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AB.?TRACT 

Numerical reservoir simulation techniques were used 
t o  perform a history-match of  the Waira'tei geothermal 
system in New Zealand. First, a one-dimensional 
(vertical) model was chosen; realistic stratigraphy was 
incorporated and the known production histnrv w a s  

imposed. The effects of surfacp and deep recharqe were 
included. Good matches were obtained, both for the 
reservoir pressure decline history and chanqes in averaqe 
tlischarqe enthalpy with time. Next, multidimensional 
effects were incorporated by treating a two-dimensional 
vertical section. Again, good history matches were 
obtained, although computed late-time discharqe enthalpies 
were slightly high. It is believed that this disparitv 
arises from inherently three-dimensional. effects . 
Predictive calculations iisinq the two-dimensional model 
suggest that continued future production will cause little 
additional reservoir pressure drop, but that thermal 
degradation will occur. Finally, ground subsidence data 
at Wairakei was examined. It was concluded that 
traditional elastic pore-collapse models based on 
classical soil-mechanics concepts a r e  inadequate to 
explain the observed surface deformation. We speculate 
that the measured subsidence may be due to structural 
effects such as aseismic slippaqe of a buried reservoir 
houndary fault. 

V 
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I. INTRODUCTION 

This report presents the results of a one-vear 
effort to model the Wairakei geothermal field in New 
Zealand. This project is an extension of work previously 
performed bv Systems, Science and Software ( S 3 )  in which 
a comprehensive data bank pertaininq to the character, 
performance and response to production of the system was 
compiled (Pritchett et al. [ 1 9 7 8 1 ) .  The data collected in 
the prior phase of the effort forms the basis for the 
modeling study reported herein. 

-- 

Using the reservoir data bank as a foundation, tho 
modeling effort emploved S j s MUSHRM geo the rma 1 
simulator to follow changes in the system with time. The 
conceptual model was developed in an evolutionary 
fashion. Starting with the existing geoloqical and 
hydrological description of the system which has been 
assembled over the years by previous investigators, a 
preliminary model was devised and the MUSHRM simulator was 
used to calculate the consequences of that particular 
conceptualization. Then, differences between computed and 
observed reservoir response were noted and used to improve 
the original model. In this iterative manner, a 
self-consistent description of the reservoir was developed 
which can reproduce the known facts concerninq the 
response of the system to production. 

In the present effort, we heqan with a simple 
one-dimensional (vertical) description of the system, and 
followed the iterative procedure outlined above until a 

1 
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satisfactory match with observations was obtained. Next, 
a two-dimensional vertical cross-section was considered; 
once again, an iterative sequence of computer simulations 
was performed until adequate agreement was obtained. 
Finally, a tully three-dimensional simulation was 
attempted. unfortunately, limitations of time and funds 
precluded the completion of the iterative process for the 
three-dimensional case; therefore, in this report we will 
not, therefore, present the results of the three- 
dimensional simulations which we performed. 

The first problem to be faced in the development of 
a model for Wairakei (whether 1 - D ,  2 - D  or 3 - D )  is to 
determine an initial (pre-production) state for the system 
which is self-consistent in the sense that it comprises a 
steady (or nearly steady) solution to the basic reservoir 
mechanics equations and is also consistent with early 
measurements. For Wairakei, although plentiful data exist 
concerning the character of the system after substantial 
production had occurred, data concerning the virgin state 
of the field is exceedingly sparse. Accordingly, to 
estimate the initial conditions, it was necessary to 
supplement the meager supply of known facts with 
extrapolations backward in time. In addition, estimates 
for initial heat flow, natural mass discharge, and initial 
reservoir pressure have been presented by several prior 
investigators. 

Nonetheless, the initial state of the reservoir at 
Wairakei cannot be uniquely defined based on early 
measurements alone. In other words, it is possible to 
develop numerous different models of the reservoir in the 
pre-production state, all of which amount to steady 
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solutions of the governing equations which agree with the 
limited data set available, but which differ suhstantiallv 
among themselves. That is, each of these different 
pre-production states, i f  used as initial conditions for a 

production simulation, would produce a different reservoir 
response history. Therefore, an adequate reservoir model 
must match not only the early data but the known 
production history (pressures, discharge enthalpies, etc.) 
as well. 

6ld 

As discussed above, the authors chose to first 
perform a series of one-dimensional calculations to model 
the gross features of the system. This of course is an 
elementary idealized model. However, due to the observed 
horizontal uniformity of pressure response in the svstem, 
it was believed that it could provide information about 
the global Characteristics o f  the system. This assumption 
proved to be correct, particularly with respect to 
recharge and the distribution of production from the grid 
s y s  tern. This one-dimensional model satisfactorily 
reproduced the pressure and enthalpy histories of the 
field. 

Additional complexity was then introduced by 
considering a two-dimensional vertical cross section. 
This model of the system was undertaken in a n  attempt to 
better define the spatial distribution of key parameters 
in the reservoir. The two-dimensional model yielded 
excellent agreement between the calculated and observed 
pressure histories. The enthalpy history proved to be 
somewhat less satisfactory. However, the authors believe 
that the discrepancy between observed and calculated 
enthalpies could be remedied by a three-dimensional model 

3 
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of the system. Therefore, a three-dimensional model was 
undertaken. Of course, as additional dimensions are added 
to the problem, the difficulty of assigning appropriate 
parameters to the numerical simulator is increased. In 
many cases extrapolations of existing data were made to 
fill out the full three-dimensional grid. As discussed 
previously, the development of the three-dimensional model 
was terminated due to time and money constraints. 

Chapter I1 of the report presents a brief history of 
the Wairakei system. Chapter I11 discusses the geology of 
the region. Chapter IV provides information about the 
pre-exploitation conditions of the system. Chapters V and 
VI present the results of the one and two-dimensional 
calculations, respectively. Chapter VI1 examines the 
subsidence which has occurred as a result of fluid 
production from Wairakei. Chapter VI11 presents a summary 
of our conclusions and recommendations for future work. 

4 
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11. DEVELOPMENT OF THE WAIRAKEI GEOTHERMAL FIELD 

The development of the Wairakei field beqan in 1950 
with a joint effort by Ministry of Works (MOW) and the 
Department of Scientific and Industrial Research ( D S I R )  to 
assess the geothermal potential of the Wairakei region of 
the thermal belt of New Zealand's North Island. Prior to 
this development, the region had been used primarily for 
recreational purposes. The study by MOW and DSIR con- 
cluded that some potential existed for electric power 
production. The demand for electrical power led to the 
commencement of the drilling of a sequence of shallow 
holes between Geyser Valley and Waiora Valley. These 
shallow bores demonstrated the presence of a substantial 
resource. In 1 9 5 3  a deeper drilling plan was undertaken. 
It soon demonstrated even a larqer resource than had 
originally been estimated. 

In 1 9 5 5  the decision to construct a 69  megawatt 
power plant was made and by 1 9 5 7  the first stage of that 
plant was under construction. Estimates of ultimate power 
potential as high as 240 MW were made (Grindley [1957, 

19651 ) . However, due to concern over possible unaccept- 
able reservoir pressure drop and premature depletion, the 
decision was made to limit power production to somewhat 
less than its estimated potential. Wairakei has, 
therefore, been producinq approximately 140 MW of electric 
power since the mid-1960's. 

There are a total of 141 bores in the Wairakei/ 
Tauhara region. Twelve of these are shallow pressure/ 
temperature monitor holes and four are deep bores located 
in Tauhara. There has been essentially no production from 

5 
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these sixteen holes. Of the remaining 125 bores, 26 
consist of the "200  series" bores which were generally 
considered to be investigative holes when drilled. In 
fact, many of them have proved to be potentially very good 
producers. Of the 200-series, however, all but bore 216 

are a considerable distance from the power plant, and 
hence have not been used for fluid production. 

Of the remaining 99 bores, 65 have produced over 
their lifetime (defined herein as January 1, 1953 - 

9 December 31, 1976) a total of fluid in excess of 5 x 10 
pounds per well. These 65 bores account for about 95 
percent of the total fluid production from the Wairakei/ 
Tauhara system. The total mass production over the life 
of the field was 2329 x lo9 pounds of fluid with an 
average discharqe enthalpy of 481.64 BTU/pound. 

Drilling activity at Wairakei ceased in 1968. Since 
that time, average mass production rates have been 
declining at about 4 percent per year. Bore field 
pressures have dropped more than 350 psi over the life of 
the field. Temperatures have also declined. Even though 
there has been somewhat of a degradation of the reservoir 
over its life, the generating capacity of the system has 
been maintained by improving the thermal efficiency of the 
power plant. 

The Wairakei system is an ongoinq operating facilitv 
which, even though it is being depleted, should last for 
many years to come. It has been a unique adventure, 
certainly in its inception. It was only the second 
geothermal power system to be constructed in the world -- 
the first ever to tap a liquid-dominated resource. Much 
has been written about this system. Here we do not intend 

6 
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to reiterate those comments, but will instead describe our 
attempts to model the history of the reservoir so as to 
gain understanding about Wairakei in particular, and 
liquid-dominated systems in general. The historical data 
(1953-1976) assembled by Pritchett, et al. [19781 has 
played a major role in this effort. It would certainly be 
useful for the reader to acquaint himself with that 
information. In this report, data presentation has been 
limited to that which is directly relevant to the 
reservoir engineering analysis which we performed. 

LiJ 

- -  

7 
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111. GEOLOGICAL STRUCTURE 

Th- Wairakei geothermal field lies to the west of 
the Waikato River and to the north of Lake Taupo. The 
Tauhara geothermal region lies to the south-southeast of  
the Wairakei field. As discussed by Pritchett, _ . -  et al. 
[1978], pressure evidence indicates that the Tauhara 
region is part of the same aquifer system as the Wairakei 
field. 

The geology of the Wairakei geothermal region has 
been described by Grange [1937] and in much greater detail 
by Grindley [1965] and Healy [1965]. The geology of the 
Tauhara region has also been discussed by Grindley, -- et al. 
C19661. A summary of t h e s e  r e s u l t s  i s  p r e s e n t e d  i n  

Pritchett, - -  et al. [1978]. In this section, discussion 
will be limited to that necessary to give a geologic 
picture of the region of interest for the reservoir 
engineering modelling efforts performed. 

The Wairakei/Tauhara geothermal region lies in an 
active volcanic belt which extends from Mount Ruapehu 
south of Lake Taupo in a north-easterly direction to White 
Island in the Bay of Plenty. The volcanic region extends 
for 150 miles and is between 10 and 20 miles wide. The 
volcanic zone includes most of the active faults and 
hydrothermal areas as well as all the active volcanoes in 
the region. The Wairakei/Tauhara hydrothermal system is 
underlain by a nearly horizontal Quaternary acidic 
volcanic sequence. Grindley [1965, 1966, 19741 and 
Rishworth [1967] have examined the stratigraphic sequences 
at Wairakei and Tauhara and have found them to be in close 

8 
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@ correlation. Their findings are a l s o  discussed in 
Pritchett, - -  et al. [1978]. In general, the stratigraphic 
sequence of the region consists of the following 
formations (in order of increasing depth) : Holocene 
pumice cover, Wairakei breccia, Huka Falls formation, 
Haparangi rhyolite, Waiora formation, Waiora Valley 
Andesites, Wairakei ignimbrites, and the Ohakuri group. A 
discussion of each of these formations is presented by 
Pritchett, - -  et al. [1978]. It is important to note that 
there exist at least two aquifers in the above sequence, 
the Wairakei breccia and the Waiora formation. The 
Wairakei breccia is a shallow groundwater aquifer which is 
not used for power production due to its low temperature. 
The bulk of the mass produced is generally believed to 
come from the Waiora aquifer, and in particular from the 
interfaces between the Waiora, Ignimbrite and Andesite 
formations. These interfaces are believed to be highly 
fractured regions, thus accountinq for the productivity of 
the wells which intersect them. In fact, most of the 
wells at Wairakei are located in regions of high 
permeability associated with mayor faults and fractures. 
Nevertheless, it is believed that the reservoir as a whole 
behaves like a porous medium (Mercer, et & [19751). In 
the main production reqion, the Waiora formation begins 
about 600-700 feet below the present land surface and is 
approximately 1500 feet thick. In the southeast and 
eastern regions of the field where the underlying 
ignimbrite formation dips steeply, the Waiora formation is 

and the Wairakei ignimbrites is not well defined; fracture 
zones and the irregular surface of the unconformity 
between the ignimbrites and the aquifer provide a reqion 

I 

I up to 3000 feet thick. The boundary between the Waiora 
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of locally high permeability. The Wairakei ignimbrite is 
a rock of low primary permeability. However, it is 
extensively faulted, and it is generally believed that 
these fault zones in the ignimbrites serve as conduits for 
hot water recharge to the Waiora aquifer from below. 
Recharge and discharge to the Waiora aquifer from above 
take place through the overlying Huka Falls formation, 
again a formation of relatively low primary permeability. 
The Huka Falls above and the Ignimbrites below act as 
aquitards for the Waiora formation, the region of primary 
fluid production from the field. A deeper third aquifer 
may also exist in the Ohakuri group below the 
ignimbrites. However, very little information about t h i s  
formation is available since it has only been encountered 
in two boreholes at Wairakei. 

Figure 3.1 is a general map of the area showing 
cross-sectional lines corresponding to Figures 3.3 through 
3.7. The legend for Figures 3.3 through 3.7 is given in 
Figure 3.2. The cross-section presented in Figures 3.3 
through 3.6 show the stratigraphy through the Wairakei 
region and Figure 3.7 presents a cross-section of the 
Tauhara region. A more complete set of cross-sections of 
the entire region is presented in Pritchett, -- et al. [1978]. 

l o  



SSS-R-80-4313 

i .<- I I i .. 

5 
0 

Figure 3.1. Locations of cross-sections shown in Figures 3.3 
through 3.7. 

11 
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Surface ?urnice and Breccia 

Huka F a l l s  Formation El 

Sda i o r a F o -qa t  F o E 

F i g u r e  3.2. Legend f o r  c r o s s - s e c t i o n s  i n  F i g u r e s  3.3 t h r o u g h  
3.7. 
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IV. INITIAL STATE OF THE WAIRAKEI SYSTEM 

To make calculations of the response of a geothermal 
reservoir to fluid production, an adequate description of 
the initial state of the system which prevailed prior to 
exploitation is necessary. In particular, good 
measurements are needed of the initial pressure and 
temperature distributions, natural heat flow at the 
surface and the sources and nature of any recharge to the 
system. Furthermore, information about the location and 
nature of the reservoir boundaries is useful in 
formulating a model of the reservoir. 

As discussed by Pritchett, - -  et al. 119781, a large 
quantity of data has been collected about the Wairakei 
system. Unfortunately, early measurements at Wairakei, 
i.e., those taken to measure pre-production conditions, 
are very sparse. Furthermore, the quality of this early 
data is questionable: this is particularly true of 
temperature measurements. Therefore, all our analyses are 
based, as are those of other investigators, on an 
incomplete data set. 

Several resistivity surveys of the Wairakei region 
have been made in an attempt to delineate the boundaries 
of the reservoir system [see Pritchett, _. -  et al., 19781. 
Figure 4.1 shows the spatial relationship among the 
various peripheral wells, the main bore field, and the 
resistivity boundary of the Wairakei/Tauhara field. It is 
generally believed that the resistivity boundary of the 
field can be taken as the region between the 10 and the 20 

ohm-meter contours, Although the Wairakei field itself 

18 
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covers only about fifteen square kilometers, the 
resistivity boundary certainly encloses a much larger 
region, since it suggests that Wairakei and Tauhara are 
connected. Downhole pressure measurements provide 
additional insight into the extent of the field. As 

discussed by Pritchett, - -  et al. [1978], and as shown by 
inspection of Figure 4.1, the pressure response in the 200 

series wells indicates that any impermeable boundary of 
the field must extend beyond the resistivity boundary to 
the west. The pressure response in the Tauhara wells to 
exploitation of the Wairakei main bore field leaves little 
doubt that the Tauhara and Wairakei systems are 
hydrologically connected. On the other hand, the lack of 
pressure response in Bore 33 suggests that the 
hydrological boundaries of the field coincide with the 
resistivity boundary to the northeast. 

The Wairakei geothermal area was employed primarily 
for recreational purposes prior to its exploitation for 
the production of electrical power. Indeed, Wairakei and 
the neighborhood were popular tourist attractions, 
primarily due to the various geysers, hot pools and 
similar phenomena in the area. The most prominent such 
features yere the geysers in Geyser Valley (just north of 
what became the main bore field at Wairakei), the thermal 
pools of the Waiora Valley (to the west), the Karapiti 
area (to the south) including the Karapiti Blowhole 
fumarole, and the geysers at the Spa Sights in the Tauhara 
region. 

With the development of the Wairakei field, much of 
this natural activity has subsided. Activity in the 
Geyser Valley began to decline as early as 1954, and the 

20 
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attraction was finally closed in 1972. The Waiora Valley, 
on the other hand, has continued to be active. The 

Rarapiti Blowhole has ceased to discharge as have the 
geysers at the Spa Sights. As a general rule, surface 
manifestations such as geysers and hot springs have 
declined, whereas "steaming qround" has become more 
extensive. These observations are consistent, of course, 
with production-induced pressure drop in the reservoir and 
with an increase in the system volume occupied by steam 
(as opposed to liquid water). 

u 

Numerous assessments of the natural heat flow at the 
surface of the Wairakei region have been carried out since 
1951. According to Fisher [I9641 the estimates for total 
heat €low lie between 343 and 682 megawatts. Fisher 
concludes that the best estimate for heat flow (assuming a 
reference temperature of 285OK) is approximately 418 
megawatts. Although no direct measurements of the natural 
mass discharge at the surface are available, estimates 
have been made from the heat flow data since it is assumed 
that the bulk of the natural heat flow is associated with 
the natural mass flux at the surface. Dawson and 
Dickinson [1970] present t h e  partition of the heat loss 
due to several physical mechanisms. They estimated that 
less than three percent of the heat loss was due to 
convection. Therefore, using this assumption and assuminq 
a mean enthalpy of 1025 joules/gram, Fisher obtained an 
estimate of the mass discharge of 440 kg/sec for the 
1951-1952 period. The mass discharge at the surface is 
believed to have declined with time as the field has been 
developed. 
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@ 
Temperatures at Wairakei have been measured 

periodically throughout the life of the system. Grange 
119371 presented a description of the thermal activity in 
New Zealand as part of a general geological survey. 
However, only with the interest in the development of the 
Wairakei system in the 1950's were regular temperature 
measurements made in the boreholes. The temperature 
measurements are all subject to considerable uncertainty 
(see Banwell [1955] and Pritchett, -- et al. [1978]) due to 
convective currents occurrin9 in the borehole and 'because 
of the lack of equilibration time between drilling 
operations and some of the temperature runs. It is 
possible, however, to deduce general trends. Temperatures 
increase rapidly with depth down to the top of the Waiora 
formation where the temperature in the hotter region is 
about 200OC. In the Waiora aquifer, the temperature 
gradient is reduced, with maximum recorded temperatures 
near the bottom of the formation being about 250-260OC. 
Malcolm Grant (personal communication, 1979) believes that 
the early measured temperature and pressure readings in 
the original wells may reasonably be taken as 
representative of the pre-exploitation state of the 
system. He bases this belief on the fact that very little 
mass discharge occurred during the early 1950's. 
Pritchett, - -  et al. [1978] present a suite of temperature 
profiles for the system. However, as they point out, the 
details of these profiles should be used with great 
caution. Indeed, the authors believe, as does Bolton 
11970, 19771, that the reported temperature profiles 
within individual boreholes at best provide only an 
indication of the maximum temperature encountered by the 
well. 

n 
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No direct reservoir pressure measurements were made 
at Wairakei during the early days. Instead, the wellhead 
pressures in wells standing shut and full of water were 
employed to calculate the pressures at depth. The 
temperature profiles measured in these shut-in wells 
together with the water level made it possible to 
calculate a density profile. Then, assuming hydrostatic 
equilibrium, the pressure profile within the bore was 
determined. 

Inasmuch as the wellhead pressure declined very 
rapidly in some cases with production, a determination of 
the undisturbed pressure is uncertain. Using these 
techniques, however, it is estimated that the 
pre-exploitation pressure at RL-900 feet (i.e.? 900 feet 
below sea level) lies between 880 and 900 psi. Since 
within shut-in bores the pressure distribution is 
essentially hydrostatic, a single datum such as the RL-900 
feet levels can be used to approximate the entire pressure 
profile. 
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V. ONE-DIMENSIONAL SIMULATION 

A series of one-dimensional calculations was first 
undertaken in order to qain understanding of the gross 
behavior of the reservoir system. The one-dimensional 
vertical mode of simulation was chosen for these prelimi- 
nary calculations because of the apparent horizontal 
uniformity of behavior of the system, particularly the 
nearly uniform pressure drop across the main part of the 
reservoir with time. 

The grid configuration used for these one-dimension- 
a1 calculations is shown in Figure 5.1. This geometry 

approximates the average litholoqic sequence underlying 
the main borefield. The grid consists of a vertical 
column of 2 2  grid blocks as shown in the figure, with 
block number 1 being the deepest and block number 2 2  lying 
just below the ground surface. The assumed stratiqraphic 
sequence- is as follows: 100 meters of breccia, then 100 
meters of Huka Falls formation, then 675 meters of Waiora 
aquifer, with ignimbrites below. The rock properties used 
for this calculation are presented in Table 5-1. 
Throughout the series of one-dimensional calculations 
which were performed, several different relative perme- 
ability curves were used. 

The steam phase must be sufficiently mobile at low 
steam saturations to give the observed increase in the 
enthalpy of the produced fluid at early times, and also to 
prevent buildup of steam phase in the production horizon 
at late times. Considerable numerical experimentation was 
required to deduce the appropriate relative permeability 
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- RL 1200 feet I > 25 m each 

50 m 
100 m 
100 m 
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100 rn c- Q RL-850 feet 

I 

100 m 
100 m 
100 m 

200 m 

200  m 

500 m 

500 m 

500 m 

c-. €U-8232 

Figure 5.1. Grid Used for One-Dimensional Calculations. 
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/- \ w curves. Corey relative permeability relations were found 

to give unacceptably large variations in the enthalpy of 
the produced fluid. Those relative permeability curves 
which produced the best results in matching the production 
pressure and enthalpy histories are illustrated in Figure 
5.2. 

For the one-dimensional case, the initial tempera- 
ture distribution was estimated based on the (admittedly 
very sparse) early temperature measurements. From the 
ground surface to a depth of 150 meters, temperature was 
taken as approximately linear with depth, with a surface 
temperature of 2OoC and a temperature gradient of about 
1°C/meter. Below 150 meters, the temperature gradient 
begins to decline with increasing depth; the assumed 
initial temperature profile reaches 256OC at a depth of 
525 meters. Below 525 meters, temperature was taken as 
constant (256OC) . In reality, temperature probably should 
continue to rise slowly with depth below 525 meters, but 
available measurements are inadequate to determine the 
deep temperature gradient. The computed response, in any 
event, should be relatively insensitive to the temperature 
gradient assumed at great depth. 

The initial pressure distribution was then computed 
by assuming a pressure-of one bar at the ground surface 
and then calculating a hydrostatic distribution of 
pressure with depth, subject to the initial temperature 
distribution, for zones 15-22 (depth from zero to 200 
meters). For zone 14, which is the top layer of the 
Waiora formation, the initial pressure (20.36 bars) was 
taken equal to the saturation pressure corresponding to 
the initial temperature for that zone (213OC). Below zone 

- 
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Figure 5.2. Relative Permeability Curves used for One- 
Dimensional Simulation. 
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14, the pressure distribution was again assumed to be 
hydrostatic. The initial distributions of temperature, 
pressure and vapor saturation are summarized in Table 5-2. 

G.$ 

It should be noted that the initial conditions 
assumed, as shown in Table 5 - 2 ,  imply that a two-phase 
region existed prior to production at Wairakei, near the 
top of the Waiora aquifer. Early analyses of the field by 
other investigators (Mercer, et al. [1975]) have assumed 
that Wairakei was initially single-phase liquid, and that 
two-phase behavior ' began only after substantial fluid 
production had taken place. Recent studies of the 
Wairakei data clearly indicate, however, that Wairakei 
must have contained a "steam cap" (a region in which 
liquid water and steam coexist) prior to production. 
First, as pointed out by Pritchett, et al. [1978], the 
effective compressibility of the reservoir fluid, as 

deduced from the initial relation between reservoir 
pressure drop and cumulative production, is far too great 
for an all-liquid system; some indeterminate quantity of 
high-compressibility steam must have been present at the 
outset. Also, Pritchett [1979] recently analyzed very 
early discharge enthalpy data from a f e w  ear ly  w e l l s  

located within the boundaries of the present main bore- 
field. A number of these wells, completed in the upper 
part of the Waiora aquifer, were characterized by 
anomolously high discharge enthalpies from the very 
beginning. These high discharge enthalpies can only be 
explained by the presence of a steam cap. 

- -  

- -  

Together with the initial conditions (discussed 
above), we imposed boundary conditions in a straight- 
forward way; the pressure and temperature at the top (D=O, 
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LAYER NUMBER 

TABLE 5-2 

I N I T I A L  CONDITIONS FOR ONE-DIMENSIONAL SIMULATION 

T o p  B o u n d a r y  C o n d i t i o n  = 

22 
21 
20 
19 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Bottom B o u n d a r y  
- C o n d i t i o n  - 

PRESSURE 
( b a r s )  

1.00 
2.22 
4.61 
6.98 
9.32 
11.64 
13.93 
16.16 
18.32 
20.36 
23.45 
29.51 
37.40 
45.14 
52.90 
60.66 
68.42 
76.20 
87.88 
103.49 
130.90 
170.25 
209.79 

TEMPERATURE I N I T I A L  
( " C )  STEAM SATURATION 

( %  1 

20 
30 
55 
80 

10 5 
13 0 
155 
17 5 

200 
213 
220 
232 
246 
256 
256 
256 
256 
256 
256 
256 
256 
256 
256 

56 

229.66 256 
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P = l  bar, T=20°C) and at the bottom (D=2875 meters, P=229.7 
bars, T=256OC) were maintained constant throughout the 
production calculation. This permits recharge to take 
place both from surface groundwater and from below the 
geothermal reservoir. 

GlJd 

A major product of the earlier data collection 
effort (Pritchett, et al. [1978]) was a magnetic tape 
containing, among other data, locations, depths of open 
intervals, and monthly production totals for each well at 
Wairakei. The monthly production data (summed over all 
wells) is shown in Figure 5.3. The production data stored 
on this magnetic tape was used to drive the 
one-dimensional simulation, as follows. First, the total 
production data for all wells was averaged on an annual 
basis, so that average total production rates for each 
year were obtained as shown in Figure 5.4. The next task 
was to allocate the production vertically. For each year 
of production, the open intervals in each well which 
actually produced fluid during the year were projected 
onto the grid. For each year, the composite of all such 
projections determined the list of  grid blocks from which 
fluid would be withdrawn. For the entire history, this 
procedure yielded production only from blocks 7-14 (the 
Waiora aquifer); in any particular year, not all of these 
zones were necessarily productive. 

- -  

With the productive layers identified for each year, 
the total annual fluid production was allocated among the 
various layers using kinematic mobility weightinq. Let us 
consider a well of radius r producinq from a layer of 
thickness hi. The liquid (steam) mass flow to the well 
is given by 

W 
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Figure 5.3. Mass discharge rate (all bores) as a function of 
time. 
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Figure 5.4. Discharge Rate from Wells (yearly averages). 
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m = 2~ rw hi p V 
Rtg Rl9 R l 9  

where 

pR(pg) 

v,(vg) 
= liquid (steam) phase density 
= liquid (steam) phase volume flux. 

Recalling Darcy's law 

SSS-R-80-4313 

(5-1) 

where 

RR (Rg) = liquid (steam) phase relative permeability 

p R  (p ) = liquid (steam) phase viscosity, 
g 

Equation (5-1) can be rewritten as 

where 

V - - "R,g = kinematic viscosity. 
R l g  pR,g 

The fraction of liquid (steam) flow is, therefore, given 
by : 

A m + m  
R g 
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cr3 
where 

(k/v) g ,g = kinematic mobility for liquid (steam) 
phase (= kRR /v 1 , 

r 9  R,g 

(k/v) T = (k/v ) a  + (k/v)g = total kinematic 
mob i 1 i ty . 

The generalization of Equation ( 5 - 4 )  f o r  N layers (i = 1, 
2, ... N) is given by: 

m 
(5-5) 

where 

N .  

The MUSHRM reservoir simulator employs the above scheme to 
c a l c u l a t e  t h e  mass s i n k s  a t  e a c h  t i m e  s t e p  as a n  i n t e g r a l  

part of  the calculational procedure; however, no external 
p r i n t o u t s  of the individual mass sinks are produced. 

Finally, the surface area of the system must be 
determined. Initially, we treated the effective area as 
constant. Clearly, however, as time goes on the effective 
area should increase somewhat with time, reflecting the 
effects of  lateral recharge. Somewhat arbitrarily, there- 
fore, we used an effective reservoir area of seven square 
kilometers for the first ten years of production, then 
increased the area to 8.5 square kilometers thereafter. 
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Results of the final one-dimensional simulation are 
shown in Figures 5.5, 5.6, 5.7 and 5.8. Figure 5.5 shows 
that, as time goes on, the two-phase region increase 
markedly in size. This occurs, of course, because 
production-induced pressure drop causes more and more of 
the fluid in the reservoir to reach saturation 
conditions. Figures 5.6 and 5.7 show that both the 
pressure response and average discharge enthalpy histories 
for the field are reasonably well matched by this 
calculation. As the field data shows (see Pritchett, _. et 
- al. [1978]), at depths exceeding 500 meters or so the 
pressure drop as a functon of time was remarkably uniform 
at Wairakei throughout the vicinity of the main borefield; 
the scatter band of measurements of this type is indicated 
in Figure 5.6 along with the calculated deep pressure drop 
history produced by the one-dimensional simulation. The 
discharge enthalpy histories for individual wells vary 
substantially from well to well, due to differences in 
location and completion depth, but the average discharge 
enthalpy for the field as a whole shows the general trend 
indicated in the scatter band of Figure 5.7, consisting of 
a general rise in overall discharge enthalpy until the 
mid-196OVs, followed by a gradual decline. Qualitatively, 
the same general trend is evident in the results of the 
present one-dimensional simulation, although early 
discharge enthalpies are somewhat lower than measured 
values and the enthalpy maximum is delayed slightly, to 
about 1970. 

Figure 5.8 shows the recharge to the Waiora 
formation from the top (i.e., Huka Falls) and the bottom 
(i.e., Wairakei Ignimbrites) boundaries. As can be seen, 
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the major portion of the recharge occurs throuqh the 
Ignimbrites; the fluid influx from the bottom boundary 
qradually increases to a maximum of approximately 1470 
kq/sec around 1974 and then slowly declines. For most of 
the calculation, a small discharge takes place through the 
Huka formation; the calculated discharge through the Huka 
formation is, however, significantly less than the natural 
mass discharge from the Wairakei geothermal system. As a 
matter of fact, no attempt was made in these one- 
dimensional simulations to match the surface heat and mass 
discharges since the one-dimensional geometry does not 
allow for convenient representation of simultaneous mass 
recharge and discharge at different spatial points on the 
surface. Surface heat and mass discharqes are best 
matched with multi-dimensional (2-D and 3-D) simulations. 
The results of the present simulation do, however, provide 
an estimate of the total recharge to the Waiora formation 
required to match the observed pressure history. 

6d 

It is doubtless true that pressure and enthalpy 
measurements could be matched even Setter by pursuing the 
one-dimensional case further, but the limitations inherent 
in the one-dimensional approach suggest that further work 
along these lines would probably provide few new 

insights. It should be pointed out that the final 
one-dimensional simulation presented here represents the 
culmination of a series of approximatelv sixty 
calculations in which the parameters describing the 
problem were varied in various ways. Generally speaking, 
results were most sensitive to (1) the initial temperature 
distribution assumed in the Waiora formation, ( 2 )  the 
forms of the relative permeability functions employed, and 
( 3 )  the vertical permeability assumed for the Huka Falls 
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formation. Initial temperatures are important since the 
temperature at a particular depth determines the pressure 
drop required before two-phase behavior begins at that 
level, and therefore initial temperatures profoundly 
influence both pressure response and discharge enthalpy. 
Relative permeabilities are important since, for two-phase 
flow, the relative permeability curves determine both net 
flow resistance (which influences pressure response) and 
the ratio of water to steam in the discharge (which 
determines discharge enthalpy) . Of course, numerous sets 
of curves may be used to obtain reasonable matches; in 
fact, as will be seen, a different set was used in the 2 - D  

calculations presented in Section VI. On the other hand, 
certain curves are clearly inadequate; for example, the 
classical Corey relations are inappropriate since they 
cause much too wide a variation in discharge enthalpies 
irrespective of the other problem parameters. Finally, 
the Huka Falls permeability was found to be a key 
parameter. If the Huka permeability is too low, excessive 
pressure drop will result since surface recharge will be 
inhibited. If the Huka permeability is too large, 
cold-water recharge from the surface will be excessive; 
this cold water will overcool the system, causing 
discharge enthalpies to drop precipitously and also 
causing low pressure drops due to loss of two-phase flow 
resistance. 

Although certain aspects of the final one- 
dimensional simulation are somewhat less than satisfying, 
this series of calculations proved valuable in several 
respects. As mentioned above, the calculations showed 
clearly that it is necessary to represent the effects of 
lateral recharge to the reservoir to obtain a good match 
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with measurements. The relative ease with which one- 
dimensional calculations may be carried out permitted an 
enormous number of parameters to be varied efficiently, so 
that key parameters could be identified and appropriate 
ranges of values established. The background provided by 
our experience with the one-dimensional model proved very 
useful in the subsequent multi-dimensional simulation work 
which permitted lateral variations to be taken into 
account. 

u 
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VI. TWO-DIMENSIONAL SIMULATION 

To represent the effects of lateral variations, 
realistic geological structure and horizontal flow, we 
next considered the two-dimensional case. A vertical 
cross-section of the reservoir was chosen which extends 
from west to east across the main bore field and which 
extends toward the Tauhara region. In the transverse 
(north-south) direction, a width of three kilometers was 
employed. Figure 6.1 shows the location of the vertical 
section A A ' .  We used S3's MUSHRM numerical simulator to 
model both the pre-production and the production behavior 
of the Wairakei system as represented by this vertical 
cross-section AA'. Since the response to production at 
Wairakei is remarkably uniform areally (i.e., in the 
horizontal plane), the choice of a particular vertical 
cross-section is not extremely critical. The vertical 
section approach, however, as contrasted with the areal 
models of Mercer, - -  et al. [1975] and Mercer and Faust 
[1979], allows an accurate representation of two-phase 
effects (e.g., vertical segreqation of the steam phase), 
and recharge from both the top and bottom boundaries, as 
well as from the sides. 

Figure 6.2 provides an areal view of the Wairakei 
geothermal field and gives approximate elevation of the 
ground surface. The main borefield at Wairakei lies in a 
shallow valley; the ground rises to the west and, to a 
lesser degree, to the north and south. This uneven 
topography must somehow or other be represented in the 
numerical model. If one assumes 
coincides with the surface, then 
numerical grid can be configured to 

that the water table 
the top layer o f  the 
follow the topoqraphy, 
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Figure 6.1. Location of Vertical Section AA'. 
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and a one-bar pressure imposed along the surface. 
Evidence exists, however, that this treatment may not be 
entirely appropriate. Considering the differences in 
elevation of  the surface at the eastern and western edqes 
of cross-section A A ' ,  assuming that the water table 
coincides with the surface inplies that an east-west 
pressure gradient averaging about 2.5 bars/kilometer 
should be present across the grid. Early pressure data 
based on downhole measurements, on the other hand, 
indicate a substantially weaker east-west gradient - 
approximately one bar per kilometer. Thus, these 
measurements sugqest that the water table in the west mav 
lie well below the surface. Since, however, no direct 
measurements of water table elevations are available, the 
early subsurface pressure measurements must be relied upon 
to prescribe the boundary conditions at the top of the 
grid. In the following, we will assume that the 
water table in the west is at an elevation of 9 2  m above 
that in the east (see Figure 6 . 3 ) ;  this amounts to 
imposing an average east-west pressure gradient of 
approximately 1.1 bars/kilometer. 

As F i g u r e  6.1 shows, the cross-section chosen passes 
through the main borefield from which most of the fluid 
production from Waira4ei has taken place. Furthermore, 
owing to the large number of wells located on or near 
section A A ' ,  the subsurface qeological structure is 
reasonably well defined. Well log data was employed to 
generate the computational grid shown in Figure 6.3 ,  and 
to define the rock types believed to be present in each 
zone, as indicated. It should be noted that the deenest 
layer shown in Figure 6.3  is a fictitious layer of 
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high horizontal permeability (1000 ma) which acts as a 
manifold to distribute deep recharge accordins to the 
local pressure drop. 

The rock properties of primary interest for use in 
this simulation effort are the porosity, permeability, 
density, thermal conductivity and heat capacitv of each of 
the geologic formations. As discussed by Pritchett, et 
- al. [1978], laboratory measured values f o r  these 
parameters are often considerably different from the 
values needed to explain the behavior of the reservoir. 
In particular, measured porosities are higher and 
permeabilities are much lower than those which are 
reflected by the performance of the system. This 
discrepancy leads one to believe that the effective 
permeability of the system is largely controlled by the 
fracture network which is present throuqhout the region. 
Effective permeabilities on the order of 100 millidarcies 
and effective porosities of about 20 percent for the 
Waiora aquifer have been used in several analyses (see 

- 

Mercer, et al. [1975] and Pritchett, et al. [19761) which -- -- 
have yielded fairly good agreement between observed field 
response and calculated values. A summary of the rock 

properties used in the present two-dimensional 
calculations is qiven in Table 6-1. 

No direct measurements from which relative 
permeabilities mav be deduced are available €or Wairakei 
(see, for example, Pritchett, et al. (19781). The curves 
previously used for the one-dimensional simulation 
described in the preceeding section produced unsatis- 
factory results; hence, a trial-and-error procedure was 

_.- 
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TABLE 6-1 

USED IN TWO-DIMENSIONAL VERTICAL CROSS-SECTION SIMULATION 

UNIAXIAL 

(c=r qs/qram-"C) (ma) ( l l ld  ) (dync=/rm ) 

Vr RT T cA 1. ROCK TYPE POROSITY DENSJTY TI I E RMAI I I lr itT IIOR r ZONTAL 
MnllCII I15 

2 
(g/cc) CONDUCTIVTTY CAPACITY PEPJ!EABIJ,ITY PT'RMEABIIJTY 

(ergs/sec-crn"C) 

9 
Pum 1 ce/ R re cc 1 a . 2 5  2 . 1 5  5 x 1 0  9 . 3 9  x in6 100.0 i n n .  n i i n  5 

9 
Jluka F a l l s  - Waiora - . 2 0  2 . 2 6  5 x 10 R.757 x I O 6  2 . 0  1n.o 1 x i n  

5 

G e y s e r  v a l l e y s  

1 
Iluka F a l l s  - W P S ~  .20 2.26 5 i n 5  8.757 in6 . 5  _ I  1 x in 

l l u k a  F a l l s  
Ln 
0 

Waiora - West 

. 2 0  2.26 5 x i n  1 . 0  1 . n  1 X 1 0 9  
6 

8.757 x 10 5 

9 
. 7 0  2 . 7 1  5 i n  5 n . n  2 5 . 0  5 x i n  8 . 4 7 5  x in 6 5 

4 
W a i r o a / A n d e s i t e s  . 2 0 2 . 2 7  5 x 1 0  8 . 4 7 5  x l o 6  300.0 2 5 . ' )  5 x 10  5 

3 0 o . n  7 5 . 0  5 i n 9  R.475 x 10 6 
Wa io ra  . 2 0  2 . 2 1  5 x l o 5  

10  
3 n o . n  2 5 . n  5 x i n  6 7.666 x 10 s x 1 0  5 

Tgn imbr i. t e s / A n d e s i  tcs .IO 2.54 

i n  
l g n i n i b r i  t e s / F a u l  Led .10 2.54 5 x i n -  3 . 0  3 0 . 0  T' i n  6 

7.666 x 10 7 

1 0  
I g n i m b r i t e s  .10 2 . 5 4  5 x J05  7 .666 x 10 3 . 0  3 . 0  5 x 10 

6 

B o t t o m  Lsycr - I l iqh  . 1.0 2 . 5 4  5 l o 5  7 . 6 6 6  x i n  1000 .o  3 . 0  5 X i n ' "  6 

110 r i z o  ti t a 1. P e  rmcab i I. i. t y 

B o t t o m  L a y e r  - f l i q h  .10 
t l o r i z o n t a l  Penneabj lity/ 
Faulted 

2 . 5 4  i o n n . 0  3 0 . 0  5 i n l n  6 
7 . 6 6 6  x in 5 5 x i n  
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employed to establish various sets of relative perme- 
ability functions which produced computed results 
consistent with the known data. Several different sets of 
relative permeability curves were found which all produced 
a satisfactory pre-production state of the system. 
However, once the simulator was used to model the 
production behavior of the field, it soon became apparent 
that some curves were inadequate. 

Grant [1977] presents a relationship between the 
liquid and vapor relative permeability curves which was 
inferred from bore histories at Wairakei. This 
relationship is shown in Figure 6 . 4 .  He found that this 
relationship appears to apply on a large scale and 
therefore believes it may comprise an effective average 
for the fracture/matrix system. For purposes of these 
two-dimensional analyses we used the following functional 
form for liquid relative permeability: 

for 0 < S < 0 .25  - % = ( 1 - 2 s )  

= (1-2S)/8 for 0.25 < S < 0.5 

= o  

- 

for S > 0 . 5  - 

where 

S = steam saturation 

The vapor relative permeability was then derived from 
Grant's curve (Figure 6 . 4 ) .  The resulting relative 

used for these permeability curves 
calculations are shown in Figure 6.5. 

( R L ,  RG) 
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Figure 6.4. Empirical relation between liquid and steam 
relative permeabilities (reproduced from 
Grant [ 1 9 7 7 1 ) .  
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Figure 6.5. Relative permeability curves for simulation 
studies. 
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/' 

For modeling purposes, we have assumed that the Huka 
Falls formation transmits both heat and mass vertically 
from the Waiora aquifer. Mass leakage is also allowed 
through the ignimbrite formation, primarily throuqh the 
faulted regions which intersect the formation. Our 
conceptual model of the reservoir further permits recharqe 
to the system from both side boundaries, with the recharqe 
from the right (east) boundary implicitly used to simulate 
the connection between the Wairakei and Tauhara regions. 

Mass (and hence convective heat) discharge at 
Wairakei takes place through narrow vents: it is not 
directly possible to represent these vents in a 
large-scale continuum model. While the temperature of the 
fluid exiting through the vents is quite high, the averaqe 
temperature of the surface water table is close to 2OOC. 
A convenient way to simulate sur€ace heat/mass discharge 
is through the use of a convective - radiative boundary 
condition. A 1 bar, 2OoC boundary condition was imposed 
at the top of the grid to allow mass recharge/discharge at 
the surface. If the mass flux is out of the system at 
that boundary, the temperature of the fluid crossing the 
interface is the temperature associated with the grid 
block from which it comes. If the flux is into the 
system, it enters at a temperature of 2OoC. Heat 
discharge at the surface is simulated by adding an energy 
sink ;? to the top layer of the grid, 

2 e = -  1.66666 x lo4 (T-To) ergs/cm 

where 
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6 = energy discharge per unit area of the surface 
= A reference temperature ( =  2OOC) TO 

T = Temperature in the grid block. 

The numerical coefficient in the expression tor 6 
was obtained by matching the calculated pre-production 
heat aischarge with the measurements. 

For purposes of calculating a pre-production state 
of the system, the bottom and the side boundaries were 

assumed to be impermeable and insulated. The pre- 
production mass flux through the bottom boundary was 
represented by adding a constant mass source to the bottom 
row of the grid. Assumption of impermeable side 
boundaries is tantamount to neglecting any west to east 
flow; this assumption should not introduce any great error 
since the effects of such pre-production flow will be 
quickly swamped by perturbations induced by the production 
of the field. The calculated steaay-state pre-production 
state was found to be independent of the starting state 
(i.e., initial conditions) for the computations. 

In order to match the pre-production conditions 
(temperatures, pressures, and mass and heat discharges at 
the surface), we varied (1) the permeability of the Huka 
Falls formation and (2) the mass flux through the base of 
the ignimbrites, i.e., into the bottom layer of the grid. 
The values for Huka permeability listed in Table 6-1 
produced the best of several initial states of the 
system. The best estimate for the pre-production recharge 
through the base of the ignimbrites is 330 kg/sec at 
285OC. The total heat and mass discharges at the surface 
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were calculated to be 360 megawatts and 400 kg/sec, 
respectively. These calculated values are approximately 
10 percent smaller than those estimated by Fisher [1964]. 
The calculated mass discharge is, however, in fairly good 
agreement with that employed by Sorey [1978] to model the 
Wairakei system. The calculated pressure at RL-900 feet 
of 875 psi (60.33 bars) is in good agreement with early 
pressure data. The model also predicted initial two-phase 
conditions in upper sections of the reservoir prior to 
exploitation of the field. 

Figure 6.6 shows the initial temperature distribu- 
tion throughout the grid. Note that at the depth of main 
production from the reservoir, i.e., approximately RL-900, 

the temperature underlyinq the main bore field is in the 
265-275OC range (Figures 6.7 and 6.8 show the computed 
temperature distribution at January, 1965 and June, 1977, 
respectively). Figure 6.9 shows the initial vapor phase 
saturation distribution throughout the grid system 
(Figures 6.10 and 6.11 are vapor saturations in January, 
1965 and June, 1977 respectively). Figure 6.12 shows the 
initial pressure distribution throuqhout. the grid (Fiqures 
6.13 and 6.14 are for later times). Note that the 
pressure of 875 psi (60.33 bars) at RL-900 feet is an 
interpolated value using the value of pressure calculated 
by the code at RL-1095 feet and correcting to the RL-900 
level by subtracting pgh where h is 195 feet. 

The pre-production model of the system described 
above was used as the initial state for the production 
calculations to match the historical performance of the 
reservoir system. For this purpose, it was necessary to 
allocate production from the wells to the appropriate grid 
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blocks in the numerical grid system. Each well was 
projected onto the cross-section, taking particular note 
of the projection on the grid of the intervals open to 
flow in the well. The production rate for a given well 
was then allocated to the grid blocks which intersected 
the projection of the open flow intervals (see Table 6-2 
for the list of grid blocks intersected by each well). 
The allocation of the total rate for the well among these 
grid blocks was based on the total instantaneous kinematic 
mobility of the blocks intersected (Garg [1978]). For 
purposes of these calculations, yearly averages of 
production data for each well were used as reported by 
Pritchett, -- et al. [1978]. 

As production from the field occurs, the fluid 
reduction in the system causes the pressure to decline 
which in turn causes fluid influx to the system from the 
boundaries. For the numerical simulation, the fluid flux 
through the vertical boundaries was taken to be locally 
proportional to the pressure drop in the grid block 
adjoining the boundary, in particular: 

(Minflux 1 vertical boundaries = 'ijAPij 

where ij denotes a particular grid block and APij is the 

ij pressure drop in dynes/cm . 
(constant in time, but varying from block to block) were 
adjusted so as to obtain the observed pressure drops near 
the vertical boundaries. Table 6-3 lists the (CX/V)~~'S 

employed in the numerical simulation, where vij is the 
volume of grid block ij. Field data indicates that the 
pressure drop at the eastern end of the field is 
approximately the same as that in the main borefield 

The multipliers cr 2 
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TABLE 6-2 

SPATIAL LOCATION OF THE PRODUCTIVE INTERVAL OF 
VARIOUS WELLS 

I J Well No. 

4 
4/1 
4/24 
8A 
9 
11 
12 
13 
14 
15 

17 
18 
19 
20 
21 
22 
23 
24 
25 

26, 26A 
26B 
28 

29,30 
31 
37 
3 8  
39 
40 

44 
45 
46 
47 
48 
49 
50 
52 
53 
55 
56 
57 
58 
59 

16, 16/1 

41, 42, 43 

12 
12 
12 
10 
11 

8 
8 
9 
10 

9 
10 
9 
9 
10 
9 
9 
8 
12 
8 
8 
8 
8 
8 
8 
9 
11 
12 
I12 
12 
12 
8 
10 
8 
8 
8 
8 
8 
10 
12 
9 
7 
8 

12 
11 

67 

8-9 
7-9 
8-9 
10 

1 0 - 1 1  
10 

8-10 
8-10 

1 0 - 1 1  
1 0 - 1 1  
9-10 
9-10 
5-8 
5-6 
7-8 
9-10 
7-8 
8-10 
6-9 
6-10 
7-8 
6-8 
7-8 
6-8 
7-9 
7-8 
7-9 
6-8 
7 - 9  
8-9 
6-7 
6-7 
6-7 
6 

4-7 
7, 1 0 - 1 1  

6-8 
6-8 
7-9 
6-7 
6-8 
6-8 
7-8 
6-8 
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Well No. I J 

60 
61, 62 

63 
65 
66 

67, 68 
70 
71 
72 
73 
74 
75 
76 
78 
80 
81 

82, 83 
86, 88, 92 

96 
101 
103 
105 

107, 108, 109 
110, 116 
118, 119 

203 
204 
205 
206 
207 
210 
211 
212 
214 
215 
216 
217 
218 
219 
2 20 
2 21 
222 

11 
11 
11 
9 
9 
9 
8 
8 
8 

10 
8 
9 
8 
9 
8 
9 
8 
8 
7 
8 
8 
7 
8 
7 
7 
6 
5 
5 
5 
5 
5 
8 
4 
4 
6 
7 
6 
6 
7 
4 
3 
3 

5-8 
6-9 
7-9 

10-11 
6-7 
6-8 
7-8 
6-8 
7-8 

9-10 
6-8 
6-8 
7-8 
6-8 

6-10 
7 

7-9 
6-8 
6-8 
6-8 
6-9 

6-10 
6-9 
7-9 

6-10 
9-10 
9-12 
6-11 
6-8 
5-8 
6-9 

8-10 
4-7 
6-9 
6-9 
6-9 
6-9 
5-7 
4-8 

6-10 
5-8 
6-8 
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T A B L E  6-3 

N U M E R I C A L  VATiUES O F  (a/V) i-j EMPLOYED I N  THE 
NUMERICAL S1LUIUJ;ATION 

I J 

L e f t  Boundary 
1 5 
1 6 
1 7 
1 8 
1 9 
1 10 
1 11 

R i g h t  Boundary 

13 4 
13 5 
13 6 
13 7 
13 8 
13 9 
13 
13 

1 0  
11 

69 

( a /v )  i j 
(gms/sec -cm-dyne s ) 

0.44445 x 
0.44445 x 
0.44445 x 
0.44445 x 
0.66667 x 

0,22223 x 
0.88887 x 10-17 

0.8750 x lO-l7 
0.8750 x lO-l7 
0.8750 x 
0.8750 x 10-17 
0.8750 x 10-17 
0.4375 x 10-19 
0.4375 x 
0.4375 x 
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w h e r e a s  t h e  p r e s s u r e  d rop  a t  t h e  w e s t e r n  e n d  i s  a b o u t  40 
p e r c e n t  t h a t  of t h e  main  b o r e f i e l d .  Recha rge  a l o n g  t h e  
v e r t i c a l  b o u n d a r i e s  was a l l o w e d  t o  e n t e r  t h e  g r i d  i n t o  a l l  
f o r m a t i o n s  e x c e p t  t h e  i g n i m b r i t e s  a n d  t h e  Pumice /Brecc ia .  

The  t o t a l  mass i n f l u x  t h r o u g h  t h e  base o f  t h e  

i g n i m b r i t e s ,  i .e . ,  i n f l u x  t o  t h e  s y s t e m  v i a  t h e  h i g h  
p e r m e a b i l i t y  r e c h a r g e  s o u r c e  z o n e s  a l o n g  t h e  b a s e  of t h e  
g r i d ,  i s  g i v e n  by  

1 = M O  + P A  fr ( M i n f l u x  bottom 

where  MO d e n o t e s  t h e  t o t a l  p r e - p r o d u c t i o n  mass i n f l u x  of 
330 kg / sec  and  AP deno tes  t h e  spa t i a l ly -ave raged  i n s t a n -  
t a n e o u s  p r e s s u r e  drop ( i n  b a r s )  a t  t h e  b o t t o m  boundary .  
T h e  c o n s t a n t  c o e f f i c i e n t  B ( "  33.5995 k g / s e c - b a r )  w a s  
a d j u s t e d  s o  a s  t o  o b t a i n  t h e  b e s t  a g r e e m e n t  be tween  t h e  

c a l c u l a t e d  a n d  o b s e r v e d  p r e s s u r e  r e s p o n s e  of t h e  s y s t e m .  
Recha rge  (or  d i s c h a r g e )  a t  t h e  s u r f a c e  was n o t  p r e s c r i b e d ,  
b u t  w a s  c a l c u l a t e d  by  t h e  s i m u l a t o r  based upon t h e  s u r f a c e  
boundary  c o n d i t i o n  (1 ba r )  imposed. T h e  computed  t o t a l  
n a t u r a l  mass d i s c h a r g e  a n d  r e c h a r g e  t o  khe  model a r e  shown 
as  f u n c t i o n s  of  t i m e  i n  F i g u r e  6.15.  The mass r e c h a r g e  
i n c r e a s e s  a n d  t h e  t o t a l  mass d i s c h a r g e  d e c l i n e s  w i t h  
t i m e .  A t  t h e  e n d  of  t h e  c a l c u l a t i o n  ( e n d  o f  1 9 7 6 ) ,  t h e  

c a l c u l a t e d  r e c h a r g e  t o  t h e  s y s t e m  s l i g h t l y  e x c e e d s  f l u i d  
p r o d u c t i o n  f rom t h e  r e s e r v o i r .  

The c a l c u l a t e d  p r e s s u r e  drop a t  a p p r o x i m a t e l y  RL-900 
f e e t  is shown a s  a f u n c t i o n  of time i n  F i g u r e  6 .16 .  

F i g u r e  6.16 a l s o  shows t h e  s ca t t e r  band f o r  t h e  o b s e r v e d  
p r e s s u r e  drop. The a g r e e m e n t  be tween  t h e  c a l c u l a t e d  a n d  
o b s e r v e d  v a l u e s  i s  v e r y  good.  Eve rywhere  o n  t h e  g r a p h  t h e  
c a l c u l a t e d  v a l u e s  l i e  w i t h i n  t h e  s ca t t e r  of t h e  o b s e r v e d  

da t a .  

7 0  



1800 

1600 

1400 

I200 

200 - 
- 

_i I I - 
1953 1955 1960 1965 I970 1975 1978 

YEAR 

F i g u r e  6 . 1 5 .  N a t u r a l  Mass Recharge and Di scha rge  R a t e s  



400 

350 
.- 

300 
c 

Q 

2 250 
D 

L 200 
3 
v) 
v) 
Q, 150 h 

I00 

50 

//Sca+ter band for observed data 

Calculo t e d pressure 

1953 1955 1960 1965 1970 1975 1978 

YEAR 

Figure 6.16. Main Bore Field Pressure Drop as a Function of Time. Calculated 
pressure drop is at about RL-900 feet. 



SSS-R- 8 0  -4313 

Figure 6.17 shows the pressure distribution across 
the cross-section at RL-900 feet for several discrete 
times. This figure demonstrates the horizontal unifornity 
of the pressure response. Bolton [ 1 9 7 0 ]  presents some 
east-west pressure profiles (see Figure 6.18) for a 
somewhat different cross-section (particularly in the 
east) from the one employed in the present work. T'he 
calculated values are compared with Bolton's data in 
Figure 6.19; the agreement between the two is good 
provided allowance is made for different cross-sections 
and the precision of pressure measurements. 

For the modeling effort to be completely successful, 
not only must the calulateu pressure response agree with 
observed data, but also the calculated enthalpy of the 
produced fluid must agree with measured values. Figure 
6.20 displays the calculated enthalpies and the scatter 
band for the observed data. The calculated values 
generally lie within the scatter of the data except for 
the years 1964-1969, where they exceed observed values by 
up to 10 percent. We speculate that this divergence is 
due to three-dimensional effects which were not accounted 
for in this simulation. In particular, this vertical 
two-dimensional model does not allow for north-south 
temperature variations. If, for example, deep tempera- 
tures to the north and/or south of the main borefield were 
lower than those directly below the production area, at 
late times fluid withdrawal would be expected to cause 
this cooler fluid to enter the borefield, reducing 
late-time discharge enthalpies. Effects of this sort may 
be incorporated into a three-dimensional simulation. 
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Prediction of Future Performance 

A single prediction of future performance of the 
reservoir, i.e., after 1976, was performed. The 
calculation was merely an extension of the matched 
performance up through 1976. The computer code was 
restarted at the end of 1976 and allowed to run for an 
additional 16 years. Production rates were held constant 
at the value used for 1976. Figure 6.21 shows the 
predicted pressure performance of the system. Figure 6.22 

shows the predicted enthalpy of the produced fluid. There 
appears to be some cooling of the system as evidenced by 
the declining enthalpy, but the pressure seems to be 
holding fairly constant with a slight rise in pressure at 
the end of the simulated period. 
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VII. LAND SUBSIDENCE A T  WAIRAKEI 

Ground Subsidence at Wairakei was first measured in 
1956 when benchmark levels were compared with those 
established in 1950 (Hatton [1970]). A subsidence network 
was then established, first on the steam main supports and 
then outward in the field. Periodic measurements have 
indicated that the area affected by subsidence exceeds 
11.5 square miles (Bixley [1977]). The area of maximum 
subsidence (subsidence - > 0.5 m) I however, lies outside the 
main production region. Maximum subsidence at Wairakei is 
of the order of 15~feet ( 4 . 5  m); this has been accompanied 
by horizontal movements of the order of 1.5 feet ( 0 . 5  m). 
Pritchett, -- et al. [1978] describe in detail the vertical 
and horizontal controls along with the measurements of 
ground deformation at Wairakei. 

Land subsidence at Wairakei is believed to be due to 
the withdrawal of fluids from the Waiora aquifer. Fluid 
production has resulted in a pore pressure drop (in the 
deeper liquid regions of the Waiora aquifer) of approxim- 
ately 350 psi. (It should, however, be noted here that 
the pressure drop is not uniform with depth. At the top 
of the Waiora aquifer, the observed pressure drop is only 
of the order of 150 psi.) One of the principal effects of 
a reduction in pore pressure (and possibly temperature) is 
a corresponding reduction in porosity $. (Changes in pore 
pressure can also trigger other geological phenomena such 
as slippage along pre-existing faults etc.) For small 
deformations, changes in porosity are governed by the 
relation (Brownell, et al. [1977]) : -- 

, i d  81 



SSS-R-80-4313 

@ 

where 

pC 

pf 
AT 

= Bulk modulus of porous rock (rock grain) 
= Coefficient of linear thermal expansion 

of porous rock (rock grain) 
= Total or Confining Pressure 
= Fluid Pressure 
= Change in fluid/rock temperature. 

/ 

At Wairakei, the temperature change is relatively 
small ( <  2 O o C ) ,  and we can, therefore, in a first order 
theory ignore the second term in the relation for A + .  

A general approach to modeling pore collapse/crack 
closure (and associated surface deformation) consists in 
solving the fluid flow and the stress-deformation 
equations in a coupled manner (Brownell, -- et al. [1977]). 
The stress-deformation field is, in general, three- 
dimensional. Since available data on subsidence and 
material properties at Wairakei are rather limited, the 
above mentioned approach appears to be unwarranted at this 
time. We will instead, following the previous work of 
Pritchett, - -  et al. [1976] and of Narasimhan and Goyal 
[1979], utilize the simpler one-dimensional consolidation 
theory to study compaction at Wairakei. 

One-dimensional consolidation theory can be obtained 
as a special case from the general three-dimensional 
coupled stress-deformation/fluid flow equations (Brownell, 
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et al. [ 1 9 7 7 1 ) .  In deriving the one-dimensional 
consolidation theory, it is necessary to assume the 
following conditions: 

- - 

1. The reservoir undergoes primarily vertical 
compaction, and horizontal deformations are 
negligible. (This condition is, strictly 

speaking, not met at Wairakei. Maximum 
horizontal deformation is over 10 percent of 
the maximum vertical movement.) 

2. The mass of fluid withdrawn is small so that 
the overburden remains essentially constant. 
(At Wairakei, recharge at the reservoir 
boundaries replaces most of the fluid produced 
from the reservoir such that the net fluid 
withdrawn is indeed small.) 

3. The bulk modulus of the rock grain is much 
greater than the bulk modulus of the porous 
rock ( K s > >  K). 

Assumptions (1) and ( 2 )  imply that stress equilibrium is 
satisfied trivially. In this case, it is not necessary 
to explicitly solve the coupled stress-fluid flow 
equations; the vertical strain-rate is given by the 
rela tion : 

where 

1 ah apf 
‘m at - = - - =  

at h at (7-2) 
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h = formation thickness 
Cm = 1/(K + 4/3 11) = formation compressibility 
p = shear modulus of porous rock 

= vertical strain € 2  

Furthermore, the porosity relationship becomes: 

To utilize the above strain-rate expression to 
predict land subsidence, we require (1) compressibility 
data for the various reservoir rocks, and (2) fluid 
pressure drop rate for the various formations. The fluid 
pressure drop r a t e s  can be obtained from t h e  reservoir 
engineering calculations reported in the preceding 
chapters. Figure 7.1 shows the pressure drop distribution 
at the beginning of 1974 given by the two-dimensional 
cross-sectional model discussed in Chapter VI. The area 
of maximum subsidence lies close to the eastern end of the 
two-dimensional grid of Figure 7.1. The pressure drop is 
remarkably uniform (in the horizontal direction) in the 
eastern part of the field. In the area of maximum 
subsidence, the pressure drop (as of the end of 1973) 
averaged through thickness is approximately 23.5 bars ('L 

340 psi) in the Waiora formation, and 8.7 bars ('L 125 psi) 
in the Huka formation. Note that the average pressure 
drop in the Huka mudstones is only a fraction ('L 1/3) of 
that in the Waiora formation; furthermore, little or no 
pressure drop occurs in the Pumice/Breccia formations 
overlying the Huka mudstones. For all practical purposes, 
the pressure drop history in the Waiora formation 
underlying the area of maximum subsidence can be 
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taken to be identical with the field average, A l s o ,  for 
present purposes, it will suffice to assume that the 
pressure drop in the Huka mudstones at any given time is 
approximately one-third of the field average (really 
measured in the liquid part of the Waiora formation). 

Pritchett, - -  et al. [1976] report data on formation 
compressibilities (Cm) obtained from hydrostatic and 
triaxial tests in the laboratory. In general, the values 
for Cm measured in the laboratory (Cm Huka = 0.25 

= 0.024 (kb)-l) are far too small (kb) ; 'm Waiora 
-1 

to account for the observed vertical movement at Wairakei 
(Pritchett, - -  et al. [1976]). The reservoir engineering 
calculations discussed in the preceding chapters clearly 
demonstrate that the reservoir behavior at Wairakei is 
governed by fractures, formation heterogeneities, and 
other large scale features such as faults. For such a 
system, it is reasonable to assume that the compaction 
(subsidence) behavior will be quite different from that 
predicted on the basis of laboratory measurements of 

. One possible procedure for obtaining apparent in 'm 
situ compressibilities is to back-calculate them from the 
observed pressure drop rates and the observed subsidence 
rates. 

Figure 7.2 (from Stillwell, et - al. [1975]) is a map 
of the Wairakei field showing both the areas of principal 
production and principal subsidence. Within the 
subsidence area and somewhat to the south of the center of 
the region is "Benchmark A-97", located at about the 
one-third (subsidence) amplitude contour near the main 
highway. Figure 7.3 shows, as a function of total 

86 



SSS-R-80-4313 

a
 0 

A
- 

=- 

(id 

k
 

Q
) 
a
 

rn 
c 
-4

 
k

 
3

 
a
 

0
 

0
 
0
 

m
 

*
4

 
a, 
x rd 
k

 

8
7

 



-1 
w > w 
-1 55 
a 
w 
UJ 5 0  

Ov) 
mncr 

+- 
da 

a 
m 35 

w 30 

25 

ncr 
3 
v, 

w 
(r: 
a 

SSS-R-80-4313 

MASS OUTPUT FROM PRODUCTION FIELD ( X  109 W) 

Figure 7.3. Pressure versus mass of fluid produced at 
Wairakei [Stillwell, _.- et al., 19751. 
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fluid mass produced, the fluid pressure in the reservoir 
at 150 m below sea level: Fiqure 7 . 4  shows, on the same 
scale, the total vertical surface subsidence at Benchmark 
A-97. At early times, the pressure in the reservoir drops 
rapidly, but later on the pressure drops more and more 
slowly. The slope of the Benchmark A-97 subsidence versus 
total production curve, however, actually increases 
somewhat with time. At present, and for the past several 
years, the subsidence rate at Wairakei has remained 
essentially constant whereas the rate of pressure drop has 
declined continuously. 

u 

In Figure 7 . 5 ,  the reservoir pressure drop is 
plotted as a function of the downward movement of 
Benchmark A-97 as deduced from the data presented in 
Figures 7 . 3  and 7 . 4 .  The "dots" denote time -- 1 January 
of the year indicated in each case. This plot strongly 
suggests that nonlinear ground movement processes are 
operating at Wairakei. At early times, the slope of this 
curve is 36 bars/meter of subsidence -- at present, the 
slope is 2 . 4  bars/meter, lower by a factor of 1 5  (It 
should be noted that these slopes are for subsidence -- 
approximately one-third maximum subsidence amplitude -- 
measured at Benchmark A-97.  The corresponding slopes for 
the center of the subsidence bowl would be 12 bars/meter 
at early times and 0.8 bars/meter at present.) The 
apparent increase in rock compressibility at Wairakei with 
time is typical of many reservoirs (for a case study of an 
oil/gas reservoir see Merle, et & [ 1 9 7 6 1 ) .  The 
nonlinear behavior can be explained if one assumes that 
the deforming material passes from a state of precon- 
solidation to one of normal consolidation (Merle, et al. - -  

8 9  
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[1976] ; Narasimhan and Goyal [1979]). (Stated somewhat 
differently, the material exhibits a relatively low 
compressibility for (PC‘Pf) less than (Pc-Pf 1 * I  

where (Pc-Pf) * denotes the maximum effective stress 
experienced by the material at some time in its geologic 
past. With continued fluid production, Pf decreases and 
eventually (Pc-Pf) exceeds (Pc-Pf) * at which point 
the material starts exhibiting a higher compressibility.) 
At Wairakei (see Figure 7.5), the formation appears to 
pass from a state of preconsolidation to normal 
consolidation around the beginning of 1964. 

In order to calculate formation compressibility from 
the observed subsidence - pore pressure behavior, it is 
necessary to make certain further assumptions regardinq 
the vertical distribution of total measured compaction. 
Pritchett, - -  et al. [1976] assumed that approximately 90 
percent of the compaction occurs in the Waiora formation. 
Although the exact thickness (h) of the Waiora formation 
in the region of maximum subsidence is not known (no deep 
wells have been drilled in this area), it does not in all 
likelihood exceed 1000 m. Given Ah/Ap and h, formation 
compaction can be calculated from the following relation: 

If we take hWaiora = 1000 m, then we obtain: 

O o 9  bars-’ = 0.075 (kb)” at early times - - 
‘mmaiora 1000 12 

bars-’ = 1.125 (kb)-’ at late times - 0.9 - 
1000 (0.8) 
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Narasimhan and Goyal [1979] have also examined the 
subsidence behavior at Wairakei. The purpose of their 
study was "to make a preliminary study of the ground 
subsidence observed over the geothermal field at Wairakei, 
New Zealand and to find whether the field observations can 
be reasonably explained in terms of the well known 

geotechnical principles of consolidation." The 
"preliminary model, then, studies the effect of hetero- 
geneity and plasticity on the subsidence phenomenon. 'I 
More specifically, Narasimhan and Goyal assume that (1) 
most of the reservoir compaction occurs in the Huka 
mudstones, (2) the pressure drop in the Huka mudstones is 
approximately the same as that obtaining in the deeper 
Waiora formation and (3) the thickness of Huka mudstones 
in the region of maximum subsidence is 200 m. With these 
assumptions, Narasimhan and Goyal obtain the following 
values for Huka compressibilities: 

'm/Hu ka - 1 bars-' - 200 (12) 

- 1 
- 200  (0.8) bar s-l 

% 0.5 kb-l at early times 

' ~ 5  kb-l at late times .. 

In actuality, the pressure drop in the Huka 
mudstones is only one-third of that in the Waiora 
aquifer. A l s o ,  in the area of maximum subsidence the Huka 
mudstones are only about 100 m thick. This implies that 
the compressibility values used by Narasimhan and Goyal 
should be raised by a factor of six. Thus 

~3 kb-l at early times 

Q 3 0  kb-l at late times 

'm/Huka 
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The late time compressibilities (or virgin curve Gib 
compressibilities) calculated by both Pritchett, - -  et al. 
[1976] and Narasimhan and Goyal [1979] are extremely high; 
such large rock compressibilities have neither been 
measured in the laboratory nor observed in the field." 

Since the rock compressibilities required to explain 
the observed subsidence amplitude are far too large to be 
plausible, the question arises if the postulated sub- 
sidence mechanism (i.e., reduction in porosity with a drop 
in fluid pressure) is correct. Any model of subsidence, 
to be acceptable, should explain not only the subsidence 
amplitude but also the spatial distribution of ground 
deformation. At Wairakei, the area of principal sub- 
sidence encompasses the eastern part of the principal 
production area; no subsidence has been measured in the 
western half of the Wairakei field. Also, the region of 
maximum subsidence lies outside (although within the 
resistivity boundary of the Wairakei geothermal field) the 
production area. In their preliminary phenomenological 
study Narasimhan and Goyal [1979] assume that the zone of 
maximum subsidence coincides with the maximum thickness of 
Huka Falls formation (These authors use an idealized 
graded thickness of Huka Falls formation varying from 4 0  m 

* In a personal communication to the present authors, 
Narasimhan and Goyal have taken issue with this view. 
Narasimhan and Goyal state that the present authors 
"fail to recognize that Huka Falls is a relativelv 
shallow sandstone of lacustrine origin deposited during 
the interglacial periods. Geologically it is 
relatively young. Therefore, one should not be 
surprised if the _.- in situ compressibility in fact proves 
to be far higher than the authors may want to believe. 
A porosity as high as 20 percent of the Huka Falls 
formation, as assumed by the authors in their 
simulation, makes our point even stronger." 
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in the principal production area to 200 m in the zone of 
maximum subsidence. ) . Available geologic evidence uoes 
not however appear to support this assumption. Figure 7.6 
shows the subsidence and production areas superimposed on 
the isopachs for the Huka Falls formation. We also show 
in Figure 7.6 the control wells (Nos. 32, 33, 36 and 2A) 
used to infer the Huka Falls formation thickness in the 
eastern part of the Wairakei geothermal field. Clearly, 
the observed ground deformation does not correlate with 
the thickness of the Huka Falls formation. The control 
wells 2A, 32, 22 and 36 are relatively shallow wells and 
have not encountered the base of the Waiora formation; 
thus we have no direct knowledge of the deeper geologic 
structure in this part of the field. However, given the 
general geologic continuity between the Wairakei and 
Tauhara regions, there exists little reason at present to 
assume that the observed ground deformation can be 
correlated with the thickness of the Waiora formation as 
assumed by Pritchett, et al. [1976]. -- 

The foregoing discussion illustrates the 
difficulties associated with trying to explain the 
subsidence behavior at Wairakei by the simple pore 
collapse mechanism.* We are at present inclined to reject 
pore collapse/crack closure as the principal mechanism 
responsible for the observed ground deformation at 

* As suggested by Narasimhan and Goyal, the pore 
collapse mechanism can be made to reproduce the 
observed subsidence history by assuming that the 
formation compressibility C, is spatially varying. 
Such an approach, while feasible in principle, is 
however unlikely to y i e l d  either any understanding of 
the causative mechanisms or provide a reliable 
predictive model. 
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Wairakei. In attempting to come up with an alternate 
mechanism, we note that the center of the major subsidence 
bowl lies rather close to the resistivity boundary for the 
Wairakei geothermal field. The resistivity boundary, in 
this part of the field, appears to coincide with the 
hydrologic boundarv of the field (The evidence for this 
comes principally from the observed pressure response in 
well 33. Well 33 appears to have little, if any, 
connection to the field.). We also note here that in the 
early days of the development of the Wairakei geothermal 
field, there existed two zones at Wairakei (the present 
region of maximum subsidence, and a region near Karapiti) 
which were subsiding rapidly. The zone at Karapiti - an 
area of natural thermal activity about 2 miles south of 
the production field - was the most rapidly subsiding part 
of the field until about 1963, when the subsidence rate 
decreased to the same rate as for the surrounding ground 
surface. Around 1960, the subsidence rate at benchmark 
A97 began to increase and over the next several years the 
zone of rapid subsidence immediately north of the eastern 
production field (i.e., the present zone of larqe 
subsidence) was delipeated. In any event, we wish to 
emphasize here that the earlier zone of subsidence at 
Karapiti, like the present region of maximum subsidence, 
lies close to the margin of the geothermal field. 

The fact that maximum subsidence occurs near the 
edge of the geothermal field suggests that local phenomena 
are responsible for the observed ground deformation. One 
possible mechanism is aseismic slippage along pre-existing 
buried faults in response to local changes in fluid 
pressure. If the fault acts as a barrier to fluid 
migration (i.e., the fault acts as a sealing boundary), 
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then production on one side of the fault can lead to 
greater pore pressure decline on the producinq side of the 
fault than on the other side. This differential pore 
pressure decline can cause movement on the fault which 
will be manifested at the surface as differential movement 
across the surface trace of the fault. Such behavior has 
been observed at several oil/gas fields along the Texas 
Gulf Coast. Fluid (oil and gas) production from the Saxet 
field (Texas) has resulted in a 6-foot scarp along a 
segment of the surface extrapolation of a regional growth 
fault. In the Chocolate Bayou Field, subsidence increases 
near an extrapolated fault (see Gustavson and Kreitler 
[1976] for a detailed discussion of the subsidence 
behavior along the Texas Gulf Coast). 

Since at present the deep geologic structure in the 
region of maximum subsidence is not well defined, the 
suggestion that aseismic slip on a buried fault is 
responsible for the observed subsidence behavior must be 
regaded as speculative. This hypothesis is, however, not 
far-fetched in view of the facts that (1) the Wairakei 
region is traversed by many faults some of which have no 
surface manifestation, and (2) the maximum subsidence 
occurs near the hydrologic boundaries of the field ( A  

hydrologic boundary must in some sense relate to the local 
geologic structure such as a region of low permeability or 
a sealing fault). In any event, it is our belief that the 
subsidence behavior at Wairakei is intimately tied with 
local subsurface geology. The present knowledge of 
subsurface geology in the subsidence region is, however, 
too poor to permit a definitive evaluation of the 
mechanism or mechanisms responsible for subsidence at 
Wairakei. The modeling of subsidence response must follow 
rather than precede an understanding of the underlying 
mechanisms. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 

As discussed in the previous section, subsidence at 
Wairakei is probably controlled by discontinuous effects 
of undetermined character, rather than by continuum 
behavior such as pore collapse. This latter model is 
apparently inappropriate for Wairakei, owing both to the 
unrealistically high rock compressibilities required to 
explain the observed deformation and to the apparent lack 
of correlation between the subsidence pattern and the 
known stratigraphy of the region. Since no evidence 
exists which permits the identification of the physical 
mechanism responsible for the observed subsidence at 
Wairakei, the expenditure of additional effort to simulate 
the behavior based on various speculative phenomenological 
models is not warranted. Such an approach, while 
feasible, is unlikely to cast light on the fundamental 
physical phenomena involved. Unless more field data 
becomes available (such as might arise were drilling to be 
undertaken in the subsiding region), the basic cause for 
the observed ground motion will remain obscure. 

As regards information of interest f o r  more 
conventional reservoir engineering (such as 

history-matching of production, pressure drop, discharge 
enthalpy and the like, and forecasts of future 
performance), the situation is much more encouraging. As 
described in Chapter VI, a reasonably successful 
two-dimensional (vertical) simulation has been carried 
out, which incorporates the effects of subsurface 
geological structure, surface and deep recharge, and other 
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realistic effects. This simulation produced a very good 
match to the observed pressure history; measured discharge 
enthalpies are also reasonably well reproduced, except 
that computed values are slightly high at late times. 

Predictive calculations using this two-dimensional 
model indicate that, if mass production rates are 
maintained at approximately the present level reservoir 
pressure in the future will remain essentially constant. 
Discharge enthalpies will continue to decline, however, at 
an average rate of five to ten BTU/pound/year. Thus, the 
eventual demise of the Wairakei geothermal power system 
will probably come about due to thermal degradation rather 
than reservoir depletion in the classical sense. 
Quantitatively, this forecast may be too optimistic since, 
as noted above, the two-dimensional model overestimates 
late-time discharge enthalpies somewhat. This shortcominq 
can probably be overcome by inclusion of three-dimensional 
effects, in particular declines in temperature to the 
north and south of the borefield. 

It is indeed unfortunate that it was impossible to 
complete the three-dimensional work and obtain a good 
history match. Obviously, the next step is to complete 
this work. Predictive calculations may then be carried 
out with a high level of confidence to examine alternate 
future production strategies and devise optimum 
exploitation techniques. 
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