 

clay and glass the EMT model gives a thermal conductivity for the solid phase of the 

Karapiti soils of 2.11 W ImK. 

The wet and dry thermal conductivity as a function of porosity is determined using ten 

different models (note that Lu-Ren and Johansen models give the same result). Four of 

these are the same models as are used for determining the two component solid phase 

conductivity, and the other five are models based on soil properties [the Johansen, Lu

Ren, and Cote-Ko1ll'ad models, and two variations of the Kohout model (one for 

spherical solid particles, and one for cubes)]. For determination of dry thermal 

conductivity, the solid phase is the two-component medium with a thermal conductivity 

of 2.1 I W/mK, and the second phase is air. The soil model results for dry thermal 

conductivity at a porosity of 0.77 (the average value for Karapiti soils) are between 

0.061 and 0.39 W /mK (Figure 3.4). For the wet thermal conductivity the second phase 

is water. For a porosity of 0.77 the soil models are in very close agreement for the wet 

thermal conductivity; the model results are between 0.76 and 0.85 W/mK. As a result 

of this work a mid-range value of 0.8 W /mK is used where a thermal conductivity 

estimate is required, for instance for the mathematical models discussed in Chapter 4. 

The final step is to consider soils with a porosity of 0.77 (the average for Karapiti) and 

to determine thermal conductivity as a function of saturation. For this stage the same 
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five soil models allow the calculation of thermal conductivity as a function of 

saturation. Two options are used for the Cote-Komad model: one for silty and one for 

clayey soil. For comparison, tluee further models are used - the first is the Hochstein

Bromley method, an empirical formula based on Karapiti soil data and the second and 

third are the TOUGH2 options for calculating formation thermal conductivity. 

The results of all the models over the entire range of saturation (Figure 3.6) are 

relatively close with the exception of the Cote-Komad clayey soil model which gives 

much lower thermal conductivities than any of the other models. The square root 

TOUGH2 function, with )'dry = 0.1 and )'wet = 0.8 is considered to be in reasonable 

agreement with the other models, and is used for the computer models in Chapter 5. 
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4 Mathematical models 

4.1 Introduction 

This chapter presents mathematical models developed in collaboration with M. J. 

O'Sullivan and calibrates them for the Karapiti data (Newson el al. (200 I b)). First the 

models are described. This is followed by a Fourier analysis of the soil temperature 

time series data which gives the diurnal component of the measured temperatures. Then 

the models are calibrated for the Karapiti data. 

The Karapiti soils are modelled as a uniform media with a daily temperature variation at 

the top boundary, and geothermal heat and mass flow from below. The model 

parameters are determined by calibration of the models with measured soil temperature 

time series from four sites, KPOl , KP02, KP03, and KP04. 

Fourier analysis gives the mean temperature, and the daily component of the measured 

temperatures, at each depth, including the air temperature. 

The mean soil temperature is determined by the steady geothermal heat flow (and mass 

flow) , and the mean air temperature at the top boundary. 

The diurnal variation in soil temperature is the response to the diurnal variation in the 

atmospheric temperature. The amplitude and phase shift of the temperature at each 

depth are dependent on the thermal properties of the soil and the geothermal heat and 

mass flow from below. 

The approach to mathematical modelling starts with a simple conductive model often 

used for non-geothermal soils. Then the second model allows for surface heat loss. The 

third model is derived from the first and includes a mass flow tlu'ough the soil, while the 

fourth model is a combination of the second and third. 

Tn summary, the fundamental problem to be solved IS: given the atmospheric 

temperature, Ta(t) , and the temperature measured at various depths, T(z,/) , determine the 

thermal diffusivity K of the shallow region of the geothermal system. 
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sIr 
surface ----.....,----- z=O 

soil 

z 

Figure 4.1. Definition of the co-ordinate system. 

In order to solve this problem the four idealised mathematical models discussed below 

are considered. 

4.2 Model I: Simple conductive model 

This models heat transfer by conduction with the soil surface temperature equal to the 

air temperature. 

The governing differential equation is: 

aT a2T 
-::::K-

al i3z 2 
o<z< oo 4.1 

where 

T is temperature in K and Ta is the atmospheric temperature 

z is depth in meters (positive downwards) 

t is time seconds 

K is the thermal diffusivity in m2/s . 

58 



The boundary condition at the surface is 

4.2 

At the base of the model the heat flux q approaches the deep geothermal heat flux qd 

Here q(z, /) is the heat flux defined by 

aT 
q =-k

GZ 

k is the thermal conductivity in W /m2
. 

4.3 Model II: Heat-loss surface conditions 

4.3 

4.4 

The same differential equation 4.1 is used but the boundary condition at the surface is 

replaced by a heat loss condition with the surface heat flux proportional to the 

difference between the surface temperature (T(O,I) and the air temperature (Ta(t)). 

Hence the surface boundary condition 4.2 is replaced by 

Here h is the surface heat transfer coefficient in W InlK. 

In the case where h is very large, 4.5 reduces to 4.2. 

4.4 Model III: Mass through-flow 

In this case the differential equation is 

aT aT a2T 
- -V- ::::: I(-
at 8z az2 

Here v is the "thermal-front" velocity in m/s. 

Vis defined in terms of the mass flux -q", by 
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c,qm 
v ~--

(IX )'ff 

c is the specific heat in kJ/K.kg and p is the density (kg/m3
). 

The effective thermal mass is given by: 

4.7 

4.8 

The subscripts.!, r and ~frdefine fluid , rock and bulk (effective) propelties respectively. 

The diffusivity Kin (4.1) or (4.6) is defined by 

4.9 

Equation 4.7 is valid for single phase flow only. For the sign convention used here v is 

positive for upwards flow and negative for downwards flow. 

In this case the downwards heat flow is given by 

aT 
q = - c q T-k -

I .. 8z 
4.10 

4.5 Model IV: Mass through-flow and heat-loss surface conditions 

This model uses the modified differential equation in 4.6 and the surface heat-loss 

boundary condition from 4.5. 

4.6 Surface temperatUl'e 

The air temperature has a strong periodic component and therefore it is appropriate to 

approximate air temperature by a finite Fourier series of the form 

N 

Ta (I) = To + ~);, COS(W"I - IP,,) 

Here 

2ml 
Wn =

T 

1/=1 

4.11 

4.12 
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where T is the total length of time in the record. For the data considered T = 72, 96, or 

144 hours and then the dominant term in4.11 , is the diurnal term, corresponding to n=3, 

4, or 6, respectively. 

Because the diurnal component is so dominant the atmospheric temperature can be 

n1l1her approximated to: 

Here 

27r 
wl= -

24 

where the units of ware 111'-', or 7.27xlO-\-'. 

4.13 

4.14 

The steady component in the temperature ansll1g from the To term (the mean 

temperature) and the main diurnal periodic component are considered separately. This 

results in two simple representations of Tart) for models I - IV, namely: 

(i) T" (/ ) = To 

aT 
where - k - -7 -Gl az ' as z -7 00 for models I and II, and 

as z -7 00 for models III and IV. 

aT 
where -k - -7 0 az as z -700. 

Table 4.1 shows the solutions using the steady boundary condition 4.15: 
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Table 4.1. Solutions for mean temperature 

Model Solution Pal'ametel' values 

Ao =To 
I T = Ao +Boz 

Bo = qd 
k 

A = T + q" k 
o 0 k h 

II T = Ao +Boz 
B - q" 0- -

k 

Ao =T" 

III T = Ao + Boe- IIZ Bo =To -T" 
V 

'I = -
K 

Ao =Td 

IV T = Ao + Boe-'1z Bo =-(Td -To)/ (I+17k/h) 
V 

'I = -
K 

Note that Td is the temperature of the deep upflow. It is related to the deep heat flux by 

4.17 

For the sinusoidal boundary condition 4.16 the solution for all four problems can be 

written in the form 

4.18 

The parameters in 4.18 are given in Table 4.2. 
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Table 4.2. Parameters in Equation 4.18 

Model Parameters 

I 

II 

{J = a, y = a, 0'=1 , 8 =0 

a =)W/2K 

{J = a, y= a, 0'=~b2 +(I+b? 

8 = tan-I (_b_) , b = ka/h 
l+b 

{J = aof , y = aag , 0' = 1 8 = 0 , 

a 2 = -J];;i , e = 1]2 / Sa 2 

III f =.J2 cos(e/2)+ ·./2cose 

g = .J2 sin(e/2) 

17 =V/K, e = tan-I(l/e) 

{J=aof, y =aag, 

IV 
0' = ~(bag)2 + (1 +bof)2 

8 = tan-l ( bag ) 
l+bof 

Equation 4.18 can be re-written in normalised form as 

here 

7(' (Z) e-Pz 
--=--

7( 0' 

and 

Taking the log of 4.20 gives 
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lnl \;z)J = - jJz - lno 4.22 

Thus for all tlu'ee models plots of rpl ' vs Z and ln~' IT.,) vs z both give straight lines 

with slopes y and -p respectively. 

It should be noted that for models I and II, y = p and both plots should have the same 

slope (in magnitude). For models I and III, 0 = I and e ~ 0, and so both plots should 

have a zero intercept. The plots of mean temperature are linear for models T and II, and 

exponential for III and IV. 

4.7 Results 

4.7.1 Fourier AI/alysis 

The near-surface temperature measured over 4 to 6 days at the selected Karapiti sites 

show the strong influence of the daily temperature cycle, but also show the influence of 

non-periodic factors such as cloud cover, rain, barometric pressure, and steam flow. 

The To term in the Fourier series can be used to produce a plot of the mean temperature 

versus depth, without the imposed periodic fluctuations. For a uniform soil and with no 

mass flow this plot should be lineal' (Models I and II). The varying temperature 

gradients with depth in Figure 4.3 a) to Figure 4.6 a) are evidence for a through flow of 

mass, which is included in Models III and IV; and/or variation in soil porosity, 

permeability, or saturation, which are not modelled. 

The diurnal components in the data are isolated by Fourier analysis, using 4.11. The 

analysis provides the amplitude of the each frequency component (T,,), and the time of 

the temperature peak (and thus the phase shift (rp,,)) , at each depth. Fourier analysis of 

the Karapiti data shows that, as expected, the diurnal term is dominant in all cases. 

Equations 4.20 and 4.21 give the theoretical relationship for the variation of amplitude 

with depth, and the phase shift with depth, respectively. 

For a soil with uniform thermal diffusivity the log of amplitude of the diurnal 

temperature cycle is expected to decrease linearly with depth, and similarly the phase 
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shift with depth is expected to be linear for a uniform soil. This is approximately the 

case for sites KP02, KP03 , and KP04 (Figure 4.4 to Figure 4.6, b» except for some 

surface effects (caused for instance, by so lar radiation and vegetation) at I cm. 

KPO I data sets show a significant departure from linearity (Figure 4.3 b) for the log of 

the amplitude, and an anomalous reversal of the phase angle with depth (Figure 4.3 c). 

Inspection of the data from KPO I a, the second measurement set from the site (shown in 

Chapter 2 but repeated here in Figure 4.2b) shows a diurnal signal for up to liS hours, 

but thereafter there is significant departure from a regular diurnal cycle. Because of 

this, a 96 hour subset of the KPOla data is used, labelled 011 Figure 4.2b) as KPOla_96. 

This shows decreasing log amplitude, and increasing phase shift with depth, although 

neither is a linear function of depth (Figure 4.3b) and c». 
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KPOI. The 96 hour subset shown as KPOIa_96 is the dataset used for this study. 
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4.7.2 Results: Model I. 

Model I is the one most commonly used to derive thermal diffusivity (Carson (1963), 

Hurley e/ al. (1993), deSilans e/ al. (1996)), and it was used by Dawson (1964) to derive 

diffusivity for pumice soils at the Wairakei Research Centre (now GNS Science). 

The best fit values of qd/k for Model J have been found by using a simple objective 

function, namely the sum of squares of the difference in temperature values between the 

model results and calibration data (Figure 4.7) . The mean temperature data for the 

Karapiti sites can be matched approximately by Model I as shown in Figure 4.8. 

Similarly a best fit to the transient data for these sites (logarithm of the amplitude, and 

the phase shift), shown in Figure 4.9, can be used to obtain values of a for Modell. For 

Model J and II the amplitude (In(T* IT) versus z ) and phase (cp* versus z) are both linear 

with depth, and have the same slope because p = y (Figures 4.10 and 4.11). The 

transient results for KP02 are the least well matched because the slope of In(T* IT) 

versus z does not equal that of cp* versus z. 

A sununary of the Model I parameter values are shown in Table 4.3. The qd parameter 

has a wide range of values as expected, with the hotter sites having a larger qd (heat 

flux). The parameter a has a range of values from 8.2 to 11.4) and a corresponding 

range of thermal diffusivity from 2.8 x 10-7 to 5.4 X 10-7 m2/s. 

Table 4.3. Results for Modell 

Parameter KPOla 96 KP02 KP03 KP04 

Steady soil qd/k (KIm) 286 158 77 359 
heat flow 

Transient a (11m) 8.2 9.8 11.4 9.2 
model 

K (m2/s) 5.4 x 10-7 3.8 X 10-7 2.8 X 10-7 4.3 X 10-7 
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4.7.3 Results: Model II. 

Model II includes a surface heat loss boundary condition, which suggests that it could 

be applied to sites where there is a very high temperature gradient in the top 20 cm of 

soil, for instance KPOla_96 and KP04. For these sites it is expected that Model II may 

better represent the neal' surface heat transfer processes than Model T. 

The model has a lineal' mean soil temperature profile, which is calibrated with the 

parameters qd/k and klh. Parameter qd/k represents the steady heat flux from depth, and 

klh is a heat transfer term (k is the thermal conductivity). The contours of the objective 

function for qd/k vs klh for all the Karapiti sites are shown in Figure 4.1 2. For each site 

there is a region where qd/k and klh produce the best fit to field data, and the best fit 

parameters within this region are given in Table 4.4. However, as for Model I, the 

linear soil temperature profile (Figure 4.13) is not a good representation of any of the 

Karapiti sites. 

Matching the amplitude and phase behaviour of the diurnal temperature cycle (the 

transient solution) is dependent on a and on klh. The optimum klh values for the 

transient model is at the extreme ends of the range used for the steady-state model , and 

in addition, the transient model is less sensitive to klh (Figure 4.14). For the optimum 

transient value of klh the fit of the steady-state model becomes extremely poor for all 

sites, and for this reason, the steady-state value of klh is used to produce the model 

results shown in Figure 4.15 and Figure 4.16. 

Model II results show a distinction between the hotter sites KPO I a _96 and KP04, and 

the cooler sites KP02 and KP03. For the cooler sites Model II qd/k values are close to 

those for Model I and the klh term is relatively small. This is as expected because there 

is a smaller surface heat loss at these sites, and the klh term is less important. The qd/k 

values for the hotter sites are slightly lower than the Model I values because the surface 

heat loss term klh is relatively large. 

The optimum a (and hence K) for Model II is close to the results for Model I for sites 

KP02 and KP03. For KPOla 96 and KP04 the value of a obtained with Model IV 

shows the largest depat1ure from the value from Model T. These sites have a larger klh, 

which is evidence for the importance of surface heat transfer processes. 
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Table 4.4. Model II resuits using the parameters in Table 4.4 are shown in Figure 4.13 to Figure 
4.16. 

Parameter KPOla 96 KP02 KP03 KP04 

Steady soi l qd/k (KIm) 245 149 72 332 
temperature 
profile * Idb (m) 0.023 0.0083 0.0093 0.012 

Transient a. (11m) 7.7 9.7 11.3 8.6 
model 

1C (m2/s) 6. 1 x 10.7 3.9 X 10.7 2.9xl0·7 4 .9 X 10.7 
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In sunullary, within the limitations of a linear temperature versus depth profile, a best fit 

valuefor the conductive heat flow and the heat transfer term are given by the results of 

calibrating the steady-state model. These results, where the heat transfer term klh 

becomes significant for the hotter sites, seem to justify the initial hypothesis that Model 

II better represents the heat transfer processes at these sites than Modell. The fit for the 

transient modelling is good for sites with the same slope for the amplitude and phase 

behaviour with depth, and the resulting thermal diffusivity is in close agreement with 

Modell. 
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4.7.4 Results: Model III. 

Model III includes a mass flow through the soil, which produces a non-linear 

temperature profile. The shape of the mean temperature versus depth curves for all the 

Karapiti sites suggest that Model III should produce a good fit to the measured steady 

soil temperature profiles. 

For Model III the soil temperature data is matched by varying the parameters Td and 11. 

The contours of the objective function as a function ofTd and 11 for all the Karapiti sites 

(Figure 4.17) show there is an inverse correlation between Td and 11 for all sites. 

However, within the region where the objective function is low there is a definite 

minimum value (Table 4.5). The parameters from this minimum are used in the best-fit 

model. The quality of the fit of the steady temperature model to the data (Figure 4.18) 

is excellent. 

Next the objective function for values of a and 11 was calculated for the transient model 

with the aim of fitting the transient data only (Figure 4.19). The range of 11 investigated 

was the same as for the steady-state model. The results for the two hottest sites show 

that the best fit value for 11 is at the extreme low end of the selected range for the 

parameter (I < 11 < 12), and further investigations showed that the model has low 

sensitivity to 11 for values less than I. However, the two other sites KP02 and KP03 

have a clear minima for variations in a and 11 (Table 4.5). These are not coincident with 

the values from the steady-state model, and the optimal 11 for the transient model 

produce a very poor fit to the steady-state soil temperature profiles. Hence because the 

steady-state model is more sensitive to 11 than the transient maciel, the best fit values for 

11 from the steady model was used to produce the plots of model output shown in Figure 

4.20 and Figure 4.21. 

The parameter Td represents a 'deep' soil temperature. In terms of the model , it is the 

maximum temperature for the soil temperature versus depth function: 

At the point where T(z) approaches Td the soil temperature profile is isothermal. 

The values for 'I'd range from 117°C for KP04 to 48°C for KP03 . 
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The values of the parameter a (and hence thermal diffusivity) resulting from the 

calibration of Model III are very similar to those obtained with Model I (Table 4.3 and 

Table 4.5), with the exception of KP02. The parameter V was also calculated from K 

and 11 (obtained from the steady-state model). The resulting V is lowest for the coolest 

site (KP03), which is to be expected as the higher temperatures are likely to be related 

to a hot up-flow of geothermal water. 

Table 4.5. Parameters for Model III. 

Parameter KPOla 96 KP02 KP03 KP04 

Steady soil Td ("C) 95 73 47 119 
temperature 

8.6 profile 11 (11m) 4.8 4.9 5.9 

Transient a (11m) 8.1 8.1 10.9 8.9 

model 
11 (11m) 0.5 7.0 2.2 1.0 

1C (m2/s) 5.5 x 10.7 5.7 X 10-7 3.1 X 10.7 4.6 X 10-7 

V (m/s) (f!'Om steady-state 11) 4.8 x 10.6 2.7 X 10-6 1.5 X 10.6 2.7 X 10-6 
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The above results for Model III show that the match to the temperature versus depth 

profile is excellent, and the matching process determines value for the parameters T d, 

and 11. The thermal diffusivity (K) from the calibration of the transient model is in 

reasonable agreement with Models I and II. Parameters 11 and K are used to derive the 

mass flow term V. 
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4.7.5 Results: Model IV, 

Model IV combines the features of Models II and III. Thus it has a heat loss boundary 

condition at the surface, and mass flow through the soil, and four parameters, T d, 11, klh, 

and a, which are used to calibrate the model. 

The dependence of the results for Model IV on the parameters 11 and T d is similar to that 

for the steady-state Model III (Figure 4.22). The parameters appear to be inversely 

correlated. The contours of the objective function in terms of klh and Td (Figure 4.23) 

and klh and 11 (Figure 4.24) have a 'trough ' of low values parallel to the klh axis. This 

shows a low sensitivity to the klh parameter. However, the trough defines a clear best 

fit value with respect to Td and 1]. These parameters are given in Table 4.6, and the soil 

temperature versus depth profile using these parameters is shown in Figure 4.25 . 

The transient model also shows low sensitivity to klh (Figure 4.27 and Figure 4.28). 

However as for Model III, the optimum value of 11 for the transient model is at the 

margins of the selected range for KPOla_96 and KP04 (Figure 4.26 and Figure 4.27). 

Using the optimal values 11 from the transient model gives a poor fit to the steady soil 

temperature profiles at all sites. Hence the value of 11 from the steady-state model is 

used to plot the results in Figure 4.25, Figure 4.29, and Figure 4.30 

The values for the parameters Td and 11 from the steady-state model are very close to the 

values for Model III (Table 4.5 and Table 4.6). The klh values are different to those 

derived from Model II, with all those except for KPO 1 a being at the lowest value for any 

given range of klh. The klh for the KPOla model is an order of magnitude lower than 

the Model II results. The results for a from the transient model are very similar to those 

for Model III. 
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Table 4.6. Parameters for Model IV. 

PaJ'ametel' KPOla_96 KP02 KP03 KP04 

To (0C) 97 72 47 123 
Steady soil 
temperature '1 (1/m) 7.8 4.9 4.8 5.6 
profile 

k/h (111) 0.0043 <0.0001 <0.0001 <0.0001 

Transient 
a. (1/m) 7. 8 8.1 10.8 9.0 

model 
K (m2/s) 5.98 x 10.7 5.6 X 10-7 3.1 X 10-7 4.5 x.IO-7 

V (m/s) (from steady-state II) 4.8 x 10-6 2 .6 x 10-6 1.5 X 10-6 2.7 X 10-6 
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match, parameters eta (II) "nd Td• 

90 



k"'-> I'W"' __ N~I __ ... Ic< VIW l d(""O('J 

.»> 

= 

"'" 
»» 

T d (deg 
~" 

""> 

1!<)O) 

,ro> 

"" 

kJh (m) 

KPOla_96 KP02 

KPO) "'''''''' rI <ltft1 'Ye ' .I'd<>'I k< l~"" Td co:" fh! 

"" 
.." 

!.(o)) 

"" 
»» 

"" 
,~ 

kJh{m) • LO' kJh{m) .10' 

KP03 KP04 
Figure 4.23. Model IV> objective function contours for the steady-state soil temperature profile 
match , parameters k/h and Td •• 

91 

= 
,~ 

.»> 

= 
"'" 
»» 

''''' 
"" .,., 
,= 
,., 



.~ 

~, 

"" ,,,,, 
=, 
»" 

,~ 

11))) 

,,, 
" .... ~~ ...... ~ .. ~ ...... ~~~ .. oi. 

, 10 ' , 10' 

kfn (m) kIh (m) 

KP02 

m 

'" 
,~ 

,ro 

'" 
'" 
'N 

00 

" 
" 
" 

kfn{m) 
.1G' kIh (m) 

KP03 KP04 
Figure 4,24, Model IV, objcctive function contours fOl' the steady·state soil tempe,'ature profile 
match, parameters l<1h and eta ('I), 

92 

'" 



0 
o 

." 

." 

.~ 

.u 
depth ., 

(m) 

." 
.1),11 ... ... 
.\0 

" 
~----7.c-----~~----.~~----~~,-----",~ID---~ 

KPOla 

depth 
(m) 

-

., 

... ... ... 

temperature (deg C) 

96 

·\~.---c~.---~,".---c~~--~,u,----,~.----~.----»~---" 
temperature (deg C) 

KP03 

·~c" 

,~ 

·,w 
depth ., 

(m) 

·0 11 ... ... . .. 
~,~ 

KP02 

depth 
(m) 

'" 

,~ 

., 
. n 

. .. . .. 

" " " " 
temperature (deg C) 

·\Oc---"~c---~"c---~~c---."c---t,~c---.. ---~----,oo 
temperature (deg C) 

KP04 
Figure 4.25. Model IV soil temperature profiles using the parameters given in Table 4.6. The blacl< 
symbols arc the site data, and the blue symbols arc the lIIodel results. 

93 



KP03 

" 

a (11m) a (" m) 

KP02 

a (11m) a (11m) 

KP04 
Figure 4.26. Model IV objective fuuetion coutours for the fit to amplitude and ph.se bell.vioul· 
with depth, parameters alpha (u) .nd eta (11). 

94 

" 

" 

" 



KP03 

Wh(m) 

kJh(m) 

" .10 ' 

.10' 

KP02 

KP04 

" 

- - ---------._--..,.--_. ----

kIh (m) 

kIh (m) 

" .10' 

Figure 4.27. Model IV objective function COlltOUI'S fOI ' the lit to amplitude alld phase behaviour 
with depth, parameters klh and eta (11). 

95 

.. 



o (11m) 

o (11m) 

KP03 

o (11m) 

kIh (m) 

KP02 

, 10' 

kIh (m) k/h(m) 

KP04 
Figure 4.28. Model IV objective runction contours roO' the fit to amplitude and phase behaviour 
with depth, parameters klh and alpha (u). 

96 

" 

" 
" 
" 
" 

" .. 
... 
., 

.1 0' 



I(f'I)lH,1I u.»tIN .... "'.vOff<l\ltIlIVlWtlll I(I'W~N ...... ' . V""""II'¥1. ..... ,d" ,,= 
.... Vo.:./N -S-::tl , 

,0> L~ ,0> 

.u ." 

.u .,,, ... «. 
depth 

1m) 
., D 

depth 
1m) 

. , 
." ·011 

." .I).1t 

D 0 ... ." . " ·011 

'.\ ., .150 ., ., ., ' .19 ., ." ., ., 
" 

In(ampli tude) In(amp~.lude) 

KPOla_96 KP02 

1(0)(1' 1.'~'" N hql v/jOf<l>I •• ~ .. ....., 1111 

rt~N~ 
1tAA U.)JIi 1V ...... f. V~"' ... " .... .... '~l 

A 

,0> ,0> 
tt:."'OOtIN 

~"I I 

.,,, " . 
,« ,« 

." ." 
depth depth 

1m) 
., 

1m) 
. , 

." ·0 11 

.0.14 ·0.14 

0 " ." . " 
." . " 
4~) -:;;-<1 ., ." ., ., 4.h ., " ." ., ., 

In{ampMude) In{amplitude) 

KP03 KP04 
Figlll'e 4.29. Model IV amplitude decrease versus depth, usiug the parameters giveu in Table 4.6. 
The black symbols are the site data, and the blue symbols arc the model results. 

97 



0 ... . " 
0 .... ." 

." .y 
depth 

1m) 
., o 

depth 
1m) . , 

. " ·0 11 ... -0.11 

o ... . .. ... . .. 
" . .. }---~--~ •• ~-.,~. --~.~.--~·--~", --~,~.-~o~ " . .. .. .. .. " 

u 0 , 

phase (rad) phase (rad) 

KPOla_ 96 KP02 

." ." 

." ... " . . " 
depth ., 

1m) 
depth 

(m) ~ I 

·ou ·0 11 ... . .. ... . .. ... . .. 
" . .. " • '.}--'.'o, ---1 •.• ~----' .. .--c ... '----'---,",~~,c-' ---,'II' 6 e 

phase (rad) phase (rad) 

KP03 KP04 
Figu"e 4.30. Model IV phase shift versus depth, IIsing the parametHs given in Table 4.6. The blacl< 
symbols a,'e the site data, and the blue symbols are the model results. 

In summary, for Model IV the Td and 11 parameters from the steady-state model are very 

close to the Model III results. The values of K obtained from the transient model are 

also very close to the results of Model III. The klh parameter is smaller fo r all the sites . 
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4.8 Chapter conclusion 

The process of calibrating the models presented here is able to give quantitative 

estimates of soil propelties and soil heat flow. 

The parameters which govern the steady-state soil temperature profiles can be used to 

estimate deeper temperatures and heat flows. For Models I and II the parameter is the 

slope of the linear soil temperature profile qd/k. For a thermal conductivity of 0.8 

W/m.K (from Chapter 3), the conductive heat flow for the coolest site (KP03) is 57.6 

W /m2; and the conductive heat flow for the wannest site (KP04) is 287.2 W/m2 The 

heat fluxes indicated by the values for qd/k in Table 3 are high but comparable with 

values quoted by Hochstein et al. (2005) of up to 1237 W/m2 derived from calorimeter 

measurements of heat loss from thermal soils. 

The results from Models III and IV, which include a mass up-flow and the associated 

advective heat transport, are the best match to the steady soil temperature profiles. This 

demonstrates that mass flow is an important means of heat transfer in geothermal soils. 

The deep temperature T d is a parameter used in calibrating Models III and IV. The 

model soil temperature profile becomes isothermal , tending towards T d at a certain 

depth. For the Karapiti data this depth is I and 2 m. 

The parameter u. is derived from calibrating the transient model, and is a component of 

the thermal diffusivity (K). In Models I and II the slope of the amplitude decrease and 

the slope of the phase shift profile are both dependent only on u., and should be the 

same. This is not the case for the Karapiti data from KP02, although it is reasonably 

well satisfied for the other sites. Other studies (e.g. Dawson e/ al. (1964» determine 

separate values of u. from the amplitude and phase behaviour. However the present 

work uses a best fit value for both the data sets and results in a single thermal diffusivity 

estimate for each site. Each site has consistent u. values across all the models, and hence 

the thermal diffusivity for each site is also consistent across all the models (Figure 

4.31). Results from Dawson and Fisher (1964) for pumice soils at the Wairakei 

Research Centre show a range of values from 2.9xlO-7 to 5.9xI0·7 m2/s. From the 

modelling results presented in this chapter we have found that sites KPO I, KP02, and 
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KP04 have thermal diffusivities close to the higher end of the range (3.8x 10.7 to 

6.1 x I 0.7 m2/s) while KP03 has a lower value (between 2.8x I 0.7 and 3.1 x I 0.7 m2/s). 
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Figure 4.31. Thermal diffusivity for pumice soils, calculated from models II to IV. Values f,'om 
Dawson and Fishel' (1964) are given for comparison. 

Two parameters which appeal' in the steady and transient models are '1 (Models III and 

IV) and klh (Models II and IV). The parameter '1 is related to the mass flow and affects 

the shape of the soil temperature profile, the slope of In(amplitude) versus depth, and 

the slope of phase shift versus depth. However the steady-state soil temperature is more 

sensitive to '1 than the transient results. This parameter measures the importance of 

advective flow at each site. Thus '1 is larger at the sites with higher temperatures (KPO I 

and KP04), indicating a larger up-flow at these sites. 

The klh parameter represents the heat loss at the surface. Because this is a surface 

process, the transient models of underground behaviour of diurnal temperatures are less 

sensitive to the klh parameter than the steady model results. The values of '1 and k/h 

determined from the steady-state models are used for the plots the model results shown 

in this chapter. 

The amplitude and phase behaviour with depth of the soil surface boundary condition 

(diurnal temperature cycle) is best matched at KP02 and KP03 by models III and IV 
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which include fluid flow through the soil and allow for different slopes of the amplitude 

and phase shift plots. 

The volume flow rate V (Figure 4.32) can be derived from 11 and K . The sites with a 

high thermal diffusivity K and high 11 has the highest value of V (KPOI), while KP03, 

with a low thermal diffusivity and low 11, has a relatively low value of V. KP03 is the 

coolest site (38.37 °C at 0.2 m depth), and hence it is expected to have the lowest up

flow. 

0.000006,------------------------------, 

0.000004 

t 0,000003 
~ 

> 

0.000002 

0.000001 

Figure 4.32. V"lues for pal'amelel' V, del'ived from a "nd '1 for Models III "nd IV. 

The aim of the modelling discussed in the chapter is to provide information about the 

physical processes occurring in the soi l. In order to achieve this simple models have 

been used to represent processes that are considered to be important in the shallow 

subsurface of geothermal regions, and particularly the areas of warm ground at 

Wairakei-Tauhara. 

The physical processes in geothermal soils are conductive and advective heat transp0l1, 

and mass transport. The heat and mass flows and the soil structure (the variation in soil 

properties) interact to produce complex soil temperature profiles. Soils may have a 

layered thermal structure due to variation in pa11icle properties, or to zones of 
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condensation and evaporation. The models considered here assume the simplest 

geometry and fluid conditions in that the soil is homogeneous and the flow is single 

phase. 

Despite this apparent simplicity, the modelling results show that models which allow 

advective heat transfer are able to satisfactorily model ground temperatures, including 

the effect of the diurnal temperature cycle on shallow soil temperatures. 
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5 Computer models 

5.1 Introduction 

The mathematical modelling discussed above showed that there is both conductive and 

advective heat transfer at all the Karapiti sites to a greater or lesser extent. Conductive 

temperature gradients in the simplest mathematical models (1 and II) are linear and do 

not fit the curved steady-state temperature profiles from any of the sites. The 

mathematical models with mass transfer are a good fit to the data. Moreover, field 

measurements show that the Karapiti soil s are partially saturated and hence there is 

liquid water, air, and water vapour in the soil pores. For these reasons a numerical 

simulator such as TOUGH2 (Pruess (1991)), which can model water, water vapour and 

air mixtures, should be used to model the heat and mass flows in the Karapiti soils. 

Numerical modelling was not part of the original research plan by Hochstein and 

Bromley (1999) and the data collection plan was not designed for a modelling study. 

For instance, key model parameters such as soil saturations were not sampled with the 

same detail and frequency as the temperatures. There are no examples of numerical 

modelling studies of soils at above ambient temperatures in the literature, leading to the 

conclusion that time series data such as this have not been used previously to model 

heat flow in soils over a high temperature geothermal system. 

In this part of the study we use numerical models, together with data ti'om Bromley e/ 

al. (2001 b) to answer the questions below. 

Can we determine a method of model calibration with the available data? 

What do the models tell us about heat and mass transfer in geothermal soils? 

What field data should be collected for future studies? 
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5.2 Model description 

5.2.1 Conceptl/almodel 

The conceptual model (see Figure 5.1) is of a partially saturated soil with a geothermal 

conductive heat flow, and mass up-flow, with an associated advective heat flow, from 

the underlying deep geothermal system. The soil surface is open to the atmosphere, and 

transfer of energy and mass between the soil and the atmosphere is permitted. The 

diurnal component of the atmospheric temperature is idealised by a sinusoidal function. 

The soil saturation may vary with depth due to condensation and evaporation. The soil 

temperature shows the influence of the diurnal temperature variation, and the effect 

decreases with increasing depth. 

temperature 

flow bet,,,.O $ 011 ~, 

~ ______ +-+-______ ~SOIlI surface 

I temperature 

partlally saturated soli 

mass flow 

Figure 5.1. COllceptualmodel for soil temperature and heat and mass flows. 
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5.2.2 Numerical model 

The numerical simulator TOUGH2 was used for this modelling study. The TOUGH2 

numerical simulator can handle multi-phase, multi-component, heat and mass flow in 

porous and fractured media (Pruess (1991), Pruess (1994)). It is widely used for 

geothermal reservoir simulation. The simulator AUTOUGH2.2, is used for this study. 

It is a version of TOUGH2 developed at the University of Auckland. 

5.2.3 Model Grid 

The same model geometry (Figure 5.2) was used for modelling all the sites reported 

here. The model grid is a one dimensional (1m x I m) vertical column, divided into 35 

layers. The layer structure is very fine at the top of the model to provide the resolution 

required to match the field data. The layer thickness increases with depth and the 

lowest layer, at 50 m depth, is 5 m thick. The top block of the model is cOimected to a 

very large 'atmosphere' block, which is large enough for the specified atmospheric 

conditions to remain unaffected by the flows into and out of the model. 

5.2.4 Boundarv Conditions 

The average and diurnal air temperature data are used to provide the top boundary 

conditions for the steady and transient models respectively. The atmospheric air 

temperature is derived from the Fourier analysis of the measured data. 

Models of mass and heat fluxes in soils (at low temperatures), and across the soil

atmosphere boundary by Passerat De Silans el ai. (1989), Mohanty el al. (1998), Qin el 

al. (2002), and Saito el al. (2006) assume that heat and mass fluxes in the soil are driven 

only by variations in atmospheric conditions, i.e. by the top boundary condition. 

Beltrami el al. (2003) use atmospheric conditions and include latent heat from freezing 

to model a soi l temperature time series from a site in Nova Scotia. The effects of heat 

from electrical cables buried in unsaturated soil has been the subject of many modelling 

studies (e.g. Krislmaiah el al. (2003)). 

105 



There are no other numerical models of soil temperature and saturation when the soils 

are affected by atmospheric variations and geothermal heat and mass flux from an 

underlying high temperature geothermal system. 

This study investigates the modelling methods required and the impOltant model 

parameters for a situation where there is also a high geothermal heat flux from the 

subsurface. 

Steady heat and mass inputs to the base of the model , representing the geothermal heat 

flow, are calibrated for each site (Figure 5.2). 
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Figu"e 5.2. Vertical cross-section through the model grid, showing the block dimensions, and the 
boundary conditions. 

5.2.5 TOUGH2 allrl simll/atioll optiolls 

Modelling the unsaturated soils necessitated the use of an air-water equation of state 

(EOS). The AUTOUGH2.2 option selected is EWA V, (non-isothermal flows of 

air/water mixtures with vapour pressure lowering). The primary variables are pressure, 

temperature (or saturation for two-phase conditions), and partial pressure of air. 

The relative permeability and capillary pressure functions used are the van Genuchten 

and the van Genuchten-Mualem versions (van Genuchten (1980), Mualem (1976)), 

respectively. 

The wet and dry soil thermal conductivities are calibrated for each site. The thermal 

conductivity parameters in TOUGH2 are called KWET and KDR Y and this notation is 

retained for this chapter. KWET and KDR Yare the 'bulk' parameters that are the 
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thermal conductivities of the saturated porous rock mass, and dry porous rock mass, 

respectively. KWET and KDRY are the same as the parameters 'ewet and "'dry, 

respectively, used in Chapter 3. 

The thermal conductivity of the partially saturated medium is calculated in TOUGH2 

according to either a square root function or a linear function of liquid saturation SI as 

shown below: 

K(SI) = KDRY + SQRT(SI * (KWET - KDRY» 

K(SI) = KDRY + SI * (KWET - KDRY) 

The first option (square root function) is used in this study. The thermal conductivity of 

soils was discussed more fully in Chapter 3. 

Val/ Gel/lle/ltell relative perll/eability al/d capil/mJ' jllllctiol/s 

The van Genuchten - Mualem equations (van Genuchten (1980» are widely used in 

unsatllJ'ated zone modelling. They have the advantage that they are given by closed 

form equations and are smooth functions with continuous derivatives. The equations 

relate relative permeability (Mualem (1976), Equations 5.1 and 5.2) and capillary 

pressure van Genuchten (1980) (Equations 5.3 and 5.4) to satllJ'ation. The form of the 

equations used in TOUGH2 is: 

= {Fs*V - (1-[S * J!~ )'}' 
k" 

1 

if S, <S" 

if S, ? S" 
5.1 

5.2 

Here krJ is the relative permeability for liquid; krg is the relative permeability for gas, 

and" is a fitting parameter, related to the pore size distribution (Brooks e/ al. (1964), 

Lambot e/ al. (2004». A featllJ'e of Equation 5.1 is that it is derived by treating the pore 

network as a bundle of capillary tubes. It is recognised that this IS an 

oversimplification, and it IS corrected by the introduction of a tortuosity factor 

represented by ..JS· . 
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The capillary pressure P cap is given by: 

( 
1/ )1- ). 

P,.'op = -Po [S*rn- I 
5.3 

This is subject to the bounds: 

5.4 

where Pcap is the capillary pressure. In TOUGH2 the parameter lIPo=a/pwg (Pruess el 

a1. (1999». 

The normalised saturation S* is defined by: 

5.5 

Here Sir is the residual liquid saturation and Sis is the maximum soil moisture content. 

van Gel1l1chlel1-lv/llaielll parameters 

As the liquid saturation SI approaches Sir (the residual water content), the capillary 

pressure P cap approaches - P ma,. The parameter Sir can be either fixed to a value that 

best fits experimental data (e.g. Kool el al. (1987», or set to zero (Lam bot el a1. (2004) 

Fuentes el al. (1992), Haverkamp el a1. (2005». The maximum soil moisture content 

S is is measured directly in some studies (Lambot el al. (2004», however for this study 

there is no data on Sis. A study by Verma el al. (1985) gave a value of Sis = 0.89 and 

usually values in the range 0.9-1.0 are used. In the present study we use S is = 1.0. 

5.2.6 Model calibratioll data 

Temperatllre 

The temperature data, and the data processing in the form of a Fourier analysis have 

already been described in Chapter 4. The use of this data for numerical modelling is 

discussed in this section. 
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For the analytical models discussed in Chapter 4, Fourier Analysis provided the average 

atmospheric temperature for the boundary condition for the steady-state models and the 

diurnal component of the air temperature was used as the boundary condition for the 

transient models. For the numerical models discussed in this chapter the same boundary 

condition is used for the steady-state models but for the transient models the total 

temperature (average plus the diurnal component) is applied. The average and diurnal 

temperature data from each depth are used as the calibration data for the numerical 

models discussed in this chapter. 

Satllration amI porosity 

In addition to time-varying temperature measurements there are some limited data 

available for soil saturations, discussed in Section 2.7.3 which are also used for the 

calibrating the numerical models. Each site was cored over depth intervals of 0 m - 0.15 

m, and 0.15 m - 0.3 m, resulting in two cores per site. The saturation data and porosity 

estimates originate from analysis of the water content and void content of each core. 

They are the average values over the length of the core. Because they are averaged over 

a depth interval the saturation data are less detailed than the temperature data. 

Saturation is used to calibrate the unsaturated zone parameters for each site. The soil 

samples provide no information on saturation changes over time, and thus saturations 

are used only for the calibration of the steady-state model. 

The gas saturation in the top (0 - 0.15 111) core samples ranges from 00338 to 0.654, and 

from 0.053 to 0.533 in the deeper samples (0.15 - OJ m). At each site it appears that 

gas saturation decreases with depth. 

The porosity of the soil is very high (0.59 - 0.81) and the only trend with depth for this 

limited dataset is a narrowing of the range of porosity (0.62 - 0.74) in the lower core 

samples. For each site there is only a small variation of porosity over the depth interval 

under consideration here (soil surface to OJ m depth) and therefore the porosity is 

assumed to be constant at the average val ue for both depth ranges. 
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Data: disclIssion 

From numerical experiments it rapidly became clear that not all model parameters could 

be calibrated as there was not enough measured or field data available to produce a 

unique parameter set. That meant that decisions had to be made regarding the choice of 

parameters to use for calibration, and those to fix as input data. The following data 

were lacking: 

1) Soil permeability and soil structure (i.e. information on layering): The decision was 

made to use a homogeneous soil with fixed values for soil permeability (100 mD) and 

porosity. The calibrated mass flows tlu'ough the model are valid only for the 

permeability of 100 mD. If the permeability is increased the mass flow will have to 

increase to give the same steady-state results. There is no direct evidence for a layered 

structure in the core samples, but the transient data, in particular the phase shift data 

from site KPO I and KP04 show non-linear behaviour with depth which may be due to a 

layered soil structure. However, this may be caused by thermal conductivity contrasts 

in the soil due to saturation changes with depth, as discussed below. 

2) Detailed saturation information: The available saturation data are used to calibrate 

the models, but calibration for the hotter sites is difficult for two reasons: first 

measurements from other sites show that there is a shallow zone of condensation at sites 

with high temperatures (Section 2.6). There is not enough detail in the data that was 

measured concurrently with the temperature time series to show the exact shape of the 

saturation profile, but the non-linear phase shift may indicate a depth-varying thermal 

conductivity related to saturation changes. Secondly, model results show that the 

profiles of saturation versus depth for the hotter sites are sensitive to the mass flow rate 

through the soil. Since mass flow rate is directly linked to permeability in its effect on 

model results, better saturation data could provide another means of calibrating 

permeability. 

3) Thermal conductivity: The steady-state models discussed below use the soil thermal 

conductivity parameters discussed in Chapter 3. The square root TOUGH2 thermal 

conductivity function is used, with the wet and dry thermal conductivities of 0.8 W /mK 

and 0.1 W/mK, respectively. 
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5.2.7 Model calibl'lltioll 

Steady-state 

The aim of the steady-state modelling is to match the steady-state temperature versus 

depth profile and the saturation versus depth profile. The top boundary condition used 

is the mean air temperature (the To term in the Fourier series). 

The model output is matched to the steady temperature versus depth data by adjusting 

the geothermal heat and mass input at the base of the model. The calibrated values for 

heat flow, mass flow, and thermal conductivity give a non-unique steady-state because 

if the heat, mass, and conductivity values are multiplied by a constant the temperature 

profile will remain the same. This non-uniqeness is resolved by calibration of the 

transient model. 

The van Genuchten-Mualem relative permeability function and the van Genuchten 

capillary function are used for all the models. The relative permeability function and 

the capillary function have four and five parameters, respectively; three of these are 

common to both functions. Table 5.1 shows the relative permeability and capillary 

parameters, and whether they are fixed, or are calibration parameters. 

Note that Slr(for capillary pressure) = Slr(for relative permeability) - 0.01. This is in 

line with the recommendation in the TOUGH2 User's Guide (Pruess e/ al. (1999)), that 

the Sir value for the capillary function has to be smaller than the value used in the 

relative permeability function. 

The testing of every possible combination of van Genuchten parameters was not 

attempted, and three were selected as calibration parameters. Each parameter was 

varied while the other two remained fixed, giving an indication of the sensitivity of the 

model results to that parameter. The results were tested for goodness of fit to the 

calibration data using a simple objective function (the stnn of squares of the difference 

between the model results and calibration data) . The results show that variation of any 

of these three van Genuchten parameters causes significant changes to the gas saturation 

profile. The parameter combination with the best fit (the lowest objective function) was 

used. 
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Table 5.1. Relative permeability and capillary paramete,·s. 

name Relative pCl'Iucability Capillary 
Fixed value or 

calibration 

lambda J,. J,. Calibration 

Residual liqnid 
SI, SI, Calibration saturation 

Alpha a/pg Calibration 

Maximum Pmax 80000 p. 
capillary pressure 

Fully mobile liquid 
S" S" 1.0 saturation 

Residual gas 
Sse 0.0 saturation 

Variations in the van Genuchten parameters have a smaller effect on the temperature 

profile. The effective thermal conductivity changes as the saturation changes, and due 

to this effect three of the sites required a minor recalibration of the temperature profile 

after calibration of the saturation profile. The results of the simulations are presented 

graphically by plots of: 

I. The effect of the parameter variations on the temperature versus depth profile. 

2. The effect on the saturation versus depth profile. 

3. The model results for saturations presented in the same form as the field 

measurements, i.e. the saturation averaged over the two core sample intervals. 

4. Variations in the objective function over the selected range of parameter values. 

Because the van Genuchten parameters are significant when calibrating against the gas 

saturation data, and have less influence on temperature results, the objective functions 

only for the gas saturation data are shown. 
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Tmllsiellt model 

The steady-state modelling process discussed above is used to determine the mass, heat, 

and thermal conductivity to within a multiplicative constant. The calibration of the 

transient model is then used to choose this multiplicative constant, 

The steady-state model provides the initial conditions, and initial parameters, for the 

transient simulations, The transient models are run for different mass inputs (and 

proportional heat inputs and thermal conductivities), and a simple objective function 

based on the sum of squares of errors is calculated for the amplitude decay and phase 

shift, at each depth, For an increasing mass flow tIu-ough the model the match to the 

temperature amplitude decay improves, while the reverse is true for the phase shift, The 

crossover point, where the two objective functions are equal, gives the parameter values 

for the best-fit modeL 

This process worked for the cooler sites (KP03 and KP02) but for the hotter sites a 

change in the mass flow resulted in a change in the saturation conditions, Possibly the 

overall model calibration could have been improved by adjusting the mass flow and 

iterating again through the steady-state and transient modelling process but the quality 

of data did not justify attempting to achieve the extra accuracy, The results of the 

transient modelling are presented graphically by plots of: 

I, The objective function versus the mass flow, 

2, The amplitude and phase versus depth, 

3, The final steady temperature and saturation profiles, 

The model input parameters are shown below in Table 5,2, 
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Table 5.2. Input parameters Note: Some parameters have been assigned a fixed value, shown in 
the table, while the others arc determined by the calibration IlI"ocess. 

Parameter name 

Mass flow 

Heat flow 

Saturated themlal 
conductivity 

Alpha 

Lambda 

Residual saturation 

Symbol 

g, 

KWET 

a 

s" 

Dry thenna! conductivity KDRY 

Fully mobile liquid 
saturation 

Residual gas saturation 

Maximum capillary 
suction 

En'halpy oCthe mass 
flow 

Porosity 

penneability 

s,. 

s" 

P mJ..\( 

h 

5.3 Karapiti models 

Unit Va lue 

kg/s calibration 

W calibration 

W/m.K calibration 

IlPa calibration 

calibration 

calibration 

WI m.K calibration 

Pa 

(J/kg) 

1.0 

0.0 

0.8E6 

83.9 

Site-specific 
measurements 

IE-13 

Calib"ated by matching: 

Steady-state temperature v depth I 
transient temperature record 

Steady-state temperature v depth I 
transient temperature record 

transient temperature record 

Steady-state saturation v depth 

Steady-state saturat ion v depth 

Steady-state saturation v depth 

Fraction of KWET (KWET:KDRY 
8:1) 

fixed 

fixed 

fixed 

fixed 

fixed 

fixed 

Five modelling studies are presented here: the first three are for sites KP03, KPO I , and 

KP04 in that order, the fourth is for site KP02, and the fifth is an investigation of the 

relationship of boiling depth to heat flow. All the studies use the TOUGH2 simulator 

with the same I-D model structure, shown in Figure 5.2. The top boundary conditions, 

the geothermal heat and mass input to the base of the model, and the porosity, are 

specific to each site. The modelling study for KP02 uses the inverse modelling software 

iTOUGH for an investigation into the sensitivity, and correlation of, parameters. The 

fifth study uses the same model to test the Hochstein-Bromley formula for estimating 

heat flow as a function of boiling depth. 
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The KP03 site is a relatively cool site, with a maximum average temperature of 38.4°C 

at 20 cm depth . Sites KPOI and KP04 are hotter sites, with soil temperatures at 20 cm 

of 84.6 °C and 89.4 °C respectively. KP02 is relatively cool, with a mean temperature 

of 54.7 °C at 20 cm. 

5.4 KP03 

5.4.1 KP03 Data 

Tell/pemtll/'e 

The original temperature time series measurements and the processed data are shown in 

Figure 5.3 to Figure 5.6. 

Figure 5.3 shows the original measured temperature data for this site; and the diurnal 

variation is clear at all depths. Figure 5.4 shows the diurnal component of the measured 

temperature resulting from the Fourier analysis, and Figure 5.5 shows the average 

temperature at each depth, which results from the steady geothermal heat flow from 

depth. 

As noted above this site is the coolest of the four sites, with an average temperature of 

38.4 °C at 20 cm depth. There is a slight curvature to the mean soil temperature profile 

indicating that tlllS is not a purely conductive temperature gradient and there is some 

advective heat transpOit in the soil (or that conductivity varies slightly with depth, a 

possibility that is not addressed in this work) . 

Figure 5.6 shows the transient response to the daily temperature variation. In this case 

the In(amplitude) and phase angle of the diurnal variation have a slightly different slope, 

with the phase shift being steeper. Both curves are approximately linear. 
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Figure 5.3. KP03 temperature time sel'ies for ail', and 1, 5,10,15, and 20 em depths. 
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Figure 5.6. KP03: amplitude and phase angle vel'sus depth of the diurnal temperature variation. 

Satllmtioll 

The soil saturation was measured over two depth intervals: 

• from the surface (0.0 m) to 0.15 m depth, and 

• from 0.15 to 0.30 m depth. 
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Figure 5.7 shows the soil gas saturation measured over the depth intervals described 

above. This shows that the saturation increases with depth, but the data lacks detail. 
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Figure 5.7. KP03: measured soil saturation. 
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Figure 5.8 shows the soil porosity, which was also measured from the core samples. 

The porosity values for the two core samples are very close (0.6 and 0.62 for the 

shallow and deeper cores, respectively). 
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Figu,'c 5.8. KP03: measul'ed soil pOl'osity. 
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5.4.2 KP03 Model Results 

Stelldy-stllte model 

The soil permeability and the porosity were treated as fixed parameters. The soil was 

assumed to be homogeneous throughout the depth of the model; and the permeability 

was taken to be 100 mD. The model porosity used for the KP03 model is 0.61, the 

average of the two core samples shown in Figure 5.8. The top boundary condition for 

the steady-state model is the average air temperature (Figure 5.5), which for this site is 

24.02°C. 

The steady temperature versus depth profile is matched by varying the heat and mass 

input at the base of the model. Once a good match to the temperature profile has been 

achieved, calibration to the saturation data is carried out by varying the relative 

permeability and capillary (van Genuchten) parameters .. 

The results for variations of lambda, alpha, and Sir are shown below, in that order. For 

each parameter there are four plots of model results: 

I. Steady temperature profile. 

2. Steady-state saturation profile. 

3. Average saturation (over the same depth intervals as the core). 

4. Objective function for the fit of the model to the measured soil saturation 

(saturation only is used as the model temperature is less sensitive to the van 

Genuchten parameters). 

As shown in Figure 5.9, Figure 5.13, and Figure 5.17, there is a small change in the 

temperature profile with variations in the selected parameters (lambda, alpha, and Sir, 

respectively). However, the model saturation results show a large change in response to 

the same variations in the van Genuchten parameters (Figure 5.10, Figure 5.11 for 

lambda; Figure 5.14 and Figure 5.15 for alpha, and Figure 5.18 and Figure 5.19 for Sir). 

The response to variations in lambda resulted in wide variations in the saturation with 

depth profiles (Figure 5.10), and gave two minima in the objective function (shown in 
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Figure 5.12). The Van Genuchten parameter values for which the objective function is 

minimised are used for the final steady-state model (Figure 5.22 to Figure 5.24). The 

van Genuchten parameter values are; Sir = 0.15, alpha = 2.5 x 10'; I/Pa, lambda = 0.6. 
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T/'{/Ilsiellt model 

The result of the steady-state modelling is an estimation of the van Genuchten 

parameters, and determination of the heat, mass, and thermal conductivity to within a 

multiplicative constant. 

The transient model is calibrated by adjusting the heat flow, the mass flow and the 

thermal conductivity while keeping the multiplicative constant fixed, until a good match 

is achieved to the data for the In(amplitude) and phase shift versus depth. The top 

boundary condition for the model is the sinusoidal diurnal temperature variation plus the 

average temperature. The results for the transient modelling study are shown by plots 

of: 

1. The objective fimction for the fit of the model to data for amplitude and phase of 

the diurnal temperature versus depth. 

2. The steady-state soil temperature profile for the best-fit mass flow (and 

accompanying heat flow and thermal conductivities). 

3. The steady-state soil sahlration profile for the best-fit mass flow. 

4. The In(amplitude) and phase shift versus depth. 

The best match for the transient results (shown in Figure 5.21) is for a mass input of 

0.00065 kg/s, with a corresponding heat flow of 148 W/m2, a wet thermal conductivity 

of 1.03 W.m/K, and dry thermal conductivity of 0.13 W.m/K. The results are 

summarised in Table 5.3. 
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Table 5.3. Parameters for the best fit transient model for KP03. 

Parameter Estimate 

Mass flow 0.00065 kg/s/m' 

Heat flow 148 Wlm' 

KWH 1.03 W.m/K 

KDRY 0.13 lV.m/K 

Adjusting the mass flow, heat flow, and the thermal conductivity to match the transient 

data resulted in a small change to the steady-state temperatures, however, the saturation 

changed only slightly. The steady-state results using the combination of parameters 

shown in Table 5.3 are shown in Figure 5.22 - Figure 5.24. The match to the soil 

temperature is very good, and the saturation match is reasonable. In the computer 

model, the liquid saturation increases with depth in a regular fashion. 

Figure 5.25 shows the calibration data, and model results using the parameters in Table 

5.3, for amplitude decay and phase shift with depth. The match in Figure 5.25 is good 

except for the amplitude decay at I cm depth. However this data point is likely to be 

affected by surface processes that are not included in the model. 
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5.4.3 KP03: comparisoll o{compllter simlllatioll alld matllematicalmodel reslllts. 

The results from the computer model are compared here with the results from the 

mathematical models (discussed in Chapter 4). 

The mathematical models I and II predict that the total heat flow (conductive only) for 

KP03 is 57.6 - 61.6 W/m2 (based on an assumed maximum thermal conductivity of 0.8 

W.mlK from Chapter 3) which is lower than the 148 W/m2 predicted by the computer 

model. The TOUGH2 output does not differentiate between advective and conductive 

heat flow, but together the results indicate that around 86.4 - 90.4 W/m2 is the advective 

heat flow at this site. 

The soil temperature profiles predicted by the mathematical models and the computer 

models are shown in Figure 5.26. The mathematical models that include mass flow (Ill 

and IV) and the computer model are all a good match to the steady temperatures. 

Figure 5.27 shows the results of the computer modelling to 5 m depth in order to 

compare the 'deep' temperature predictions of Models III and IV of 47°C. The 

computer model temperature is approximately constant at 54 °C (at around 4.5 m 

depth), which is close to the prediction of the mathematical models. 

The transient results for all the models are shown in Figure 5.29. All are a reasonable 

match to the calibration data. 
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5.4.4 KP03: discussion 

The numerical model of site KP03 has produced a good match to the calibration data. 

The model has been calibrated to match the steady-state temperature profile, and to give 

a reasonable match to the soil saturation. Due to a lack of detailed data the calibration 

for saturation was not as precise as for temperature. However, investigations into the 

model results for saturation show that the results are sensitive to parameters in the 

relative permeability and capillary functions. For instance, the modelled soil saturation 

at 0.15 m depth varies by 0.5 over the range of alpha considered (1 x 10-5 < alpha < 1 x 

10-3 IlPa), with slightly less variation over the ranges considered for lambda and 

residual saturation Tllis change in the soil saturation affects the thermal conductivity 

which in turn has an effect on temperature, with a maximum variation of2.6 °C at 0.2m 

depth as alpha varies over the full range considered. 

Modelling has shown that the diurnal temperature fluctuations versus depth are sensitive 

to the heat and mass flows tlu'ough the soil. For a permeability of 100 mD, the mass 

flow and heat flow through the warm ground at KP03 is 0.00065 kg/s/nl, and 148 

W/m2
. 

The model results indicate that for this site, the steady-state saturation profile is 

insensitive to small changes in mass and heat flow, however, the transient temperature 
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match is sensitive to very small changes (in the order of 0.0001 kg/s/m2 mass flow), and 

if soil permeability data were available this matching process would allow a more 

accurate of estimate of the heat and mass flow tluough the soil. 

The transient modelling also involved calibration of the thermal conductivity. The final 

values for KP03 are 1.03 and 0.13 W/mK for wet and dry thermal conductivity, 

respectively. These are close to the theoretical values (0.8 W/mK and 0.1 W/mK, 

respectively) derived in Chapter 3. 

Despite tins being the coolest site, the modelled heat flow (148 W/m2) is substantial 

compared to the value commonly accepted for background crustal heat flow of around 

0.06W/m2. 
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5.5 KPOI 

5.5.1 KPOI Dlltll 

Temperlltllre 

Figure 5.30 shows the original temperature time series for this site. The Fourier 

analysis gives the diurnal temperature variation and also the average temperature profile 

with depth (Figure 5.31 and Figure 5.32 respectively). This site is one of the hotter 

sites, with an average soil temperature of 84.6 °C at 20 cm depths. The steady soil 

temperature profile has significant curvature indicating that there is mass tlu'ough flow 

for this site. The diurnal amplitude decrease and phase shift with depth (Figure 5.33) 

both have a steep slope, and are not linear. The phase shift curve in particular steepens 

to near vertical between 0.15 and 0.2 m depth . The amplitude data at 0.01 m depth is 

anomalous. This indicates that there are probably surface heat transfer mechanisms at 

this site which are not included in the computer models. 
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Saturatioll 

The measured soil saturation shows a large difference between the shallow core interval 

(0 to 0.15 m) at 0.65 gas saturation, and the lower core interval, which is at only 0.05 

gas saturation, i.e., 0.95 saturated with water. 

The recent measurements by Hochstein et al. (2005) at other Karapiti sites show that 

saturation versus depth profiles in hot ground are more complex than a simple 

monotonic decrease in gas saturation with depth. It appears that there is often a very 

shallow zone (0 to 1 m depth) of condensation, above a zone of high gas saturation. 

Experimental simulations showed that the shape of the gas saturation profile is 

extremely sensitive to the van Genuchten parameters and to heat and mass flows in the 

model. UnfOllunately the lack of detail in the data used for this study means that there 

is no way of assessing which is the most accurate soil saturation profile. 
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Figure 5.34. KPOla: measured soil saturation. 

Porosity 

The soi l porosity at thi s site is very high for both sampling intervals. For the shallower 

core the porosity is 0.81 , and for the lower it is 0.74. These are averaged to obtain a 

uniform value of 0.78 which is the used for the numerical model. 
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Figure 5.35. KPOla, measured porosities. 
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5.5.2 KP01a Model results 

Steady-state model 

The approach taken for this site is the same as that applied to KP03. The soil 

permeability is fixed at 100 mD. The uniform porosity used is the average of the two 

core measurements (0.78). The top boundary condition is the average air temperature 

(from the Fourier analysis) which is 33.61 °C for this site. 

The initial steady-state calibration was performed by adjusting the mass and heat flows 

until the steady-state temperatures in the model were a good match to the data for the 

average temperature versus depth profile. For this model, it was found that a steady 

heat flow of 900 W/m2, a steady mass flow of 0.00175 kg/s, and wet and dry thermal 

conductivities of 2.33 W/mK and 0.29 W/mK, respectively, gave a good match to the 

temperature profile. 

The model response to the unsaturated zone parameters (lambda, alpha, and Sir) was 

then investigated. The same types of plots of results as for KP03 are shown here . 

The steady-state soil temperature profiles are shown in Figure 5.36, Figure 5.40, and 

Figure 5.44. There is only a small change in the soil temperature over the ranges 

considered for the variations of lambda and alpha (less than 2 °C for any depth), but 

there is a larger change in temperature with a variation in residual liquid saturation over 

the range 0.01 < Sir < 0.45 (a maximum of 6.7 °C at O.lm). This because a decrease in 

Sir causes a decrease in soil liquid saturation, leading to a decrease in the effective 

thermal conductivity, which, in tUl'll, causes an increase in soil temperature. 

The lowest objective fi.mction, obtained by matching the saturation profile, is shown in 

in Figure 5.47. The optimum combination of parameters used to achieve the best-fit are 

lamba = 0.75, alpha = 1. x lO,4 11Pa, and SIr = 0.01. The plot of the objective function 

versus Sir is a straight line with a minimum at the bounding value of Sir = 0 (see Figure 

5.4 7). Calibration of all the other sites in this study resulted in estimates of Sir that were 

greater than zero, and therefore a low, but non-zero, value of Sir = 0.01 was used. 

However the optimal van Genuchten parameters given above resulted in the worst 

match for temperature (see the temperature profile for Sir = 0.01 in Figure 5.44). 
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Therefore the steady-state heat and mass flows were recalibrated to achieve a better 

match to the temperature profile. 

The shallow gas saturation proved extremely difficult to match. The data point for the 

lower depth interval of 0.15 to 0.30 m was relatively easy to match, but the model 

results for the top interval of 0.0 to 0.15 m have a gas saturation that is significantly 

lower than that measured (Figure 5.37 and Figure 5.38 for lambda; Figure 5.41 and 

Figure 5.42 for alpha; and Figure 5.45 and Figure 5.46 for Sir). The best match of the 

model results to the data has an average soi l gas saturation of 0.46 for the top 0.15 m of 

soi l compared to a measured value of 0.65 (Figure 5.47). 
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Figure 5.36. KPOla: mean temperature "ersus depth for "alues of lambda betweeu 0.4 and 0.95. 
Calib"ation dala (large blac" squares) aud model results (small squares). 
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Figure 5.40. KPOla: mean temperature versus depth for values of alpha between I ,10.5 and I x 
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Figure 5.41. KPOla: gas saturation versus depth for alpha between I x 10.5 and I x 10"I/Pa. 
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Figure 5.42. KPOla: average gas saturation at 0-0.15 m depth and 0.15 - 0.3 m depth, for values of 
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Figure 5.45. KPOla: gas sahll'atiou versus depth for residual liquid saluratiou between 0.01 and 
0.45. 
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Figure 5.47. KPOJa: the objective function for saturation, showing sensitivity to residual liquid 
saturation. 

Trallsiellt model 

Adjusting the heat and mass flow, and the thermal conductivity to match the amplitude 

and phase shift resulted m the best-fit mass flow of 0.00175 kg/s/m2, with a 

corresponding heat flow of 900 W/nl (Figure 5.48) and wet and dry thermal 

conductivity values of 2.33 and 0.29 W.m/K, respectively. The heat flow rates appear 

to be high, but are comparable to measured values at Karapiti sites (Hochstein et al. 

(2005». The soil thermal conductivity results are also high with respect to the 

theoretical values derived in Chapter 3. A possible explanation is that the soil 

mineralogy is completely different at this site, or that the model permeability is not 

correct. 

As a result of the transient calibration the steady soil temperature profile changed 

slightly (Figure 5.49), due to a significant change in the saturation profile and hence the 

effective thermal conductivity (Figure 5.51 and Figure 5.52). In this case the match 

improved for the deeper section of the profile, but became worse for the shallower 

section. The best match obtained for the amplitude and phase shift is not very good 

(Figure 5.52). One possible explanation can be seen in the transient calibration data, 

with a non-linear slope for the phase shift with depth, and to a lesser extent for the 
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In(amplitude) with depth, which suggests that there is a layered structure to the soil. 

While this could be a result of the soil grain size and mineralogy, it could also be due to 

a more complex saturation profile than can be defined by the available data. 

Table S.4. KPOla , pammeters for the best fit transient model. 

Parameter Estimate 

Mass flow 0.00175 kg/51m2 

Heat flow 900 W /m2 

KWET 2.33 W.m/K 

KDRY 0.29 W .m/K 
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Figure 5.50 . . KPOla: the saturation for depth profile modelled using the best-fit vall Genuchten 
parameters before (light gl'ey) and after the transient calib"ation (dal'!, gl·ey). 
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Figure 5.52. KPOla: the amplitude decay with depth and phase shift with depth for the diurnal 
temperatures. The blacl< squares are the calibration data, and the results of the transient 
calibration a,'e the dark g"ey squares. The depth is in centimetres. 

5.5.3 KPO]a: comparisoll o(computer simulatiolls with mathematical models. 

The total heat flow predicted by the computer model is 900 W/m2, which is much higher 

than the conductive heat flow results for the mathematical models of 228.8 W/m2 

(Model I) or 196 W/m2 (Model II), calculated using a thermal conductivity of 0.8 
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W/m.K. In this case the conductive heat flows above are approximately one quarter of 

the total predicted by the computer models. 

Figure 5.53 shows the shallow temperature profiles for the computer model and all the 

mathematical models for KPO 1 a. The mathematical models III and IV are a good match 

to the mean temperature versus depth data, and predict a deep temperature of 95 °C and 

97 °C respectively. Figure 5.54 shows that the computer model temperature profile 

approaches a constant value of 123°C at 10 m. 

The results for the transient modelling investigation are shown in Figure 5.56. The best 

transient results from the simplest mathematical models I and II. This could be because 

they do not have to match the saturation data, and are also constrained by the linear 

temperature gradient and the requirement that the slope of the curves of In(amplitude) 

and phase shift versus depth should be the same. 

Mathematical models III and IV predict that this site has the largest mass flow (as 

shown in Figure 4.32). This is in agreement with the computer model which also gives 

the highest mass flow of all the four sites (0.00175 kg/s). 
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Figure 5.53. KPOla: cOlllputer Illodel and Illathelllatical Illodels - results for the steady-state soil 
tcmperatul'c. 
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Figure 5.55. KPOla: soil gas saturatiolllll'ofile: computer 11I0delresults. 
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5.5.4 KPOla: discussioll 

The steady-state soil temperature profile was easy to match, but the steady-state soil 

saturation profile was difficult to match, and the transient model was difficult to 

calibrate. 

Careful inspection of the model soil saturation profile (Figure 5.55) shows that the 

saturation is not increasing monotonically with depth, but has a zone of high saturation 

with a lower saturation zone below it. There is no data available to enable selection of 

parameters to enable the matching of this effect, but it suggests the following: 

• This type of phenomena can exist and may be influencing the transient 

temperature data. 

• Averaging the soil saturation over 15 cm depth intervals may have resulted in 

the loss of some important details of the soil saturation profile at this site, such 

as thin layers of condensation at shallow depths. 

The transient resnlts from the computer model are in agreement with the conclusion 

from the mathematical models that this site has the highest mass flow of all the sites in 

the study (0.00175 kg/s/m2 for the computer model). The computer model also shows 

that the total heat flow is an order of magnitude higher than for the other sites (900 
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W/m2); and gives a value for the wet thermal conductivity of2.33 W/mK. Both the heat 

flow and the thermal conductivity values appear to be very high. Theoretical work 

presented in Chapter 3 suggest that for soils with a porosity similar to that measured at 

KPO I a, the wet thermal conductivity should be < I W ImK. 

However, the transient model is not a very good match to the calibration data. The 

transient calibration shows that some of the assumptions made in setting up the model 

may not apply to this site. For instance, the non-linear In(amplitude) and phase shift 

behaviour with depth suggest a layered structure for the soil. It may be that the 

assumption of soil homogeneity, with a permeability of 100 mD, is not valid. It is also 

possible that the soil saturation profile is more complex than can be represented with the 

limited data available. This may affect the thermal properties of the soil and the 

transient temperature behaviour. 
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5.6 KP04 

5.6.1 KP04 data 

KP04 Telllpemtlll'e 

The temperature data from the original KP04 dataset are shown in Figure 5.57. The 

Fourier analysis (Chapter 4) provides the diurnal component of the data, and the steady 

temperature for depth, at 0.05, O.l, 0.15, and 0.2 m (Figure 5.58 and Figure 5.59). 

These data are used to calibrate the steady model , with the top boundary condition set to 

the average air temperature of 24.57 °C. The slope of In(amplitude) and the phase shift 

with depth is similar, although the phase shift profile is slightly curved. 
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Figure 5.57. KP04: measured soil temperature time series. 
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0.00 -r-A---r---,----,---.,.-----,---.,.-----, 
... KP04 

0.05 ........ ...... .. . ...... ... ... ..... .. . d . . . .... ....... .... .. . 

I 
£0.10 ................. ... . 
c. 

• • • • ••••• • • • •••••• • • • •• •• • • • : • • ••• •• •••• ••• • •••• • • ••••••••• d. 

G> 
"C 

0.15 . .. . ... • ..... .. ..... .. 

0.20 +---+--+---+-- +---+- -+---6----\ 
20 30 40 50 60 70 

temperature (deg 0) 
80 90 100 

Figure 5.59. KP04: mean telll peratu re versus depth. 
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Figu!'e 5.61. KP04: measu!'ed soil satul'atiou. 

As for the previous sites, there are two soil saturation measurements from cores taken 

simultaneously with the time series data. Each clata point is the average saturation over 

the depth interval of the cores, which were from 0 to 0.15 m, and 0.15 to 0.30 m. The 

gas saturation is relatively low, at 0.36 and 0.15 for the upper and lower cores, 

respectively. 
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Figure 5.62. KP04: measured soil porosity. 
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The soil porosity is very high at this site at 0.77 and 0.70 for the upper and lower cores 

respectively. An average value of 0.73 is used for the computer modelling. 

5.6.2 KP04 model resllits 

Steady-state model 

The steady-state calibration process is the same as that described for the previous sites. 

The uniform soil porosity used in the model is 0.73 and the permeability used is \00 

mD. The mean atmospheric temperature for this site is 24.57 °e. After the initial 

calibration of the model using the steady-state soil temperatures, the response to the 

unsaturated zone parameters steady-state soil saturation was modelled. The results are 

shown with the same plots as for the sites KP03 and KPO I a 

The match to the steady-state temperature profile is good; and the match to the steady

state saturation profile is also good. The modelled steady temperature was not very 

sensitive to changes in some of the van Genuchten parameters with a maximum 

variation of 3°e at 0.15 L11 depth over the range of values of lambda and alpha 

considered (Figure 5.63 , and Figure 5.67). 
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However, as for site KPOla, varying the residual liquid saturation caused a relatively 

large change in soil temperature (Figure 5.71). Unlike KPOla, there was no need to 

recalibrate the model using the temperature data after the ca libration against the 

saturation data, as the best· fit value for Sir was already the best fit to the temperature. 

The saturation profile varied significantly with I"~ (( and Sir, with the largest variation of 

just over OJ5 at 0.1 m depth for alpha varying between 2.5x 10.5 and l.Ox 1 0.3 IIPa 

(Figure 5.68). Variations in lambda resulted in widely varying profiles of saturation 

versus depth (Figure 5.64), and produced two minima in the objective function, as 

shown in Figure 5.66. The best fit combination of parameters is /.. = 0.5, (( = 8.5x 1 0.5 

IlPa, and the Sir = OJ. 
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Figu"e 5,63, KP04: tempe,'atll"c verslls depth for lambda between 0.4 and 0,95, 
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Figure 5.68. KP04: gas saturation versus depth ror alpha between I x 10" and I x 10" lIPa. 
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Figure 5.70. KP04: objective function for saturation, showing the sensitivity to alpha. 
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Figure 5.74. KP04: objective fUllction for saturation, showing the sensitivity to residual satul'ation. 

TI'IIlIsiellt model 

The results of varying the mass and heat flows are presented graphically III the 

following order and summarised in Table 5.5 . 

The best-fit model for the transient response gave an optimum mass flow of 0.00165 

kg/s/m2 (Figure 5.75), with an accompanying heat flow of 917 W /m2, and wet and dry 

thermal conductivity of 1.56 W /mK and 0.2 W /mK respectively. These thermal 

conductivities are significantly higher (double) than those derived in Chapter 3. 

The transient calibration changed the saturation profile, for the worse (Figure 5.77 and 

Figure 5.78), and the temperature versus depth profile was changed slightly (Figure 

5.76). 

The match to the temperature transient data is shown in Figure 5.79. The model does 

not match the phase shift profile, but manages to join the top and bottom points. For the 

plot of In(amplitude) the model results do not have the same slope as the calibration 

data. KP04 is a relatively hot site, and the non-linear phase shift profile, like that for 

KP01a, could be the result of a more complex soil saturation profile than can be seen in 

the available saturation data. 
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Table 5.5. KP04: parametel's for the best fit transient model. 

Pal'3J11ctcl' Estimate 

Mass flow 0.00165 kg/s/m' 

Heat flow 917 W/m' 

KWET 1.6 W.mlK 

KDRY 0.2 W.m/K 
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Figure 5.75. KP04: transient model objective functions - phase shift (dotted line), and amplitude 
decay (solid line). 
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5.6.3 KP04: comparison of cOlI/pllter simlilations with mathematicalmo(/els. 

The steady-state temperature profiles from all the modelling results are shown in Figure 

5.80 below. The linear profiles from mathematical models I and II give a conductive 

heat flow of 287.2 W/m2 and 265 .6 W/m2 respectively (assuming a soil thermal 

conductivity of 0.8 W/mK). The computer results for total heat flow are 917 W/m2
• 
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The conductive flow results from the mathematical models are approximately to one 

third of the total heat flow given by the computer model. 

The mathematical models III and IV which include mass flow are a very good match to 

the steady-state soil temperature profile. These models predict a 'deep' temperature of 

119 °C and 123 °C for Model III and Model TV, respectively. For these models the 

temperature profiles become almost isothermal at depths between 1 and 2 m when the 

temperature versus depth profile becomes ve11ical. This is the highest 'deep' 

temperature predicted by the mathematical models. 

In the computer model the temperature profile becomes approximately isothermal once 

the gas saturation has reached zero, i.e. below the water table. For the computer model 

of KP04 tlus occurs at 15 m depth. At this depth the temperature is approximately 132 

°C for the computer model. This is also the highest deep temperature predicted by the 

computer models. This is reasonably close to the prediction of 123 °C from the 

mathematical model. 

For this site the plots ofln(amplitude) and phase shift versus depth have a similar slope, 

although the slope of the phase shift curve is not linear. The mathematical models I and 

II give the best match overall. 

The predicted mass flow for KP04 from the mathematical models is approximately half 

that of KPOla. The computer model of KP04, however, has a mass flow of 0.00165 

kg/s, very close to the result for KPOla 0[0.00175 kg/so 
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5.6.4 KP04: discussioll 

This site has the highest temperature at 20 cm depth (89.7 0c). The models fit the data 

better than the other high temperature site (KPO I a). Plots of the transient calibration 

data (In(amplitude) and phase shift versus depth) are approximately linear and have a 

similar slope; however the calibration of the transient model produced bets· tit 
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parameters that changed the steady saturation and temperature profiles, in the same 

manner as for KPO 1 a. 

The transient calibration results of a mass flow of 0.00 165 kg/s/m2 and a total heat flow 

of 917 W Inl are comparable to the resnlts for KPO I a (0.00175 kg/s/m2 and 900 W Inl). 

The thermal conductivity results from both these hotter sites are significantly higher 

than the values for Karapiti soils derived in Chapter 3. The wet thermal conductivity is 

0.8 W/mK, 1.6 W/mK, and 2.33 W/mK from Chapter 3, and the KP04 and KPOla 

computer models, respectively. Thus model calibration for both of the hotter sites 

considered in this study gives larger values of thermal conductivity than the theoretical 

values. 
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5.7 KP02 model 

5.7.1 Illtrodllctioll 

Site KP02 was modelled in the same maimer as the previous sites. In addition a tin'lher 

study using the inverse modelling package iTOUGH2 (Finsterle (2000)) was carried 

out. This allowed more combinations of parameters to be considered, with particular 

attention being paid to the model sensitivity and correlation between parameters. 

iTOUGH was used in 'grid search' mode to generate objective function values for a 

range of heat and mass inputs to the base of the model. The resulting objective function 

showed a correlation between heat and mass input for a given thermal conductivity. 

However, it is possible to locate a global minimum in the surface, and the corresponding 

values were used to estimate heat and mass flow, and thermal conductivity only to 

within a multiplicative constant 

Parameter correlations and the contribution of the fit to the temperature data to the 

objective function for the van Genuchten parameters were also investigated in this 

study. The sensitivity of the fit to the temperature observations is moderate at low 

values of residual liquid saturation (Sir), and the objective function combining 

temperature and saturation data can be used to select best-fit values for the van 

Genuchten parameters. However there is clear correlation between the parameters, with 

log(alpha) decreasing as lambda, SIr> and thermal conductivity increase. Representative 

'good fit' parameters, with Sir = 0.2, alpha = 2.4 x 10.5 IlPa, and /. = 0.73, were used as 

the basis for transient modelling. 

5.7.2 KP02 data 

Tempel'lltllre 

The original temperature time series is shown in Figure 5.84, and the diurnal component 

of the data from the Fourier analysis is shown in Figure 5.85 . The mean of the diurnal 

temperatures give the steady-state soil temperature profile in Figure 5.86. The mean 

temperature at 20 cm depth is 54.7 °C. 
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The transient response to the diurnal temperature variation shows that for this site the 

plots of In(amplitude) and the phase shi ft versus depth are both reasonably linear, but do 

not have the same slope. 
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Figure 5.84. KP02: measured soil temperature lime series. 
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The measured soi l saturations show a relatively small difference between the two cores. 

The 0-0. 15 111 core had a gas saturation of 0.51, and the 0.1 5 - 0.3 m core a gas 

saturat ion of 0.32 (Figure 5.88). The two cooler sites KP03 and KP02 have a higher gas 

saturation in the lower core interval (0.36 and 0.32 respectively) than the warmer sites 

KPO I a (0.05) and KP04 (0 .1 5). 
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Porosity 

The soil porosity is almost the same for both core intervals (0.67 and 0.68). The model 

was assigned a uniform porosity of 0.68. 
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Figure 5.89. KP02: Illcasul'cd soil porosity. 
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5.7.3 KP02 Mode/results 

Steady-state mode/ 

The same modelling approach was used as for the previous sites. The soil is uniform 

tlu'oughout the model, with a permeability of 100 mD; and a site specific porosity of 

0.68. The steady-state boundary condition is the average air temperature from the 

Fourier analysis, which in this case is 25.47 °c. 

Initially the steady-state soil temperature profile was matched by adjusting the 

geothermal mass and heat flow input at the base of the model, and the thermal 

conductivity. The next stage of modelling showed that the relative permeability and 

capillary functions have a strong effect on the soil saturation but only a small effect on 

the soil temperature. The results for each unsaturated zone parameter are shown below. 

Variations in the van Genuchten parameters have a large effect on saturations and a 

moderate effect on temperatures (Figure 5.90, Figure 5.91, Figure 5.94, Figure 5.95, 

Figure 5.98, and Figure 5.99). Varying a from I x 10-5 to I X 10-3 llPa results in a 

maximum 0.55 variation in gas saturation (at 0.1 m). The effect on the temperature is 

greatest for variations in the residual saturation, with a maximum difference of 5.4 °c 
over the range of values considered. The combination of van Genuchten parameters 

which gives a good match to the saturation profile for KP02 are: I, = 0.75, a = 2.5 x 10-5 

lIPa, and Sir = OJ (Figure 5.104). 
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Figure 5.101. KP02: objective funclion fol' saturatiou, showing the sensitivity 10 SJI'. 

Transient model 

Calibration of the transient model (Figure 5.102) gives the best-fit mass and heat flows, 

and thermal conductivity for this model. The objective function for the model fit to the 

data for In(amplitude) and the phase shift versus depth (Figure 5.102) is minimised for a 
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steady geothermal heat input to the base of the model of 0.00 I 04 kg/s/m2, with an 

associated heat flow of 352 W/m2, wet thermal conductivity of 1.36 W/mK, and dry 

thermal conductivity of 0.17 W/mK. Again the thermal conductivities are higher than 

the theoretical values derived in Chapter 3. 

The steady-state soil temperature profile (Figure 5.103) and the saturation profile 

(Figure 5. \04 and Figure 5.105) are both a reasonable match to the data. Adjusting 

parameters during the calibration of the transient model did not significantly affect the 

steady-state soil temperature, but did affect the saturation results, slightly for the worse. 

The match to the transient temperature data is shown in Figure 5.106. The 

In(amplitude) and the phase shift profiles are both matched well by the computer model, 

despite the slope of the plot of phase shift versus depth being much steeper than the plot 

ofln(amplitude) versus depth. 

Table 5.6. KP02: parameters for best-fit transient model. 

Parameter Estimate 

Mass flow 0.00104 kg/s/m' 

Heat flow 352 W/m' 

KWET 1.36 W.m/K 

KDRY 0.17 W.m/K 

182 



0.2 ,-----,-----,-----,-----,-----,-----, 

0.18 

0 .16 

........ .........• 

...... ~ ... ... ... . .. .... .. ... ~. 

....... .. ..... ............ .. ....... .. . . ............... . 

....... .. .... j ... ............... .. .. ! .. .. .. .. ............ ~ .. .. ... ... .,.. .~ 

c 0 .14 
o 

: ,. ,,., 
... ~ ... .... .... ........ .. 

g 0.12 
.a 
~ 0.1 

~ O.OB 
'Ii 
00.06 

0.04 

······ ·····f-·· 

:--_ ..... _..r'f. ............ ... . ----r-
... .. ............. . , ............... ...... ~.. ··· ········i 
- - amp-fit 

.; 

,.," ... . -y ... 
: ...... " , ;.;.; .~ .. .. ! ..... +. 

0.02 

O +-----,----~---~---~---;----~ 
- phase-fit 

o 
g) 
o 
o 
ci 

'" g) 
o 
o 
ci 

o 
o 
~ 

o 
o 
ci 

'" o 
~ 

o 
o 
ci 

maos (kg/o) 

o 
N 
~ 

o 
o 
ci 

Figlll'e 5.102. KP02: model obj ective functions - phase shift (dotted line), and amplitnde decay 
(solid line). 

E 
.c a 
Q) 
'0 

0.00 -r---C-l-.----,---- --,--- ---,----- -, 

0.05 

0.10 

0.15 

0.20 +-----+-----;--------i----(J--~ 

20 30 40 
temperature 

50 60 
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Figure 5.104. KP02: saturations versus depth profile. The plot shows the results before the 
transient calibration (light grey circles), and after the transient calibration (dark grey circles). 
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Figure 5.105. KP02: average satul'alions over the core depths. The plot shows the results before 
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Figu,'c 5.106. KP02: numc"icalmodel best-fit transient temperaturc response. The depth is in 
centimetres. 

5.7.4 KP02: comparisoll o(complItel' simll/atiolls wittz mattzematica/mode/s. 

Mathematical models I and II give a conductive heat flow for KP02 of 126.4 W /m2 and 

119.2 W 1m2 respectively, based on a thermal conductivity of 0.8 W ImK. The total heat 

flow according to the computer model is 352 W 1m2 

The soil temperature profile results from all the mathematical models and the computer 

models are shown below (Figure 5.107). The computer model and the mathematical 

models that include mass flow (models III and IV) are all a very good match to the 

calibration data. Models III and IV predict a 'deep' feed temperature of 73 °C and 72 °C 

respectively. The computer model temperature profile becomes isothermal at around 4 

m depth at a temperature of 80.7 °C, which is in reasonable agreement with the 

mathematical models. 

The results for all the models of the transient data are shown in Figure 5.110. 

Mathematical models I and II cannot be expected to be a good fit to the diurnal 

temperature data because the condition that the In(amplitude) and phase shift versus 

depth must have the same slope is not met by the calibration data. The computer model 

and mathematical models III and IV are all a reasonable fit ; the computer model is the 

best fit for the amplitude results, while mathematical models III and IV are the best fit 

for the phase behaviour. 
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The mathematical models predict that the mass flow for KP02 and KP04 will be similar 

(Figure 4.32), whereas the estimate of mass flow obtained from the calibration of the 

model against the transient data (0.00104 kg/s/m2) is approximately two-thirds less than 

that predicted for KP04 (0.00165 kg/s/m\ 
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Figure 5.107. KP02: computer model and lIIathelllatical models; results for steady-state soil 
temperatures. 
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Figure 5.108. KP02: colllputer 1II0deiresuits for steady-state soil temperatures to a depth of3 Ill. 
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Figure 5.109. KP02: computer model results for steady-state gas saturations to 3 m depth . 
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Figure 5.110. KP02 : I'.sults for the computer model aud all the mathematical models for the 
transient temperature vaJ'iations. The depth is in centimetres. 

5.7.5 DisclIssiol1: TOUGH2 model 

KP02 is a relatively cool site with temperature of 54.72 °C at 20 cm depth. The model 

steady-state temperature is not significantly changed by parameter adjustments made 

during the transient model calibration, whereas the saturation profile changed slightly. 
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The mass flow and heat flow are greater than that for KP03 but less than KPO I a and 

KP04. 

The slope of the In(amplitude) and the phase shift with depth are quite different, but 

despite this fact the computer model can fit all the data well. The results of the transient 

calibration give wet and dry thermal conductivities of 1.36 W/mK and 0.17 W/mK, 

respectively, which are higher than the theoretical values derived ill Chapter 3 (0.8 

W ImK and 0.1 WmK), but still are lower than those estimated for sites KPO 1 and KP04 

(with wet thermal conductivities of2.33 W/mK and 1.56 W/mK respectively). 

The linearity of the amplitude and phase behaviour with depth may indicate that there 

are no layering effects in the soil, for instance, no strong saturation contrasts. 

5.7.6 [TOUGH modelling 

For KP02 the inverse modelling simulator iTOUGH was used in 'grid search' mode to 

enable a larger number of runs to be carried out to generate the objective function 

values for a range of parameters. These parameters were the steady heat and mass 

inputs to the base of the model, and also the relative permeability and capillary function 

(van Genuchten) parameters. The grid search mode allowed an evaluation of the 

behaviour of the model over a large range of parameters, but showed that for the van 

Genuchten parameters it is difficult to get a unique answer due to the limited data 

available. iTOUGH was used only for the steady-state model calibration. The transient 

modelling process used was the same as that described in previous sections of this 

chapter. 

Thermal conductivity, and steady heat al/d mass iI/put 

For the steady-state heat and mass flow, three grid searches were performed; with each 

grid search run using a different thermal conductivity. This work was carried out prior 

to the conclusion of the work discussed in Chapter 3 Oll evaluating the thermal 

conductivity parameters for modelling. Hence the ratio of wet thermal conductivity to 

dry thermal conductivity used for the iTOUGH modelling is 1 :0.428 (the conclusion of 

Chapter 3 is that for Karapiti soils it should be I :0.125). The ratio used in models 

discussed in this section is the aritlunetic mean of the series and parallel models as 
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described in Chapter 3, with porosity appropriate to the Karapiti soils (Newson et al. 

(2002)). Other than this the model parameters used for each grid search were identical. 

Table 5.7 shows the thermal conductivity values used. The observation data for the grid 

search were the average temperature versus depth profiles. 

Table 5.7. Thumal conducti"ily "alues for ITOUGH grid seal'ch modelling. 

KWET 

0.8 

1.0 

1.2 

KDRY 

0.342 

0.428 

0.513 

The objective function based on the temperature observations only, with KWET = 0.8, 

1.0, and 1.2 are shown in Figure 5.111. The long valley in each objective function 

surface shows this would be a difficult optimisation problem to solve using iTOUGH2. 

Although there is a global minima (shown in red), for each value of thermal 

conductivity there is a range of heat and mass inputs that provide a reasonable match to 

the data. 

The heat/mass combinations represented by the mllllma of the objective functions 

shown in Figure 5.111 are shown in Figure 5.112. 

This work determines the values of heat flow, mass flow and thermal conductivity to 

within a multiplicative constant. This is essentially an automated version of the process 

involved in modelling all the Karapiti sites described previously, but it considers a 

greater range of parameters. 
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Figure 5.111. Objective fUllctioll cOlltours for the steady-state temperature calibratioll. Because of 
the diagonal orientation of the valley in the objective fUllction sllrface, the objective fUliction 
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Figure 5.112 Heat and mass flow combinations for the minima of the objective fUllctions shown in 
Figure 5.111. All three heatlmass combinatiolls lie all a straight lille. 
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Re/ative permeability and capil/wy parameters 

The van Genuchten parameters have a large effect on gas saturation. Unfortunately 

optimisation of three van Genuchten parameters is not possible with the two available 

observation points. Including the temperature observation points into the objective 

function made the problem acceptable to iTOUGH2, but correlation between the three 

van Genuchten parameters means iTOUGH2 cannot identifY a unique solution. Again a 

grid search technique is used to: 

• investigate sensitivity of the model temperature response to the van Genuchten 

parameters, and 

• narrow the range of possible van Genuchten parameters. 

iTOUGH2 is used to generate a grid of objective function values for combinations of 

the van Genuchten parameters a and /c. Grids were generated for residual liquid 

saturation values of 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40. The range of log 

a and" was -5.0 to --4.2, and 0.5 to 0.9, respectively. This entire process was carried 

out three times for models with KWET values of 0.8, 1.0, and 1.2. The heat and mass 

flows used were the optimum values determined from the steady-state model (shown in 

Figure 5.112). 

Each grid of objective functions was contoured, and these contour plots are shown in 

Figure 5.113 for KWET = 0.8 W/mK, Figure 5.114 for KWET = 1.0 W/mK, and Figure 

5.115 for KWET = 1.2 W/mK. The objective function contoured here is the sum of the 

objective functions for temperature and saturation. The steep contours in the lower 

right-hand corner of Figure 5.113 (a) are where the model failed to reach a steady-state. 

The figure shows that non-uniqueness is a problem as there is more than one 

combination of (l" /c and Sir that produce a good fit to the observation data. The 

objective nmction for a and" has a crescent-shaped trough for -4.4 < log(a) < -4.9 and 

0.55 < " < 0.09. This trough occurs for all thermal conductivities and at low values of 

residual saturation (up to Sir = 0.15). Therefore although the parameter range has been 

considerably narrowed, more saturation data would be required to identifY a unique 

solution. Based on Figure 5.114 representative parameters were chosen of: K WET 
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=1.0, SI,=0.2, log(a) = -4.62 (alpha = 2.4E-5 lIPa) and A = 0.73. The model saturations 

for this case are shown in Figure 5.117. 
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Figure 5.113. Objcctive functions genera/~Jlb~ITOUGH (including temperature and saturation 
data). For thermal condnctivity of 0.8 W/mK. Each plot is fo, ' a diffe"ent value of residual liquid 
saturation : a) is fo, ' S" = 0.05, b) is fo,' S" = 0.1, c) is for S" = 0.15, d) is for S" = 0.2, c) is for S" = 
0.25, I) is for S" = 0.3, g) is for S" = 0.35, and h) is fo,' S" = 0.4. 
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Figure 5.113 to Figure 5.115 are the sum of the objective functions for the separate fits 

to the temperature and saturation data. When each of the objective functions is 

investigated separately, the model results for temperature are less sensitive to the van 

Genuchten parameters than the results for saturation, i.e. the contours of the objective 

function for temperature do not have such a range (are flatter) as the contours of the 

objective function for saturation. Figure 5.116 shows the range of values for the two 

objective functions, for saturation and for temperature, for each grid search. The 

sensitivity of the fit to the temperature data is never as high as the sensitivity of the fit to 

the saturation data. The model temperature output is most sensitive when the residual 

liquid saturation is low, because the soil is relatively dry, so the thermal conductivity 

will also be relatively low. 
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Figure S.117. KP02 : model results. (a) Ave ... ge temperature data (black circles) and modelled 
temperatures (grey circles and line). (b) Gas saturation data (large black circles) and modelled 
saturations (g,·ey circles and line). 

5.7.7 KP02 Transient model 

The transient modelling process is as described for the previous models. The transient 

model is run for different mass inputs, and proportional heat and thermal conductivities. 

The difference is that the van Genuchten parameters, and the initial thermal 

conductivities, heat flow, and mass flow, are the best fit values identified by the 

iTOUGH grid search results, The van Genuchten parameters are a = 2.4 x 10.5 IIPa, ), 

= 0.73, and Sir = 0.2. For this KP02 model, the best results from the transient modelling 

are for the mass flow = 0.00 I 06 kg/s, the heat flow = 349 kg/s, the wet thermal 

conductivity = 1.2, and the dry thermal conductivity = 0.52. 

The corresponding model results and calibration data for the amplitude and phase shift 

with depth are shown in Figure 5.119. The model temperature response and the 

measured ground temperatures are shown in Figure 5.120. 
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Figure 5.120. KP02: measured aud modelled temperature respouse. 

5.8 Discussion 

This study has used iTOUGH2 to generate objective function surfaces to further 

investigate the calibration process for models of the subsurface temperatures and 

saturations near the KP02 site at Karapiti. 

The study has shown that the automated matching of steady"state heat flow and mass 

flow is difficult because of the valley-like shape of the objective function. 

Only two observation data points for soi l saturation were available but by using them 

and the steady-state temperature data it was possible to make some progress on 

choosing best-fit values for the unsaturated zone parameters. However there are 

difficulties with the non-uniqueness of parameter values. The objective function surface 

has a crescent-shaped trough which indicates correlation of parameters. Greater detail 

in the soil saturation with depth observation data may resolve some of these problems. 

inspection of the objective functions for temperature and saturation shows that the 

saturation results are more sensitive to the van Genuchten parameters than the 

temperature results. 
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Calibration of the transient behaviour of the model resulted in best-fit values for the 

mass flow and heat flow tIU'ough the soi l of 0.00106 kg/s/nl and 345 W /m2 The 

thermal conductivities are KWET = 1.2 W /mK and KDRY = 0.513 W/mK. 

When this work is compared with calibration carried out without using iTOUGH the 

results, shown in Table 5.8, are very similar, with a major difference in the dry thermal 

conductivity only. Tllis difference in dry thermal conductivity is expected, as the 

models used a different ratio of wet thermal conductivity to dry thermal conductivity, 

Table 5.8. Parameter \,.Iues for ){P02 models. 

Parameter lTOUGH estimate TOUGH2 only 

CJ. 2.4 X 10-5 2.5 X 10-5 

0.73 0.75 

0.2 0.3 

Mass flow kg/s/m2 0.00106 0.00104 

Hcat flow W/m2 345 352 

Wet thermal conductivity 1.2 1.36 

DI1' thcl-mal conductivity 0.513 0.17 
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5.9 Hochstein-Bromley model for heat flow pt'edicted by boiling 

depth 

Hochstein el al. (2005) suggest that the heat flow from warm ground can be related to 

the depth of boiling by an empirical relationship given in Section 2.4, but repeated here: 
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~1000+····· · · · · .. ·· .. ·· .. · .. ·· .... · .... ··· ~~ .. ···· ····· ·· ·· · .. ·· .... .. .. ...... .... . , ..... .... ... .... .. ... ...... ... ............ , 
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10~------4-------r-----~ 
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10 

Figure 5.121. Heat flow in Wlm' as a function of boiling depth for hot ground at Kal'apiti 
according to Equation 5.6 (B1'omley el fli. (2005». 

5.6 

In Equation 5.6, qlot is the total heat flow, a = 185 W/m2, and b = 0.757 for the Karapiti 

data, Zgp is the boiling depth, and Zo is the unit depth I m. 

This model was tested using the same computer model used for all the Karapiti models 

in this study. For each group of simulations, the mass input was fixed, but the heat flow 

was varied for each !Un, and the depth of boiling recorded. There are tlu'ee groups of 

simulations, each with a different mass flow. The mass and heat input, and the depth to 

boiling, are shown in Figure 5.122 below. The plot shows that the boiling depth is 

related to heat flow, for a given mass flow. At shallow depths, « 0.3 m) the trend 

follows the Hochstein-Bromley model, however, as the depth increases the trend 

changes, and a very small change in heat flow causes a larger increase in boiling depth. 

Hence the concept that heat flow is related to boiling depth appears to be correct, but the 

model shows that the boiling depth is also related to the mass flow. 
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The model also gives a depth to the water table, limited to the top 50 m of the system 

because this is the maximum depth of the model. Figure 5.121 shows that for a given 

mass flow, the depth to the water table (shown as depth to 100% saturation) increases 

with increasing heat flow. For lower mass flow, the depth to the water table was below 

50 m for all but the two lowest heat flows modelled. 
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Figure 5.122. The Hochstein - Bromley model of heat flow related to boiling depth (blue line), and 
computer simulation results. The computer simulation results are for mass flows indicated. The 
circles are for depth to boiling conditions from the surface, and the diamonds arc depth to the 
water table. 

5.10 Chapter summary 

The first question posed at the beginning of this chapter was: "Can we suggest a method 

of calibration with available data?" 

The answer to this question is conditionally affirmative. If a permeability value is 

assigned to the soil, then the data available for this study can be used to predict the heat 

and mass flow through geothermal soils. First the steady-state soil temperature profile 

is calibrated by adjusting the mass and heat flows and the thermal conductivity of the 

soil. Then the soil saturation can be calibrated by adjusting the unsaturated zone 

parameters, which in this case were the parameters for the van Genuchten-Mualem and 

van Genuchten relative permeability and capillary functions respectively. The model 

soil saturation profile is sensitive to these parameters. Variation of one parameter, for 
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instance alpha, in the KP02 model resulted in a 45% change in saturation. This is the 

largest response, but commonly the change in saturation over the range of parameters 

used in this study was 15 - 20 %. If the thermal conductivity is low then there may need 

to be another iteration of the steady-state calibration. Unfortunately the measured soil 

saturation data was inadequate to define the detailed saturation structure that may affect 

the diurnal temperature transients in the soil. 

Simple computer models have shown that geothermal heat and mass upflow through the 

soil are a major influence on the way the diurnal temperature variation spreads into the 

ground. Thus the next step in the process is to match the temperature transients. The 

boundary condition is the atmospheric temperature including the diurnal variation, and 

the model response is compared to the diurnal component of the measured temperatures 

at each depth . The transient response is very sensitive to the steady heat and mass input 

to the base of the model, and the model response is calibrated by adjusting the mass and 

heat flow and the thermal conductivity by a multiplicative constant until a best match is 

attained to the profiles of In(amplitude) and phase shift versus depth. The quality of the 

match appears to be best for low temperature sites where the phase shift and 

In(amplitude) profiles are both approximately linear with depth. 

For site KPOla this data is not linear, the slope changes with depth, which indicates 

layering in the soil. The available data does not show if this is layering due to the 

properties of the soil such as grain size, or due to vel1ical variation in the gas saturation. 

One indication that it may be due to contrasting soil saturation is the response of the 

model which develops these saturation 'reversals' with depth for some heat flow, mass 

flow, and unsaturated zone parameter combinations. 

Secondly, what do the models tell us about heat and mass transfer in geothermal soils? 

• That there is significant mass transfer. 

• That the steady geothermal heat and mass flows strongly influence the diurnal 

temperature variation in the soil. 

• The soil saturation can be a highly variable with depth. 
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• Heat and mass transfer occurs by a process of condensation and evaporation in 

the very shallow subsurface. 

Finally, what conclusions can we make about field data collection for future studies? 

The field data required are temperature time series at regular depth intervals and soil 

saturation data, preferably at the same depth resolution. Information on soil 

permeability and layering structure may help to calibrate the model more accurately, 

although the present study has not fully tested this hypothesis. 
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6 Reservoir pressure drawdown and thermal 

features at the Alum lakes. Wairakei 

6.1 Introduction 

The local groundwater system and surface geothermal features such as geysers, boiling 

pools, mud pools, and steaming ground at Wairakei, New Zealand, have been strongly 

affected by 50 years of fluid extraction from the underlying Wairakei geothermal 

reservoir. The Alum Lakes thermal features are in close proximity to the Wairakei 

borefields, lying between the Western Borefield and Te Mihi, and within a few hundred 

metres of some of the geothermal production wells. Despite their location, for these 

geothermal features there is no record of a significant response to changes in the 

Wairakei geothermal reservoir until the late 1990s (Bromley (2001)). Since then, the 

flows from monitored features in the area have decreased. In some cases the flows have 

ceased, and subsequently water levels have continued to decline. 

For this study we have used reservoir data and surface water data to calibrate a two

dimensional (2-D) numerical model that links reservoir drawdown to changes in 

geothermal outflow from the Alum Lakes area of the Wairakei system. The 2-D model 

is based on an existing three-dimensional (3-D) computer model of the Wairakei

Tauhara system, but it uses a finer grid in the vicinity of the Alum Lakes. It is 

implemented with the TOUGH2 geothermal simulator (Pruess, 1991). 

The model shows that pressure decline in the Wairakei reservoir has resulted in a 

cessation of the geothermal up-flow to the overlying Alum Lakes, and the original 

feeder conduit to the Alum Lakes now hosts a down-flow of groundwater. 

6.2 Background 

6.2.1 Locatioll 

The Alum Lakes area is at the head of the Waiora Valley, west of the main Wairakei 

borefield, and between the Western Borefield and Te Mihi (see Figure 6.1 and Figure 

6.4). At 430 to 470 mrsl it is topographically higher than the Western borefield (- 410 
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mrsl) and below Te Mihi (- 500 mrsl). The largest individual feature is Pil'Oril'Ori (the 

Alum Lake, or 'Blue Lake') which is drained by the Kiriohinekai Stream. There are 

many other individual thermal features in the area but 85% of these are steam-heated 

features with little or no mass discharge. 

Figure 6.1. Locatiou of the Alum lakes withiu the Wairakei Geothermal area. The yellow curves 
are the resistivity boundary for the Wairal<ei system. The rcd XiS in the Alum lal<:es area are 
thermal features. Also showlI 011 this map is Geyser Valley to the north-east of Alum lakes, and 
Karapiti (outliued with a red dashed line) to the south. 

6.2.2 Wairakei geotherll/al systell/ 

The conceptual model of Wairakei postulates an up-flow tlu'ough frachlred ignimbrite 

between Te Mihi and the Alum Lakes, which, above - 500 nU'sl (- 1000 m depth), flows 

horizontally eastwards towards the Eastern Borefield wells and the Waikato River. 
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There is also an up-flow of steam frol11 the reservoir that causes the fumaroles and 

steam heated activity at Karapiti in the southwest, and in the natural state there was a 

chloride water up-flow northeast towards Geyser Valley. In its natural , pre-exploitation, 

state the Wairakei system was a predominantly liquid reservoir at close to boiling point 

down to a depth of around 1000 m, with a small volume of steam below the Huka Falls 

Formation (the low permeability cap to the system). 

Production caused a pressure drawdown and boiling in the reservoir, and also induced 

an increase in the deep hot recharge to the system. After 20 years of production the 

Wairakei system had reached a quasi-steady-state, with fluid withdrawal almost 

matched by a combination of hot recharge from the deeper system, cold recharge from 

the surrounding groundwater, and the expansion and drying of the steam zone. 

The existence of a connection between the geothermal surface geothermal activity at 

Wairakei and the deeper geothermal reservoir was shown by the rapid decline of the 

activity at Geyser Valley in response to discharge from the production wells in Waiora 

Valley (Glover and Hunt, 1996). The Karapiti area to the southwest of the Waiora 

valley also showed a response to production from the reservoir, although in this case 

there was an increased heat flow from activity such as fumaroles, hydrothermal 

eruptions and steaming ground (Bromley and Hochstein, 2000). The Alum Lakes area 

at the top of the Waiora Valley is closer than Karapiti to the production wells, yet it has 

shown a slower response to production, in that the flow from the Lakes did not cease 

until the early 1990's. 

A possible explanation for this is the relatively large propOliion of groundwater (- 50% 

based on stream temperature measurements) flowing through the Alum lakes system 

(Bromley e/ al. (2001a». In contrast the chemistry of many of the springs at Geyser 

Valley indicated a high propOliion of reservoir fluid (Glover, 1996,2000) and activity at 

the Karapiti area is fed by a strong steam flow from the boiling reservoir, flowing up

dip tlu'ough the buried Karapiti rhyolite dome. 

The groundwater in the upper Waiora Valley flows from the high ground in the west 

towards the east, and in the natural state there is groundwater discharge at the Alum 

Lakes. The existence of the Lakes above the Wairakei up-flow suggests that there is a 

cotUlection that allows steam to flow frol11 the geothermal reservoir to the groundwater 
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system, and that the natural state pressure in the connection was adequate to prevent 

groundwater from flowing down this conduit and into the reservoir. A reduction in the 

reservoir pressure led to a reduction and then cessation of the geothermal up-flow to the 

area. This change was followed by the groundwater being re-directed from the Alum 

Lakes to flow downwards into the reservoir. 

This study uses a 2-D model of the Wairakei system that is calibrated to four sets of 

data: 

I. The natural state temperatures. 

2. The pressure response to production. 

3. Production enthalpies. 

4. The mass outflow fr0111 the Alum lakes. 

Tn the model the Alu111 Lakes are cOlUlected to the reservoir by a high permeability 

vel1ica l conduit, which in the natural state has an up-flow of steam and hot water into 

the overlying groundwater. As the reservoir pressure decreases, the liquid up-flow 

weakens, the steam up-flow ceases, and a down-flow of groundwater develops in the 

conduit. 

The aim of the modelling discussed below is to test the conceptual model described 

above, by reproducing the observed behaviour in a computer model that is detailed 

enough to include a representation of the Alum Lakes and their response to changes in 

the Wairakei reservoir. 

6.2.3 Earl!' history 

Cook's New Zealand Guide (Anonymous (1899» provides an early description of the 

geothermal environment in the Waiora valley at the turn of the century, and the 

temperature of the Kiriohinekai Stream in the Waiora Valley (the 'Blue Lake' is 

Pirorirori): 

"the Kiriohinekai, a hot stream I'IInning from the 'Blue Lake' 
through the grounds a/the Geyser House Hotel, with a temperatllre 
ranging/rom 90 of to 110°F" 
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Kerry-Nicholls (1884) also describes Pirorirori (the largest Alum Lake) as being in a 

'crater-like' depression with rugged walls of trachytic and pumice rock. It is possible 

that the 'trachytic ' texture was actually a hydrothermal eruption deposit. The water at 

this time was a thick opaque blue, with gas bubbles rising to the surface to give off 

'sulphuretted hydrogen'. A cave at the western end of the lake had a cold spring. 

Adjacent to the lake was an extensive area of thermal activity, with what appears to 

have been steam-dominated activity ('sulphur pools'), with one pool over 100 ft in 

diameter. Temperatures are repOlted to have been between 100°F and 206°F. There 

were sulphur, haematite, silica, and alum deposits in the vicinity of the pools. 

The Kiriohineki Stream is reported to have originated as a spring from the vicinity of 

the mud pools and the Alum Lake. The stream temperature at one point was measured 

at 110°F, although the exact location of the measurement is not given (Kerry-Nicholls 

(1884)). 

6.2.4 Description oftlze All/Ill lakes 

The Alum Lakes area consists of individual geothermal pools and thermal ground 

(Bromley (2001)and Bromley ef at. (200Ia)). Natural state information is provided by 

Gregg ef at. (1951) who mapped the extent of the thermal ground and gave details for 

over 100 springs, including the chemistry and discharge rates, for the period May -

August 1951. In the natural state the water in the Alum Lakes was a mixture of 

condensed steam, a small amount of deep chloride water, and groundwater, (Grange 

(1955), Glover el al. (2000b)). Ninety-six percent of the springs had a pH of less than 

3.7, and eighty-four percent were 'turbid' or 'mudpots' (Gregg ef al. (1951 ),Bromley 

(2001)) with no mass outflow. Of the three remaining springs, two flowed into 

Pirorirori, the largest lake in the Alum lakes area. 

Bromley (2001) identified three significant features of the area that have experienced 

reduced flows in the last 50 years. In order of descending elevation they are: 

1. Pirorirori: Pirorirori (#403) is the largest individual feature, and the source of the 

Kiriohineki Stream which drains the area. In 1951 Pirorirori had a temperature of 47 

°C, a pH of 2.5, and an outflow of 11 lis. Visible inflows to the lake were two springs 

on the margin of the lake (labeled as #401 and #402 by Gregg and Laing (1951)) with a 
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temperature of25 °C, a pH of6, and a combined flow of 151/s. These two observations 

suggest that the lake was steam heated and that a significant proportion of the outflow 

was subsurface. Pirorirori surface outflows are thought to have stopped by the mid 

1990's, although the confirmed data does not record a zero flow until January 2001. 

The level of Pirorirori did not change significantly between 1951 and 2001. However, 

since 2001 the lake level has dropped by over 3 Il1 and the Kiriohineki Stream has 

ceased flowing. 

2. Butterfly Spring: The Butterfly Spring (Heavenly Twins) originally consisted of two 

pools (Gregg ef al. (1951)) which subsequently merged into one. The combined 

discharge from these springs in 1951 was 7.5 lis. The Butterfly Spring was observed to 

have ceased flowing by 1997, but there is no record of exactly when the discharge 

stopped. 

3. Devil's Eyeglass: The Devil's Eyeglass springs flowed between 1951 and 1997, but 

the chloride content decreased from 667 mg/kg in 1951 to 154 mg/kg in 1997, and the 

flow reduced from 1.6 lis to 0.7 lis, indicating a reduction in recharge from the deep 

reservoir. By March 2001 the water level in the spring had declined by around 0.15 m, 

which we have assumed indicates that the spring was not discharging. 

Bromley (2001) suggests that reduced flows of steam from the Wairakei reservoir were 

the reason for the changes in surface flows and water levels at Alum lakes, and also that 

new fractures resulting from low magnitude ealthquakes may have accelerated the water 

level decline. 

6.3 Numerical model 

6.3.1 Conceptl/alll/odel oftfte A 11/11/ Lakes 

The numerical model is based on the conceptual model of the relationship of Alum 

Lakes to the Wairakei reservoir that is shown in Figure 6.2. Tills is a vertical cross

section tlU'ough the Waiora Valley and Te Mihi showing the up-flow portion of the 

Wairakei convective system. 

The host rocks at Wairakei are high permeability, sub-horizontal sedimentary layers of 

pyroclastic, volcaniclastic, and volcanogenic deposits. These rocks are capped by a low 
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permeability layer which is a paltial aquitard. The deeper pyroclastic rocks, namely the 

Wairakei Ignimbrite and ignimbrites associated with the Waiora Formation, are welded 

to varying degrees and fracturing is expected to be responsible for some of the 

permeability in these deeper rocks. 

The Alum Lakes are fed by a high permeability cOIUlection between the Wairakei 

reservoir and the surface. The upper region of the conduit has up-flowing steam ancl 

water which mixes with groundwater at a shallow level and discharges at the Alum 

lakes. 

WNW 

groundwater flow 

geothermdl up flow 

ESE 

low permeabllitv 

I high permeability conduit to 
Alum lal:es area 

/ Eastem 
Borefield 

high permeablhty pyroclastics and 
vo!canOQenlC sediments 

Figure 6.2. Conceptual model of the Alum lal(cs and Wairakei rese .. \,oil' connection. 

6.3.2 Model Desigll 

The model consists of a two dimensional east-west veltical slice tlu'ough the main 

production reservoir at Wairakei , and following the centre of the Waiora Valley. Figure 

6.3 shows the 2-D model superimposed on the large scale 3-D reservoir model of 

Wairakei-Tauhara (O'Sullivan e/ al. (2009)). The 2-D model includes the Alum Lakes 
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area, the Wairakei up-flow, the Western and Eastern borefields, and patt of the Te Mihi 

steam reservoir. The individual Wairakei wells (circles), and the features of the Alum 

Lakes area (black triangles) that have been used to calibrate the model are shown in 

Figure 6.4. The 2-D model does not include Geyser Valley or Karapiti, and the 

recharge zones to the east and west of the system are not modelled in detail. The 2D 

model should not be seen as a precise representation of the whole of the slice shown. 

Instead it should be considered as a 2-D approximation of the Wairakei system 

including the main large-scale reservOir features and incorporating a detailed 

representation of the Alum Lakes area. 

The model extends up to the ground surface and thus includes the unsaturated zone. 

Therefore the air-water version of TOUGH2 was used for all simulations. 

The model surface represents the ground surface and the top surface of the lakes. The 

surface conditions are constant temperature, pressure, and humidity. An injection of 

cold water is made into the surface blocks to simulate a constant infiltration of 10 % of 

the average rainfall. The end boundaries of the model are approximately 10 km from 

the geothermal system, and are closed (no flow of heat 01' mass). The slice is I km thick 

and no flow is allowed through the sides. 

The boundary conditions imposed on the lower boundary represent the heat and mass 

flows at -2500 mrsl, below the Wairakei system. The values used are a proportion of the 

deep inflows for the 3D model, selected by calibration of the natural state temperatures. 

The two-dimensional model required some refinement of the layer structure used in the 

3-D model. The layer structure is the same from the base of the model (-2500 nusl) to 

300 mrsl (Figure 6.5). The grid in the 2-D model above 300 mrsl is refined into 10m 

thick layers and then into 2 m thick layers where the surface intersects the upper and 

middle Alum lakes. In some locations the top layer thickness was adjusted to match the 

original water level of the individual springs (Figure 6.6). For example the top of 

colunm 172 is set at the water level in the Lower Devil's Eyeglass spring, the lowest of 

the Alum Lakes springs, and there the thickness of the top layer is 12 m. 

The columns at the boundary blocks of the 2-D model are up to 5000 m wide, reducing 

to 100 m in the Alum Lakes area. This allows the individual features to be in separate 
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columns. Pirorirori is in column 160, the Butterfly Spring in column 164, and the 

Devil ' s Eyeglass in column 172. Details of the grid structure in the vicinity of the Alum 

lakes are shown in Figure 6.6. 

The permeability structure and permeability values in the basement (from - 2500 to -

1200 mrsl), and in the recharge zones east and west of the reservoir are the same as in 

the 3-D model. The reservoir permeability values in the 2-D model were adjusted to 

give a good representation of the hot up-flow and lateral outflow. It is not clear how 

much of the production and the deep inflow from the 3D model should be included in 

the 2D model and they were scaled down until the two dimensional model gave similar 

results to the tlu'ee dimensional model. The permeability structure very close to the 

surface and near the Alum lakes was modified considerably during the course of 

calibration. 

62 

6265000 

2770000 2775000 2780000 2785000 27 90000 2795000 

Figure 6.3. Plan view of the large three-dimensional Wairai<ei-Tauhara model grid, and the two
dimensional Alum Lakes model grid. 
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Figure 6.4. Details of the model grid ueal' Alum Lakes. This plot also shows the Wail'akei 
llol'efields. 
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6.4 Natural state model 

6.4.1 Reservoir calibration 

The natural state temperature profiles used for calibrating the 2D model are composite 

profiles using all the available data, from pre-production and early production times, for 

each of the borefields: the Eastern borefield, the Western borefield, and Te Mihi. The 

reversals in the Western and Eastern Borefield temperature profiles indicate that these 

wells are located in a hot lateral outflow. The simpler profiles for Te Mihi wells 

indicate that they are closer to the Wairakei up-flow. 

The model temperatures are matched to the calibration data by adjusting the heat and 

mass input at the base of the model, and by adjusting the permeability structure of the 

model. The reservoir permeability structure given in Figure 6.7 and Figure 6.8 

(horizontal permeability and vertical permeability respectively) shows a high horizontal 

and relatively low vertical permeability in the Western and Eastern borefield reservoirs, 

but with some limited high vertical permeability in the shallow Western Borefield 

reservoir. (from 0 mrsl to 250 nu·sl). There is also a high permeability zone in the 

eastern edge of the reservoir, to allow a surface outflow. Most of the reservoir is capped 
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by a low permeability layer, and from above this layer to the surface there is again a 

zone of high horizontal and low vertical permeability. 

The up-flow to the Alum lakes is guided by a narrow conduit with very low horizontal 

and high vel1ical permeability. West of this up-flow structure, the Te Mihi reservoir has 

a high vertical permeability, with horizontal permeability decreasing in the west. 

The low permeability cap to the reservoir thickens as it approaches the Alum lakes 

conduit. This is necessary to allow the geothermal up-flow to reach the shallow 

subsurface without being diluted by deep westwards flowing groundwater. The 

permeability structure is discussed further in the following section (Section 6.6). 

The temperatures in the model, shown in Figure 6.9, agree with the temperature 

distribution in the subsurface; with the highest temperatures in the up-flow below Te 

Mihi - Alum Lakes, with the outflow moving eastward below the Eastern Borefield. 

Generally the temperature profiles for the model are a good match to the interpreted 

reservoir temperature (see Figure 6. IOa, b, and c). The shallow Western borefield 

temperatures are slightly too cool, but are a good match at the reservoir depth (0 to - 500 

mrsl). The Eastern Borefield and Te Mihi temperatures are a good match. 
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Figu,'c 6.7. The hO"izontal permeability distribution on a vertical section for the Wairakci 
reservoir in the 2-D model. 

500 

250 

o 

·250 

·'00 

9000 10500 12000 13500 
1':0 145 15a5!fJ1U)8tSma 75 180 200 210 220 

\5000 
230 2<0 

"500 

Figure 6.8. The vcrtical permeability distribution on a vertical section for the Wail'31<ci reservoir in 
the 2-D model. 

220 



Barefield 

Figure 6.9. The temperatures in the 2-D Alum laltes model. 
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6.4.2 AlulII Lakes data 

The Alum Lakes field data is taken from Gregg (1951) and Bromley, (200 I), and 

consists of mass flow measurements from Pirorirori, the Butterfly Spring, and the 

Devil 's Eyeglass. Flow measurements from the Kiriohineki Stream that drains the 

Alum Lakes area are not used to calibrate the model, because the stream flow 

measurements include surface runoff. The calibration process for matching the flow 

from the Alum Lakes consisted of adjusting the shallow permeability structure until the 

flow from the model surface to the atmosphere matched the di scharge data for 

Pirorirori, the Butterfly Pool, and the Lower Devil' s Eyeglass. 

The modelling of the reservoir production period is discussed below in Section 6.5 . 

This is followed in Section 6.6 by a discussion of the modelling results for the Alum 

Lakes area. 

6.5 Reservoir production modelling results 

6.5.1 Reservoir model calibratioll 

The results from the calibrated natural state model were used as the initial conditions for 

a transient simulation of the production period. Reservoir calibration for the production 

period uses the well enthalpy and reservoir pressure data from the Western Borefield, 

the Eastern Borefield, and Te Mihi , respectively. 

Figure 6.11 a shows that for the Western Borefield the enthalpy is sl ightly too low at the 

begitming of production. This is a result of the low temperature in the natural state 

above 0 mrsl in the top of the reservoir (Figure 6.1 Oa) . Then the model enthalpy is high 

for the middle of the production period (1962 to 1985) and is a good match for the last 

20 years of production. The reservoir pressure is a good match to data (Figure 6.11 b). 

The enthalpy and pressure for the Eastern Borefield are a reasonable match (Figure 

6.12a and b). The model pressures between 1960 and 1985 are slightly high, and the 

enthalpy slightly low, indicating that there may be rather more recharge than is required 

in the model, suppressing the onset of boiling. 

Te Mihi was the most difficult data to match. By 2005 the model pressure is 10 to IS 

bar too high, and from 1985 to 2005 the enthalpy is too low (Figure 6.13a and b). The 
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Te Mihi reservoir appears to be less homogeneous than the Western and eastern 

borefields and is not easy to represent in a 2-D model. 

However, the main features of the reservoir pressure drawdown and well enthalpy 

hi stories are sufficiently well represented by the model that it was considered to be 

satisfactory for simulating the response of surface features to changing reservoir 

conditions. 
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6.6 Alum Lakes results 

The permeability structure, obtained by calibration of the model to achieve the above 

results, was shown in Figure 6.7 and Figure 6.8. More detailed plots of the sha llow 

zone are given in Figure 6.14 and Figure 6.15. Upstream (west) of the Alum Lakes area 

there is an almost continuous vertical column of low horizontal permeability with two 

small intervals of high horizontal permeabi lity to allow a limited amount of eastwards 
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flowing groundwater to mix with the geothermal up-flow. Column 160 provides the 

high vertical permeability conduit from the reservoir. This intersects a zone of high 

horizontal permeability at 16 m below the slll'face, and this is where the geothermal up

flow mixes with the groundwater. At around 25 m depth below Pirorirori there is a 

layer of low horizontal permeability which prevents all the mixed fluid from flowing 

eastwards and forces some of it to discharge. This discharge to the slll'face is controlled 

by the permeability distribution in the slll'face blocks. 

The up-flow conduit could be interpreted as a fracture zone, while the overall pattern of 

low permeability zones could be due to hydrothermal alteration to clay, or to silicified 

rock. The slll'rounding shallow high permeability represents the permeable pyroclastic 

and pumice volcaniclastic deposits that blanket much of the Taupo Volcanic Zone. 

The flow from the Alum lakes is a combination of steam heated groundwater, and cold 

groundwater, mixed with a small amount of chloride water. Figlll'e 6.16 to Figlll'e 6.19 

below show how these flows beneath the Alum lakes change over time. Each figlll'e is a 

cross-section through the model near the Alum Lakes, with the arrows representing the 

flow between adjacent model blocks. The length of the arrow represents the mass flow 

rate, with a scale arrow on the far right of each figlll'e. For the liquid mass flows, the 

scale arrow represents a flow of 8 kg/s; for the gas mass flow the scale arrow represents 

1.6 kg/so 

The natlll'al state liquid flows (Figure 6.16) show an overall shallow groundwater flow 

downhill from west to east. There is a strong up-flow from the reservoir in column 160, 

some of which outflows at Pirorirori, with a contribution from the shallow groundwater. 

The liquid discharge from the Butterfly Spring and the Lower Devil's Eyeglass is a 

combination of reservoir fluid and groundwater. Groundwater that does not discharge 

at Alum lakes flows downwards in columns 162 and 170, and then flows east, a trend 

that can be seen in the lowest layer shown in Figlll'e 6.16. 

In the natlll'al state steam also flows up through the main conduit from the reservoir 

(Figure 6.17). The steam condenses in the water below Pirorirori and the Butterfly 

Spring. There is a down-flow of water, and a small amount of steam, in columns 162 

and 170 that flows downhill and eastwards through the model. 
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By 1975 the liquid up-flow from the reservoir (in colunm 160) has almost ceased, and a 

down-flow of groundwater exists in the shallow layers of colunm 160 (Figure 6.18). 

There appears to be very little reservoir liquid reaching the surface, and the outflow 

from all the springs is predominantly groundwater. The gas flow in the conduit is 

greatly reduced (Figure 6.19), with only a small up-flow in the deeper levels of the 

Alum Lakes system. 

Figure 6.20 shows the liquid mass flow in the same patt of the model in 2003. There is 

a down-flow of groundwater into the high permeability conduit to the reservoir, and less 

groundwater flowing down and east in columns 162 and 170 than in 1975. There are 

down-flows from the surface in the Pirorirori, and Butterfly Springs blocks, and no flow 

across the surface of the Devil's Eyeglass. By 2003 the small gas flow shown in Figure 

6.19 has been reduced to zero, and there is no gas flow beneath the Alum lakes. 
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Figure 6.21 shows the time history of mass flow in the Alum Lakes feeder conduit 

between layers AJ and JD in Figure 6.20. In the natural state (1953) there is an up-flow 

of liquid of 10.6 kg/s and gas up-flow of2.5 kg/s in column 160. These flows decrease 

over time until by early 1975 the liquid flow becomes a down-flow and the gas flow 

ceases altogether. The liquid down-flow increases in magnitude until the end of the 

simulation in 2003, by which time it is flowing at a rate of 11.4 kg/so 

The flow through the top of the model blocks representing Pirorirori, the Butterfly 

Spring, and the Devil's Eyeglass are shown in Figure 6.22. The calibration data from 

Gregg (1951) and Bromley (2001) are also shown. 

The initial flows are a reasonable match to the natural state calibration data and the 

early (1957) data point for Pirorirori. In the model the Butterfly Spring flow ceases by 

1984, but there is no record of when the flow actually stopped. In the model the 

Pirorirori outflow continues until 2001, although Bromley (2001) notes that Pirorirori 

may have stopped flowing by the mid 1990s. 

The Devil 's Eyeglass continued flowing until at least 1997. This was difficult to 

achieve in the model , and the best result obtained has the Devil 's Eyeglass flow 

decreasing from 1965 onwards and ceasing at around 1984, i.e. at the same time as the 

Butterfly Spring. 
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6.7 Chapter summary 

The modelling research described in this chapter tests the hypothesis that there is a high 

permeability zone beneath the Alum lakes that, in the undisturbed system hosted a two

phase up-flow of water and steam, which mixed with the shallow groundwater and 

discharged at the Alum lakes area. 

The 2-D model presented in this study is based on a large 3-D model of Wairakei with 

finer grid layers in the vicinity of the Alum lakes. By linking the reservoir and the 

surface features in the model, we have shown that the behaviour of the spring flows can 

be explained as a response to reservoir drawdown. 

The model demonstrates that there is a high permeability vertical connection between 

the Wairakei reservoir and the near surface. In the natural state this connection had an 

up-flow of steam and reservoir liquid, sourced from -500 mrsl, almost 1000 m below the 

ground surface. The up-flowing two phase fluid mixed with the overlying groundwater 

in the very shallow subsurface « 20 m depth). 

Low permeability zones that are possibly hydrothermally altered rock control the 

subsurface flows. Hydrothermal alteration may reduce the permeability at depth in the 

rocks surrounding the up-flow conduit, and prevent the dilution of the up-flow. In the 

shallow subsurface (in the top 200 m of the system) a low permeability barrier is 

required up-gradient of the Alum Lakes in order to hold up the eastwards flow of 

groundwater. The spring discharge to the surface is controlled by low permeability 

zones downstream of the springs, which prevent the water from flowing downhill in the 

subsurface, instead forcing it to discharge at the springs. It is possible that these low 

permeability zones are also due to hydrothermal alteration. 

As the reservoir pressure reduced over time, up-flow from the reservoir decreased, with 

the steam and liquid up-flows both ceasing by around 1975. After this time 

groundwater was increasingly diverted from the Alum Lakes springs and instead flowed 

down the high permeability conduit into the reservoir. This concept is in agreement 

with the hypothesis by Bromley (2001) that reduced steam flows from the Wairakei 

reservoir caused the change in surface discharge at the Alum Lakes. However, contrary 

to Bromley's theory, our modelling study shows that no change in permeability is 
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required to explain the change in surface discharge at the Alum Lakes. With continued 

reservoir pressure decline, the down-flows have increased in magnitude, and 

groundwater that once flowed beneath the Alum lakes is being diverted down into the 

reservoir. 
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7 Conclusion 
The first part of this thesis is concerned with modelling heat and mass flows in 

geothermal soils at Karapiti. The aim of this is to use time series data to determine the 

possibility of assessing the heat and mass discharge of warm soil, defining soil thermal 

properties and vadose zone parameters. 

The modelling study of heat and mass flow in shallow geothermal soils has shown that 

using mathematical models and measured air and soil temperature time series it is 

possible to estimate the conductive heat flow or the subsurface temperature, and 

whether there is significant mass flow to the surface. 

The computer models allow us to include all the available data which in this case in 

addition to the temperature data, is soil porosity and soil saturation data. This makes it 

possible to investigate the soil saturation profile with depth and suggest a method of 

calibration for the models. 

The second part of this thesis is to investigate the connection between the Alum lakes 

area at Wairakei and the Wairakei reservoir. The two dimensional model of the 

Wairakei system showed the permeability distribution required for geothermal springs 

to exist in the Alum lakes area. By modelling the reservoir and the detailed spring 

behaviour, the model showed that the decline in spring flow is related to declining 

reservoIr pressure. 

7.1 Karapiti models 

Chapter 2 presents background to Karapiti heat flow studies, and a brief description of 

the geology of the Wairakei system. 

Chapter 3 discusses methods of determining the thermal conductivity of soils. First the 

thermal conductivity of the solid fraction of the soil was determined using various 

models, and an appropriate value based on qumtz content is selected for Karapiti soils. 

Then the wet and dry thermal conductivities as a function of porosity are calculated 

from the same two component models, and some soil models. Next the soil models are 

used to determine thermal conductivity as a function of saturation for a specified 
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porosity. For Karapiti soils this is 0.77, which is the average for the sites modelled in 

this study. 

The analytic models described in Chapter 4 were calibrated for soil temperature data 

from Karapiti. All of the models treat the soil as a uniform semi-continuous medium, 

with a steady geothermal heat and mass flow from below and the air temperature 

represented by a sinusoidal temperature variation at the top boundary. A Fourier 

analysis determined the diurnal component and the average temperature at each depth 

from the original soil temperature time series. 

The first two model results are for conductive heat flow only (Models I and II), although 

as expected, the steady temperature versus depth is not well represented by a linear, 

conductive, temperature gradient. The conductive heat flows determined from Models I 

and II are between 57.6 and 287 W/m2
. For all the sites except KPOI the conductive 

heat flows determined from mathematical models I and II are close to one half of the 

total heat flows estimated from the results of the computer modelling. 

Model II allows for a difference between the surface temperature and the air 

temperature, which distinguishes the two sites with the higher soil temperatures as 

having significant heat transfer processes other than conduction. 

Both mathematical models (III and IV) which include a mass flow term are a good 

match to the Karapiti steady temperature data. These models also give a 'deep' upflow 

temperature which is in reasonable agreement with the deep temperature results from 

the computer modelling. 

The results of the transient modelling for Models I and II are a good match to the data 

for tlu'ee of the four sites . The transient models give the least satisfactory result for the 

site (KP02) where the slope of the log of the amplitude decrease and the phase shift with 

depth do not have the same slope. The following models show that this site has a 

relatively high advective heat flow, despite being relatively cool at 20 cm depth (55 QC). 

This is possibly the reason for the poor results for KP02 from the conductive models. 

Models III and IV transient results are a good match for the lower temperature sites 

KP02 and KP03. The mass flow term '1 means that they have the capability to model all 
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sites where there is significant mass flow; however, calibration of the steady-state and 

transient models for 11 is difficult. The best fit 11 for the transient model produces very 

bad results for the steady-state temperature, so the steady-state 11 is used for the transient 

model. This produces acceptable overall results for sites with a lower mass flow, but 

not for sites with larger mass flows (the warmer sites). 

Models II and IV also include the surface heat transfer term, however, this is largest for 

the steady-state Model II, and is this is a lot smaller «0.0001 for tlu'ee of the models) 

for Model IV. This heat transfer term is also difficult to calibrate for the transient 

models, in that it tends toward the lowest value in the specified range of parameters. 

Chapter 5 describes modelling the same Karapiti sites using the TOUGH2 numerical 

simulator. The numerical models are calibrated for a given permeability of 100 mD in 

the absence of any measured soil permeability data. In addition to the temperature data, 

the computer models of the same sites also use soil saturation data for calibration. 

Calibration of the numerical models involved matching steady-state temperature data, 

soil saturation data, and the amplitude and phase shift. 

All the models can be matched for the steady-state temperature profile, which is the first 

step in the computer modelling. The saturation was difficult to match particularly for 

site KPOla; this may be due to inhomogeneities in the soil which were not included in 

the model, 01' the saturation profile with depth may be more complex than the data 

indicated. 

The transient calibration shows that the amplitude and phase shift of the diurnal 

temperature variation in the soil is very sensitive to the geothermal heat and mass flow. 

Small changes in the geothermal heat and mass input, and the thermal conductivity, 

have only a small effect on the steady-state temperature profile, but a large effect on the 

amplitude and phase of the soil diurnal temperature. Hence the heat, mass, and thermal 

conductivity were all adjusted by a multiplicative constant until a best fit was found for 

the amplitude and phase shift. A simple objective function was used to find the best 

match. 

The computer modelling results show that the geothermal heat flow in Karapiti soils in 

this modelling study ranges from 148 to 917 W 1m2 The mass flow ranges from 
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0.00065 to 0.00175 kg/s/m2 and the wet thermal conductivity from 1.03 to 2.33 W/mK. 

The latter value for thermal conductivity may indicate that the model does not 

accurately represent this site (KPOla) . 

iTOUGH was also used for steady-state modelling for one site (KP02). This is an 

efficient method of generating a grid of objective function values for many 

combinations of the van Genuchten parameters. The objective function for temperature 

and saturation was used, and the steady-state result was very good for both. The 

transient modelling based on the iTOUGH calibrated steady-state gave a very similar 

result to the original TOUGH2 modelling. 

7.2 Alum Lakes model 

The model of the Alum Lakes system is described in Chapter 6. This is a two 

dimensional approximately east-west slice through the Wairakei system. The Wairakei 

reservoir is represented in the model, and the changing reservoir conditions and well 

output with time are modelled with reasonable accuracy. The model also includes the 

area of surface activity known as the Alum Lakes. This area, and the cOlmection 

between the surface and the reservoir is represented by fine grid detail, with very fine 

layers (2 m thick) at the level of the Alum lakes, and 100 m wide columns cOlmecting 

the Alum lakes area with the reservoir. 

The spring flows from three springs in the Alum Lakes area, are modelled, including 

flow from the largest feature, a 50 m x 30 m wide lake known as Pirorirori. The 

modelled flow from all springs declines with decreasing reservoir pressure, until all 

flows cease by 2001. This is in agreement with field observations. 

In the shallow subsurface at Wairakei there is a strong west to east groundwater flow, 

following the hydraulic gradient. The model shows that the reason for the relatively 

long response time (>40 years until the flow ceased) is, as postulated by Bromley 

(200 I), the large contribution that shallow groundwater makes to the total spring flow. 

The model shows permeability distribution necessary to allow the reservoir fluid to 

reach the shallow groundwater, and to discharge at Alum lakes. The cOlmection 

between the reservoir and the Alum lakes is a high ve11ical permeability conduit that has 
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up-flowing geothermal liquid and steam. In the natural state, the geothermal fluid 

mixes with, and the steam condenses in, the velY shallow groundwater. Zones of low 

permeability are required to prevent groundwater diluting the deeper regions of the up

flowing geothermal fluid, and also at the near surface to hold up the spring water and 

force it to discharge at Alum lakes. There is low permeability upstream of the hot fluid, 

preventing it from being swept eastwards at depth, and also from being diluted by 

groundwater. In the very shallow region, the upstream low permeability is interrupted 

and groundwater is allowed to mix with the geothermal water. In order for the springs 

to discharge (where they do) there are shallow zones oflow permeability downstream of 

the springs that hold up the eastwards flow of groundwater and allow it to discharge. 

This is a reasonable permeability structure because hydrothermal alteration has the 

potential to cause permeability changes due to silica deposition where fluids are 

cooling, or due to clay alteration where acid fluid is interacting with rock. 

The production model shows that as the reservoir pressure drops, the rate of upflow to 

the Alum lakes decreases, until by 1976 there is no flow. After this, the steam flow 

remains zero, but the liquid flows reverse direction, with groundwater that previously 

discharged at Alum lakes now flowing downwards into the reservoir. 

7.3 Future Work 

7.3.1 Karapiti models 

The calibration methods and the computer models presented in Chapter 5 provide a 

method for using soil temperature time series data to assess heat and mass flows in 

geothermal soils. However the models used in this study had to be calibrated with 

limited field data. Hence the results are of limited accuracy and there are a variety of 

improvements in field data collection and modelling that can be made. 

Data 

Soil Saturation 

The data available for this study were soil temperatures at depths of 0.01, 0.05, 0.1, 

0.15, and 0.2 m, and soil saturation data from cores taken from 0.0 to 0.15 Ill, ancl 0.15 
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to 0.3 m depths. Estimation of the unsaturated zone parameters would be improved if 

the soil saturation had been sampled in the same detail as the temperature data. 

In addition, accurate representation of the soil sahlration profile would demonstrate 

whether the non-linear behaviour for the log of the amplitude and for the phase shift at 

site KPOla are related to the soil sahlration. 

Soil permeability 

The mass flows through the soil derived by model calibration depend on the value 

selected for the permeability. For the same soil temperature profile, an increase in both 

the mass flow and permeability will result in almost the same soil temperature profile. 

Because of the lack of information about soil permeability for all the models the 

permeability was set to a typical value of 100 mD. A soil permeability estimate would 

lead to better estimates of the other parameters. Evaluations of field methods of 

estimating soil hydraulic prope11ies are given in Angulo-Jaramillo et al. (2000) and 

Reynolds et al. (2000). 

Soil structure 

All the models in this study assume a homogeneous soil struchlre. The porosity derived 

from the core samples suggests that there is little variation in porosity over the depth of 

sampling (0.30 m). 

However, given that many of the soils in the Taupo Volcanic Zone are primary or 

reworked volcaniclastics (the result of deposition directly from explosive eruptions or 

redeposited by alluvial processes) there may be some layered structure in the soil. This 

primary structure may be overprinted by alteration of original rock particles to 

hydrothermal clays. Data from Hochstein et al. (2005) shows that at some sites (for 

instance KP06, shown in Figure 2.11) there is a small change in porosity over 1 m 

depth, and there is also a change in pat1icle density which could indicate a change in 

mineralogy or, as explained by Hochstein, that the pumice vesicles are smaller than the 

ground pal1icle size, and hence these particles which still have vesicles show as low 

density particles. 

SEM data, and laboratory analysis of core samples carried out to the same level of detail 

as the temperature measurements would provide better information. 
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7.3.2 Aillm Lakes model 

The model consists of a reservoir model with very detailed near surface permeability 

structure in the Alum lakes area. The model succeeds in demonstrating that changes in 

the deep reservoir have affected the flows to the Alum lakes springs. However, there 

are some aspects of the model that require further work. 

Additional Modelling 

Chelllistry 

Chemistry and water level data are also available for the Alum Lakes features. The 

TOUGH2 model described here has the capability of modelling the chloride content of 

water as a conservative tracer. There is a lot of data on the Wairakei reservoir chloride 

concentrations, and also data on the chloride concentrations of surface features (Glover 

et al. (2009)) . Matching chloride in the Alum lakes area discharge would give better 

control on the relative amounts of reservoir water compared to groundwater and 

condensed steam in the surface spring flows. Hence future work could involve 

modelling the chloride flows in the system. 

WaleI' level 

In addition to spring flow data, there is data on water levels in features that no longer 

flow, and groundwater data. In addition to modelling the spring flows, water level data 

allows calibration in the model with the declining water levels in the pools, and changes 

in groundwater level. This would make use of all available data, including that from 

2001 , when spring flows ceased at the Alum Lakes, until the present. The options are to 

refine the layer structure of the model further (to < 0.5 m thickness), or to modify 

TOUGH2 to model unconfined aquifers. 

Three c/imensionalllloc/el 

The two dimensional model presented here has proved the principle that the spring flow 

can be explicitly modelled as the response to deep reservoir pressure. The next step 

would be to embed the fine detail of the connection between the Alum lakes and the 

surface, and of the shallow subsurface permeability, in the large scale 3-D reservoir 

model. 
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