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SUMMARY OF RESERVOIR ENGINEERING DATA: WAIRAKEI GEOTHERMAL FIELD, NEW ZEALAND 

F. Rice and S. K. Garg 
Systems, Science and Software 
La Jolla, California 92038 

ABSTRACT The data collection ocess was accomplished 
hases. First, a search was made for a l l  

relevant data available concerning Wairakei i n  the 
United States. this information generally fe l l  
into two categories: published journal papers and 
reports, and a substantial collection of raw data 
accumulated by James Mercer of the U. S. Geologi- 
cal Survey i n  1972, which he kindly contributed t o  
the present effort. Once this data was gathered 
and assessed, one of the present authors 
(Pritchett) made a two-week v is i t  t o  N e w  Zealand 
i n  November 1977. I t  was during this visit that 
the bulk of the information was gathered. 
Pritchett was given free access t o  the Wairakei 
f i l es  and was provided ample help by the New 

, both a t  the Ministry of Works (MOW) 
Department of Scientific and Industrial 

(DSIR) headquarters i n  Wellington and a t  
i t se l f .  The data was then organized i n  

rm for the comprehensive final report.1 
the present summary report was .prepared. 

w i t h  the basic purpose of the work, 

and a l l  pertinent data so that various theore 
cal reservoir simulation studies may be carri 
ou t  i n  the future i n  a meaningful way. Categ 
of data considered include electrical res is t i  

veys, laboratory 

elevant t o  the reservoir mechanics were 
onsidered. Thus, for example, l i t t l e  discussion 
f such matters as the power plant design, the 

economics of the system, plant management and the 
like is incluQd. Emphasis was placed upon i n -  
formation which is not generally available i n  the 
U. S. For example, the geology of the Wairakei. 
area is very intricate and forms a fascinating 
subject i n  i t se l f .  Grindley2 has already written 
a 130 page book on the subject, and hence the sec- 3 large- logic structure i n  the report i 

of his work and that of Healy. 
the pressure-drawdown dat for the 

ion of pressures follows Bolton very 
t includes data for the interval 1969- 

field, on a well-by-well basis. For each well, 
the tape contains the completion date, the surf 
altitude, the bottomhole depth, the geographic 
location, the slotted and perforated interval 
locations, the bottomhole diameter, locations of 

been discussed by Bo1 ton; 1 therefore, 
December 1976. 

INTRODUCTION 

ata bank available concerning Wairakei is 
hat frustrating. On the one hand, enormous 
ts ,of information are availdble concerning 
gical structure, production rates, discharge 

ressure trends, and many other sub- 
the other, certain measurements which 
t importance i n  reservoir engineering 

the results are  ambiguous or mislead- 

this category are the permeabilities of the 

not made a t  a l l ,  or were made i n  such 
ticularly large-scale numerical simulations of t 
mass and heat flow and associated phenomena over 
the lifetime of the field. The Wairakei geother 
mal system is of particular interest sjnce i t  was 
the first (and u n t i l  1973 the only) l iqu id -  
dominated geothermal reservoir t o  be exploited f 
electrical power. D r i l l i n g  began a t  Wairakei i n  
1950 and ceased i n  1968; mass production rates dure i n  the petroleum .Industry for determining 
reached a peak i n  the mid-1960's and have been forma tion permeabi 1 i ty is the we1 1 head 
slowly declining since. Thus, a substantial pro- test. For several reasons (not  the least of 
duction history for a liquid-dominated geothermal which is the fact that a rapid-response pressure 
system has been accumulated which i s  un ique  i n  the gauge capable of withstanding the geothermal 
world . 

The two most important parameters which fa l l  

ous formations and the earl 
u t i o n  i n  the field. 

As regards permeabi 1 i t ies  , 

temperature dis- 

e classical pro- 
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environment was not then available), such tests 
were never performed i n  the early days a t  
Wairakei. Now that the technology for making 
pressure-transient tes ts  is available, the long 
history of production has resulted i n  the crea- 
t i on  of a two-phase (waterhteam) system i n  the 
area of principal production which renders the 
interpretation of such a tes t  very difficult and 
uncertain. Lacking well-test information, core 
samples from Wairakei have been tested i n  the 
laboratory. These laboratory results indicate, 
however, matrix permeabili ties for the priwipal 
producing aquifer which are several orders ofi 
magnitude smaller than the minimum required t o  
sustain reservoir production a t  the observed rate. 
The Wairakei field is located i n  an intensely 
faulted and seismically active region; clearly, 
most of the effective reservoir permeability con- 
s i s t s  of "fracture permeability" as opposed t o  
"matrix permeabi 1 i ty" . 
the early temperature distribution i n  the field. 
The procedure was to s h u t  a well i n  for a period 
of time and then to make temperature measurements 
a t  various levels w i t h i n  the well, thereby con- 
structing a temperature/depth profile for the 
well. A substantial amount of information of this 
sort is  available. There are, however, a t  least 
two serious difficulties w i t h  t h i s  approach. 
First, i t  often turns out that the shut - in  time 
was insufficient to permit thermal equilibration 
between the rock outside the well and the fluid 
inside. An even more serious difficulty is that 
the Wairakei temperature/depth measurements were 
made inside cased wells. Due t o  the formation of 
convective cells i n  the f l u i d  wi th in  the well, 
under such circumstances the vertical temperature 
d i s t r ibu t ion  w i t h i n  the well may never equili- 
brate w i t h  that of the rock outside, irrespective 
of the duration of the s h u t - i n  interval. There- 
fore, although a maximum temperature found w i t h i n  
a well a t  a particular time may indeed reflect 
the rock temperature a t  that particular depth, 
the remainder of the temperature-depth profile 
should be regarded w i t h  considerable suspicion. 
A preferable procedure for determining the 
temperature-depth profile would have been to make 
measurements during d r i l l i n g ,  allowing for temper- 
ature equilibration a t  different depths during 
the d r i l l i n g  of the well prior to  making the 
temperature measurement. I t  should be assumed 
that the pre-production temperature d is t r ibu t ion  
i n  the field is simply not well known. 

Lest the reader become discouraged, it should 
be reiterated that i n  other respects the data 
available from Wairakei are excellent and quite 
complete. Wairakei is almost certainly the best- 
documented geothermal field i n  the world (with the 
possible exception of Lardarello), a t  least  i n  
the public domain. As can be seen from the main 
report, the available information on geological 
structure, reservoir pressure, well-by-well pro- 
duction histories and other quantities is complete 
enough that the principal unknowns (permeability 
and ini t ia l  temperature) can likely be estimated 
or a t  least bracketed by good engineering judge- 
ment w i t h  the help of numerical simulation 
studies . 

The situation is somewhat different concerning 

A t  t h i s  point,  i t  is worthwhile to  discuss the 
way i n  which the data are presented. Generally 
speaking, measured quanti t ies  are given i n  the 
same system of units as that i n  which they are ob- 
tained. Thus, for example, pressures are usually 
expressed i n  pounds per square inch. Mass of 
fluid produced is given i n  pounds, and enthalpies 
are provided i n  BTU/pound relative t o  liquid-sat- 
urated conditions at, 0°C. Temperatures, however, 
are given i n  degrees Celcius. Depths are  measured 
i n  feet, usually w i t h  respect to  sea level; for 
example, the notation "RL-900" refers t o  a depth 
of 900 feet below mean sea level (and roughly 
2,500 feet below the surface a t  Wairakei's a l t i -  
tude). Geographic locations ( 5  .e. , locations of 
wells and the like) were provided i n  as many as 
three different coordinate systems, bu t  by far  the 
bulk  of the data was i n  feet, w i t h  respect t o  the 
1949 Maketu datum; this system was adopted 
throughout  for this report. 

The report1 actually consists of three parts. 
The first of these is the lengthy written docu- 
ment,  Volume I. In addition, substantial amounts 
of data are contained on a magnetic computer tape, 
and computer programs have been written which per- 
m i t  interrogation of this tape. For the benefit 
of those who lack ready access t o  a large com- 
puter, a l l  the data on the tape are also repro- 
duced ( i n  a form more amenable t o  human 
consumption) i n  Appendix D, which forms the rather 
bulky Volume I1 of the report. I t  is hoped, how- 
ever, that the presentation of the data i n  com- 
puter readable format will fac i l i t a te  the use and 
manipulation of these data for i n p u t  to numerical 
reservoir simulation computer programs. 

Not a l l  the data acquired dur ing  the course of  
this project are to be found on the magnetic tape. 
Generally speaking, the data on the tape have been 
restricted t o  information which (a) readily lends 
i t se l f  to  digital representation, and (b) i s  too 
cumbersome for efficient presentation i n  a written 
report. The data on the tape are organized on a 
well-by-well basis. That is, for a particular 
well, a l l  relevant data are presented i n  a partic- 
ular data block on the tape. The tape t h u s  con- 
sists of a linear series of such data blocks, one 
for  each well i n  the field. For each well, the 
data on the tape consists of the following: 

1. The coordinates of t h e  wellhead i n  feet  
w i t h  respect t o  the 1949 Maketu datum, 
and the altitude of the wellhead ( i n  
feet) above sea level. 

2. The depth of the bottom of the well ( i n  
feet, w i t h  respect to  sea level); also, 
i f  the well was deviation drilled, the 
depth a t  which deviation began and the 
1949 Maketu coordinates of the well 
bottom. 

3. The month and year during which the well 
was completed . 

4. The depth ( i n  feet  w i t h  respect t o  sea 
1evel)'at which major geologic formation 
interfaces were encountered during dr i l -  
ling. 
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engineering purposes, the f l u i d  may be regarded as 
pure H20. I n  Chapter I X ,  temperature d is t r ibu-  
t ions w i th in  the f i e l d  and trends i n  temperature 
wi th  time are described. As discussed above, how- 
ever, serious uncertaint ies ex i s t  concerning the . 
temperature data. Chapter X describes trends i n  
the d r i l l i n g  program, the spat ia l  and temporal 
d i s t r i bu t i on  o f  the production o f  mass and heat, 
and changes wi th  time o f  such quanti t ies as mean 
discharge enthalpy. Also discussed are uncontrol- 
lable-discharge "accidents" that  have occurred, and 
the various sources o f  mass and heat production 
data which are contained on the magnetic tape. 
Chapter X I  summarizes the numerous pressure mea- 
surements made a t  Wairakei. It i s  shown that  the 
pressure trends w i th in  the f i e l d  are consistent 
wi th  two-phase behavior, and that the r a t e  o f  pres- 
sure drop has been decl ining i n  recent years i n  
sp i te  o f  sustained production rates. Pressure 
evidence t o  define the hydrodynamic boundaries o f  
the f i e l d  i s  described and correlated with tempera- 
ture data. It i s  also demonstrated tha t  the 
Wairakei f i e l d  communicates strongly wi th  the 
Tauhara f i e l d  t o  the southeast. I n  Chapter X I I ,  
g rav i ty  survey data are discussed. 
that  changes i n  grav i ty  anomaly measurements i n -  
dicate an increasing ra te  o f  natural recharge over 

r o f  the w e l l  bottom 

o f  f l u i d  ( i n  pounds) 
(BTU) produced during 
mean discharge enthal 
by d iv id ing the heat 

It i s  shown 

12. Occasional general comments concernin 
unusual events o r  characterist ics o f  
the we1 1 . 

I n  the wr i t t en  port ion o f  the rep0 
sources and general implications o f  the 
magnetic tape are discussed a t  some leng 
discussed are data o f  other kinds which 
readi ly  lend themselves t o  d i g i t a l  repre 

data concern 
o f  the e l e c t r i  
Island consist 

c power stat ions a 
as i t s  or ig ins a t  

measurements i n  the various strata, when compared the Department o f  Sc ien t i f i c  and Indust r ia l  Re- 
t o  laboratory measurements, strongly suggest an ex- search (DSIR) t o  assess the geothermal potential 
tensive f racture structure. Chapter V I 1  present o f  the thermal b e l t  generally, and i n  part icular,  
data relevant t o  the chemical composition o f  the the v i c i n i t y  o f  Wairakei j u s t  t o  the north o f  Lake 
f l u i d s  discharged from the Wairakei bores. Thes Taupo. The pr incipal  surface manifestations o f  
data indicate t h  thermal a c t i v i t y  a t  Wairakei are the Karapi t i  area , f o r  pract ical  reservoir 
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Figure 1. Thermal areas, hot spr ings  and volca- 
noes of the thermal belt, North Island, 
New Zealand. 

i n  the s o u t h ,  Geyser Valley to the north, and the 
Waiora Valley to the west. The conclusions of the 
study,6 generally speaking, were that some poten- 
t i a l  definitely existed for power production using 
shallow dril l ing alone, and that much more might  
exist  i f  deep wells were drilled. 

In 1955, a decision was made to construct a 
power plant capable of producing 69 megawatts of 
electrical power and, as a by-product, to provide 
heavy water for the British Atomic Energy Author- 
ity. The heavy water scheme was soon abandoned, 
b u t  by 1957 the first stage (59 MW) of the power 
plant was under construction. In 1953, a program 
of deep dril l ing was begun that soon demonstrated 
the existence of a much larger resource than had 
been estimated based upon the earlier relatively 
shallow bores. 

since then, mass production rates have been de- 
clining a t  about 4 percent per year. Bore field 
pressures have dropped over 350 psi  over the years, 
and temperatures have likewise dropped. Various 
modifications have, however, improved the thermal 
efficiency of the system such that the electrical 
generating capacity has been maintained. 

Wairakei has been producing electrical power 
since the mid-1960's a t  an average of about 140 
MW. I t  is now regarded i n  New Zealand as  an 
operating faci l i ty  which is slowly being depleted 
b u t  which will doubtless continue to  produce power 
for many years to come, and no fundamental changes 
are contemplated. 

Drilling activity a t  Wairakei ceased i n  1968; 

ELECTRICAL AND MAGNETIC MEASUREMENTS 

are generally interpreted as being indicative of 
the presence or absence of hot water a t  depth. 
That is, as temperature increases, the electrical 
conductivity of electolytes also increases. Low. 
resistivities tend to  occur i n  regions surrounding 
a geothermal anomaly. As a general practice, the 
"boundary" of a geothermal reservoir is considered 
to  correspond to res is t ivi t ies  i n  the range of 10- 
20 ohm-meters. The reservoir itself, i n  its cen- 
t ra l  region, may have resis t ivi t ies  less than 5 
ohm-meters , while the surrounding relatively cold 
rock is often characterized by resistivities as 
high as 100 ohm-meters or more. 

A resist ivity survey was carried out i n  the 
Wairakei area i n  1963-1964; Fig. 2 shows the re- 
sistivi ty contours resulting from that survey. 
These contours definitely indicate two large low 
resist ivity regions, a t  Wairakei and a t  Tauhara, 

J i t h  a relatively narrow neck connecting them. 
Even more compelling evidence for such a connec- 
tion is  provided by the ressure data discussed 

The results of surface resist ivity surveys 

elsewhere i n  the report. P 
by Cullington.7 Modriniak and S tud t  ii drew atten- A vertical magnetic force surve was reported 

tion to  the contrast between the low intensities 
i n  the vicinity of the Waiora Valley a t  the western 
end of the bore field and the high intensities i n  
the vicinity of Geyser Valley. They believe that 
this general increase i n  magnetic intensity from 
west to east across the bore field indicates that 
the source o f  hot f l u i d  is to the west, and that 
the general flow is from west to  east. They drew 
this conclusion by noting that hydrothermally al -  
tered ignimbrite is  much less polarized than rela- 
tively una1 tered ignimbrite. 

NATURAL HEAT FLOW AT THE SURFACE 

system, Wairakei and its immediate neighborhood 
were popular tourist  attractions, i n  large measure 
due t o  the various geysers hot pools and similar 
phenomena i n  the vicinity.3 The most prominent of 
these features were t h e  geysers i n  Geyser Valley 
( just  nor th  of the main bore field),  the thermal 
pools of the Waiora Valley ( just  to the west), the 
Karapiti area to  the south of the bore field,  i n -  
cluding the Karapiti Blowhole fomarole, and the 
geysers a t  Spa Sights i n  the Tauhara area. 

During the years of production a t  Wairakei, 
much of this natural activity has subsided. 
Activity i n  Geyser Valley began to  decrease pre- 
ceptibly as early as  1954, and the attraction was 
closed i n  1972. The Waiora Valley, on the other 
hand, has retained most of i ts  activity. The 
Karapiti Blowhole has ceased to  discharge, as have 
the geysers a t  Spa Sights. As a general rule, 
throughout the area, surface manifestations such 
as geysers and hot springs have declined, whereas 
"steaming ground" has become more extensive. 

Numerous natural heat flow a e ments of 
Wairakei have been carried 0ut.5sf8-Tb Estimates 
for the total heat flow vary, b u t  Grindley17 
indicates that the total natural flow has increased 

Prior to its development as a geothermal power 
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P 330000S 

lues i n  ohmmeters 

resent authors to 
gic analyses already concluded. Rather, 
cussion of the geologic structure neces- 
for reservoir engineering studies 

othermal area has been 

W i t h  the continuing d 
irakei f ield since the early 1950's and w i t h  the 

commencement of subsurface exploration a t  Tauhara 
i n  1964, a stratigraphic picture of the entire 

drothermal region has been evolving, primarily 
rough examination o f  the outcrops i n  the region 
d ,  more importantly, t h r  
om dri l l ing logs. The w 
Volume I1 o f  the report 

rmations penetrated by e 
on was obtained through 
ng logs presented by Gri 
s supplemented by the ex 

ent bores not included i n  his report. In- 
hose addtional bores have provided impor- 
formation about the subsur 

igure 4 shows a g 
t i r e  Wairakei/Tauhara regio 
map w i t h i n  the small recta 
i n  Fig. 5 t o  give a more detailed picture 
main production area. These two maps 

fy the locations of a l l  bores and major sur- 
eatures i n  the region. In the next several 

phs, the characteristics and general dis- 
ons of the principal members of the 
raphic sequence will be discussed i n  de- 

t a i l .  Figure 6 shows a cross-section running ap- 
proximately E-W across the main bore field. The 
full report contains many such cross-sections t o  
give a better geologic picture of the entire re- 
gion. In the following subsections, each major 

tends beneath H 
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Figure 3. Temperature elevation above mean a i r  tempera- 

ture a t  1 meter depth - 1966. 

formation is briefly described, proceeding from 
deep to shallow. For more details, see the full  
report. 1 

Ohakuri Group 

and pumiceous sediments. In the Wairakei area, 
the name is applied to the pumiceous pyroclastics 
and sediments underlying the Wairakei Ignimbrites 
i n  the Rgion of bores 219 and 121. I n  bore 219, 
the Ohakuri Group was encountered from RL-1633 to 
the bottom of the hole a t  RL-2304. I n  bore 121, 
which was d r i l l e d  i n  1968, the formation was en- 
countered a t  RL-3885. From that point to the 
bottom of the hole a t  RL-5940, i t  alternates w i t h  
layers o f  andesite. Evidence from bore 121 sug- 
gests that  the Ohakuri Group is virtually imperme- 
ab1 e .22 

Wairakei Ignimbrites 

countered i n  54 wells a t  Wairakei and Tauhara. 
The Wairakei Ignimbrite is a dense uartz-bearing 

dant plagioclase w i t h  minor hypersthene and 
biotite. The ignimbrite layer l i e s  approximately 
2000 feet  below the surface i n  the main productron 
area and is a t  least  1700 feet  thick i n  bore 48. 
To the northwest, i n  bore 219, the formation has 
thinned to about 800 feet  and to the west i n  bore 
121 the formation is approximately 3400 f e e t  
thick. 

T h i s  group is composed of pumice breccias 

The Wairakei Ignimbrites have been en- > 

formation w i t h ,  according to Healy, 9 also abun- 
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Waiora Formation 

The Waiora Formation l ies  above the Wairakei 
Ignimbrites. 
tuffaceous sandstones, s i l t y  sandstones, grey s i1  t- 
stone, ignimbrites and interbedded sediments. In 
the main production region, the Waiora l i e s  about 
600-700 feet  below the present land surface and is 
approximately 1500 feet  thick. I n  the southeast 
and eastern regions where the ignimbrites dip 
steeply, the Waiora is up to 3000 feet  thick. The 
formation has been encountered i n  a l l  b u t  a few 
holes a t  Wairakei and Tauhara. This formation is 
the primary aquifer which supports the production 
from the region. I t  is, i n  general, sandwiched 
between the ignimbrites below and the Huka Falls 
formation above. These serve essentially as 
aquitards. From d r i l l  logs, the formation is  
known to be thicker to the west i n  the Te Mihi 
Basin, where bore 207 was dril led into a t  least  
2000 feet  of the formation without encountering the 
underlying ignimbrites. Similarly, to  the east  i n  
the Taupo-Reporoa Basin holes 60 and 37 encountered 
about 2500 feet  of Waiora without finding the 
ignimbrites. 

Waiora Val1 ey Andesite 

above the ignimbrite, is  the Andesite Formation. 
I t  is dense and has been hydrothermally altered. 
The formation has been encountered i n  31 wells i n  
the region. I t  appears closely associated w i t h  
the Waiora, Wairakei and Upper Waiora Faults, and 
according to  Grindley2 appears t o  have been 

I t  consists of pyroclastic rocks, 

Lying interbedded w i t h  the Waiora, a l i t t l e  
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ssures a t  faul t  intersec 
Away from these intersections, i t  appears 

e subsurface rhyo 
which are encountered i n  drillholes i n  the 
western region of the 
bore 219 i n  the north 
encountered i n  27 bor 
a t  Wairakei includes pumiceous 
t ic and banded tithoidal rhyol 
from about 1600 feet  thick a t  
feet  i n  205, td 1460 feet  i n  2 
213 and to  200 fee t  i n  bore 28 
the formation from south to no 

1 

here are three major structures which are 
ifiable i n  the.area; the Wairakei Block, the 
-Reporoa Basin nd the Mihi Basin. Ac- 
ng t o  Grindley) the W kei Block is an el- 
c structure extending i n  the north-northeast- 

y direction. He believes that the high gravity 
nd magnetic values recorded a t  the southern end 

of the region may be due t o  the thick intrusions of 
rhyolite which l i e  i n  tha 
end of the block are char 
t i c  values. Grindley bel 
bounded by faults may i n d i  
uplift i n  the basement ro 
upli f t  actually correspon 
t ion  of deep hydrothermal 
the main production region 
gnimbrites l i e s  a t  about RL-700 whereas away from 



. 
the main bore field the surface of the ignimbrites 
is deeper; as much as 1300 feet deeper to  the east. 

To the east of the Wairakei Block is the 
Taupo-Reporoa Basin which trends again i n  a north- 
northeasterly direction between the Kaingaroa 
Plateau and the Paeroa and Wairakei Blocks. The 
greywacke basement i n  this region is postulated by 
Modriniak and Studt8 t o  be about RL-8500, approxi- 
mately 4000 feet lower than i n  the Wairakei Block. 
Drillholes i n  the eastern part of the field have 
provided evidence of s loping  i n t o  the basin. As 
Grindley2 comments, the total displacement of the 
ignimbrites is a t  least  750 feet  along the fault. 

The Kaiapo Graben and the Te Mihi Basin l i e  
to the west of the Wairakef Block. The Graben is 
bounded by faults. The block tilts slightly east- 
ward by about 10" and is bounded on the east by 
the Kaiapo Fault. The Te Mihi Basin l i e s  as a 
northeasterly extension o f  the Graben. According 
to  Grindley2 i t  does not appear to  have been fault 
produced. 

Faults are dominant features throughout the 
entire Wairakei region. However, the Tauhara 
region is less strongly faul t-dominated. Essen- 
t i a l ly  a l l  faults have a northeasterly orienta- 
t ion.  I t  should be noted that the production from 
the region is believed t o  be strongly influenced 
by faults - indeed, as evidenced by laboratory 
work, the rock formations tend to  have low matrix 
permeability. Hence, the flow through the system 
is believed to be primarily through the faults 
and associated fractures. As Grindley2 c m e n t s ,  
d r i l l i n g  of successful wells a t  Wairakei depends 
upon the intersection of the borehole w i t h  a faul t  -- thereby providing the necessary increased 
permeability. Many wells were i n  fact dr i l led  i n  
an attempt to intersect major faults. The ful l  
report1 gives a more complete discussion of the 
faulting of the region. 

ROCK PROPERTIES 

The rock properties of principal interest for 
reservoir engineering studies are the porosi ty, 
permeability, density, thermal conductivity and 
heat capacity of the various layers. If bulk  de- 
formation effects (i .e. , subsidence) are of 
interest, the themelas t ic  properties of the rock 
are also required. The availpble laboratory data 
concerning these properties makes it clear how- 
ever, that the behavior of the reservoir cannot be 
explained i n  terms of the properties of the rock 
samples alone. That is, measured porosities are 
higher,and permeabilities are much lower than one 
would expect based upon the performance of the 
reservoir. 

1. 

Clearly, much of the effective permeability 
of the reservoir as a whole arises from the frac- 
ture network known to  be present w i t h i n  the sys- 
tem. Since these fractures do not penetrate the 
entire body of the reservoir and consequently do 
not intersect a l l  pores, the effective porosity 
(or f l u i d  volume) for  the reservoir as a whole is 
doubtless smaller than the actual pore volume 
fraction measured i n  individual rock samples. 
Likewise, the presence of such a fracture network 
would tend t o  explain the discrepancy between 

laboratory and i n  situ values for seismic veloc- 
i t i es .  Thus, for examp'le, theoretical analyses of 
the reservoir response a t  Wairakei have used ef- 
fective permeabili t ies  of the order of 100 mill I- 
darcies and porosities of about 20 percent for 
the Waiora aquifer and have obtained fairly good 
history matches.21~23 Grindley2 has pointed out 
that the effective permeability for a well pene- 
trating the Waiora formation appears t o  be depen- 
dent upon the number and size of fissures i t  
intersects as much as upon any other parameter. 
T h i s  observation certainly suggests that the bulk 
of the Waiora permeability is "fracture permeabil- 
i ty"  as opposed t o  "matrix permeability". Thus, 
the data t o  be presented i n  this section should be 
used w i t h  caution. 

Banwell21 reports mean saturated and dry 
densities of 16 core samples taken from s me of 
the early bores as 1.86 and 1.55 grams/cmg, re- 
spectively. These cores were taken from holes 
drilled to  depths of between 1500 and 2000 feet, 
b u t  the locations of the cores themselves were not 
reported. Presumably, they represent the Huka 
Falls mudstones and/or the Waiora aquifer, most 
probably the la t ter .  These measurements imply a 
porosity of 31 percent and a grain density of 
2.25 grams/cm3 for the region. 

More recently, Hendrickson21 presented t h e  
results of an exhaustive sui te  of thermomechanical 
tes ts  upon five core samples taken from various 
layers i n  the Wairakei field; one from the surface 
layer, one from the Huka formation, two from the 
Waiora, and one from the deep Ignimbrites. 
Hendrickson noted that the effective porosity of a 
rock sample may be determined i f  the dry and satu- 
rated densities are known, but  that the true 
porosity may be higher i f  some of the pore-space 
is unconnected. He, therefore, pulverized some of 
the sample material to obtain a direct measure of 
grain density and hence total porosity. For the 
surface pumice, Huka Falls and Waiora formations, 
the porosities were i n  range 38 percent - 49 per- 
cent. For the ignimbrite sample, porosity was 
about 18 percent. Permeability measurements were 
also conducted on the Huka Falls and Waiora 
samples, which yielded matrix permeabilities less 
than 0.1 millidarcy. In addition, Hendrickson 
reports measurements of thermal and elast ic  prop- 
er t ies  for the rock samples.la21 

SEISMIC MEASUREMENTS 

Seismic velocity data a t  Wairakei are rather 
sparse. Penetration is  handicapped by poor 
shooting conditions i n  the shallower loosely com- 
pacted pumice beds. The ignimbrites show a sub- 
stantial variation i n  seismic velocity8 reflecting 
the variation i n  degree of welding. Poorly 
welded ignimbrites cannot be distinguished 
seismically from alluvium o r  non-welded tuffs. 
Avai lab1 e velocity data ,8 when compared w i t h  
laboratory measurements of seismic velocities per- 
formed by Hendricksonzl show the laboratory values 
for P wave velocities to be higher than the i n  - situ values; this difference is indicative o f t h e  
presence of extensively fractured formations a t  
Wairakei. 

-10- 



COMPOSITION OF THE GEOTHERMAL FLUIDS 

Compared to  many other geothermal fields e 
where i n  the world, the water withdrawn from 
Wairakei i s  remarkably pure. Most f the infonna- 
tion presented by Pritchett, e t  a l .  ? is derived 
from the work of Wilson,25 E l n s F  and Glover.27 
The total dissolved solids loading is about 4 x 
10-3 by mass, consisting o f  primarily sodium and 
potassium chlorides w i t h  a smaller amount of s i l k  
and a few trace minerals. This mass loading is 
about one-eighth that of seawater. The inconden 
ible gas molar traction i n  the steam component o 
the discharge (separated a t  one atmosphere) is 

e the relation between the measured values 
and the true ground temperatures. However, the 
authors would feel remiss i f  they did  not record 
the data available t o  them. 

Bolton28 points out that, over the years, 
temperature i n  the upper layers of the Waiora 
formation have declined, whereas a t  sufficiently 
great depth temperatures have remained essentially 
unchanged over the production history. In Fig.  7, 
average maximum temperatures i n  the shallow regime 
for wells i n  the production area a t  the beginning 
of 1963, 1964, 1965, 1966, 1967 and 1969 are 
plotted as functions of the mean bore field pres- 
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level a t  the same times. These data were taken 

ope of the phase l ine as a function o f  tempera- 
re. That is, i f  PS is the vapor pressure of 
t e r  a t  a temperature Ts, then the quantity 
otted i n  Fig. 8 is dPs/dTs i n  pounds per square 

TEMPERATURE MEASUREMENTS 
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General trends i n  temperatures such as dis- bores account for 45 percent of the fluid produc- 
cussed above are probably meaningful. As tion for the system as a whole. To date, the most 
Bo1 ton4929 has pointed out, temperature maxima productive bore a t  Wairakei (in a mass sense) has 
observed i n  wells af ter  a long shut - in  interval been bore 30 (total production 81.213 x 109 
are probably representative of fonnation tempera- pounds) followed closely by bore 27 (80.650 x 107 
tures a t  the depth of the observed maxima. The pounds ). 
detailed structure of the temperature profiles are 
much more questionable owing to  the convective Total mass production for the Wairakei/ 
heat transfer w i t h i n  the s h u t - i n  wells as dis- Tauhara system as of 31 December 1976 was 2329 x 
cussed previously. Data of this sort  should be 109 pounds; the mean enthalpy of the discharged 
used w i t h  great caution. fluid was 481.64 BTU/pound. The total mass and 

energy production for each well are summarized i n  
MASS AND HEAT PRODUCTION tabular form i n  Table 10.1 of Pritchett, e t  al.1 

Drilling activity ceased a t  Wairakei i n  
Tauhara field. Of these, 12 are shallow pressure- December 1968, w i t h  the completion of non-produc- 
temperature monitor holes (26P and M1-M7 a t  tive bore 121, which i s  also by far the deepest 
Wairakei; THMl-MM4 a t  Tauhara) from which no well i n  the area (7400 feet). The early bores 
fluid production takes place. Four deep bores were a l l  fa i r ly  shallow and relatively unproduc- 
are located i n  the Tauhara field (TH1-TH4) and tive. The most productive wells tend to be 
l i t t l e  production has taken place there for rea- drilled to  depths between 500 and 1000 feet below 
sons discussed i n  the section on pressure mea- sea level. Under the main bore f ield,  t h i s  level 
surements. Of the remaining 125 bores, 26 consist corresponds to  the base of the Waiora formation, 
of the "200 series" (bores 201-208, 209A, 210-224, the andesite extrusion, and the top of the ignim- 
226-227). The 200 series bores are generally lo- brite layer. Occasionally, a well drilled deeper 
cated to the north, south and west of the main into the ignimbrites w i l l  strike a fissure and 
bore field and were considered investigative bores prove productive, but generally speaking the 
when drilled, even though many of them are poten- vicinity of the WaiordIgnimbri te contact has 
t ia l ly  good producers of high enthalpy fluid. proven to be the best level for production. Ac- 
Owing to their large relative distance from the cordingly, a large fraction of the bores were 
power station, only bore 216 has been used for completed a t  this level. Based on the performance 
power production. of the f i r s t  six deep bores, three of which inter- 

cepted fissures, most production wells were 
Sixty-five of the remaining 99 bores have deliberately sited i n  such a way as to intercept 

produced, over their lifetime (herein defined as faults a t  the most productive horizon.2 
1 January 1953 - 31 December 1976) a mass of 
fluid i n  excess of 5 x 109 pounds per well. A1 though the entire Wairakei/Tauhara field 
These 65 bores account for  about 95 percent of the has now been extensively d r i l l e d ,  over 96 percent 
total f l u i d  produced from the entire system of the fluid production has come from the "main 
(Wairakei plus Tauhara plus 200 series bores . bore field"; a relatively small area of about one- 

half square miles centered about one and one-half 
d e s  WNW of the power station and extending ap- pounds each, accounting for 73 percent of the 

total production, and seventeen bores have pro- proximately from 107,OOOW to 114,OOOW and from 
duced over 50 x 109 pounds each. These seventeen 

A total of 141 bores exist  i n  the Wairakei/ 

Thirty-four bores have produced over 30 x 10 4 
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1 

312,5003 t o  316,5003 w i th  respect t o  the 1949 
Maketu datum. , 

has changed substant ia l ly  over the years. 
9 shows that  the rate o f  discharge increased t o  a 
peak i n  ear ly  1964. Thereafter, wi th  the decTine 
and termination o f  d r i l l i n g  act iv i ty ,  the f i e l d  

The 200 series bores appear t e preferent ia l ly  
located i n  regions of re la t i ve l y  high steam qual- 
ity; for  those bores alone, located t o  the north- 
west, west and southwest o f  the main bore f i e ld ,  
the mean l i f e t i m e  discharge enthalpy i s  629.20 BTU 
per pound. It i s  unfortunate that  the distance t o  
the power p lant  precluded more production from t h i s  
area. 

f the d r i l l i n g  program a t  
Wairakei , three mishaps occurred resul t ing i n  un- 
control led discharges from wells. Bore 201, l o -  
cated about a m i le  west-northwest o f  the main bore 
f ie ld ,  struck a f issure a t  RLt501 fee t  resul t ing i n  
a loss o f  c i rcu la t ion and hence a loss o f  pressure 
during d r i l l i n g  i n  May  1958. The resul t ing f low 
was able t o  penetrate i n t o  permeable surface brec- 
cias and erupt from the surface along the l i n e  o f  
the f a u l t  a short distance from the d r i l l i n g  r i g .  
The flow shut i t s e l f  o f f  i n  short order and l i t t l e  
discharge occurred. 

steam on a h i l l s i d e  began near bore 50 w i th in  the 
main bore f i e ld .  For some time, i t  was believed 
t h a t  bore 50 was responsible f o r  the discharge, 
but i n  f a c t  the eruption was caused by a casing 
break a t  about 600 foo t  depth i n  bore 26 which had 
been producing f l u i d  normally since 1954. The 
asing break permitted f l u i d  t o  escape upward due 
o flaws i n  the cementing around the hole i n t o  the 
ermeable layers above, and then t o  the surface. 
h i s  a c t i v i t y  persisted f o r  several months, 
enerating a mudslide which buried the bore 26 
e l  1 head. Bore 26A was successfully deviation- 
r i l l e d  i n t o  the hole below the break, re l iev ing 

r e  and bringing the discharge t o  a stop i n  
e r  1960. Bore 26 was then cemented up. The 

ss and heat discharge rates were estimated 
108 pounds per month and 1.6 x 1011 BTU 

respectively, f o r  Apr i l  1960 through 
60, y ie ld ing an average discharge 

The production ra te  f r o m  the f i e l d  as 

During the cours 

I n  Apr i l  1960, an eruption o f  water and 

dtscharge r a t e  ( a l l  bows) 
t i o n  o f  time, 

941 BTU/po nd and a t o t a l  uncontrolled 
f 1.36 x 10 4 pounds. 

By f a r  the most spectacular 
rupt ion t o  take place a t  Wairakei was that  o f  bore 
04, often cal led the "Rogue Bore". Thompson30 has 
u m r i z e d  the h is tory  o f  bore 204 which i s  s i ted 

l y  one m i le  southwest o f  the main bore 
the Wairakei f au l t ,  D r i l l i n g  began i n  
69. After considerable trouble wi th  
losses which probably resulted i n  a 

oor ly  cemented upper casing, i n  ear ly  May the 
r i l l - b i t  'penetrated a cavi ty a t  a depth o f  1224 
eet and dropped f i v e  feet. The hole came under 
ressure and a v io len t  eruption o f  dry steam, mud 
nd rocks commenced. Within a few days, 'aamter 
0 feet i n  diameter and 100 fee t  deep had been 

created, wi th  the discharge emerging from the stub 
of the casing a t  the bottom. The eruption o f  
steam continued f o r  several months. 

n t i a l l y  wetter, and i n  a few days f i l l e d  the 
wi th  water. Within a short time, the 

w i th in  the water- f i l led crater, pro- 
gy had changed completely to periodic 

und vibrat ions and occasionaf overflow 
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Figure  10. Trend i n  total f ield discharge enthalpy (all bores). 

i of the water i n  the crater. T h i s  general state of for the present compilation up to  that date. Pro- 
affairs  persisted for many years w i t h  varying duction prior to  1953 was very s l ight :  total f ield 
intensity u n t i l  1973 when between August and production for 1952 was approximately one-third 
November activity slowly declined, water levels that for 1953 (which was i tself  very small) and i n  
dropped i n  the crater and the whole system cooled earlier years even less. 
down. By early 1974, the crater was entirely dry 
and activity had utterly ceased. From 1968 u n t i l  From January 1963 through December 1966, 
la te  1973, the "Rogue Bore" became a popular hand written logs were maintained, once again,of 
tourist attraction owing to the ground vibration monthly total mass and heat production for each 
and visual spectacle produced by the discharge. well. Finally, s t a r t i ng  i n  January 1967, a new 

computerized system was implemented which recorded, 
among other things, weekly mass and heat produc- 

or discharge rates are available for bore 204. tion figures for each well. A magnetic tape con- 
Estimates of the discharge enthalpy and flow rates t a i n i n g  t h i s  information was kindly supplied by R. 
for the period of uncontrolled dischar e have been S:Bolton of the Ministry of Works for t h i s  study. 

Thus, a complete record of monthly mass and heat 
production figures for each well from January 1953 Banwell31 and on the discharge enthalpy of other 

wells i n  the area. The total discharge is esti- through December 1976 was compiled. 
mated a t  8.1 x 109 pounds w i t h  a mean discharge 
enthalpy of 500 BTWpound. PRESSURE MEASUREMENTS 

Aside from the estimates for uncontrolled Extensive measurements of pressures have 
discharge l isted above, the well-by-well monthly been carried out i n  the main Wairakei bore field 
mass and heat production data stored on the magnet- as well as i n  surrounding holes over the years. 

tained by the Ministry of Works i n  N e w  Zealand. bore field pressure data and that for some of the 
This data was obtained i n  three different forms. peripheral bores, particularly as they relate to 
Monthly mass and heat production totals for each the discharge history for the interval 1953 
well were a t  one time kept on a data f i l e  manipu- through 1968. Boltone8 also presents substantial. 
lated by programs written for an IBM model 650 detail concerning the pressure response to the 
computer. The punched card decks containing this partial shut-down of early 1968. Grant33~34 dis- 
data have long since been lost  and the IBM 650 cusses pressure response i n  the Tauhara field and 
i tself  now resides as an inert  exhibit a t  the performed an analysis suggesting substantial 
Huseum of Transport and Technology i n  Auckland. hydraulic connection between Wairakei and Tauhara. 

In this section, this work i s  summarized and ex- 
totals from January 1953 through December 1962 tended as necessary to include the most recent 
were, however, retained and were the source of data. available pressure data. Substantial amounts of 

Once again, no direct measures of enthalpy 

i 
i 

based on values discussed by Thompson3 8 and 

I 
i 
1 i c  tape were taken directly from data banks main- Bolton4n28 provides an excellent sumnary of the 

~ E 
i 
i 
I 

i 

Microfilm copies of output listings of the monthly 
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Borehole pressures a t  Wai ra 
determined i n  one of two ways. I 
no direct measurements of  pressur 
quently, however, temperature pro 
sured i n  shut-in wells. The applicability of 
data as concerns true formation temperatures 
somewhat questionable (as discussed elsewhere 
i f  the water level i n  the well i s  known, i t  1 
possible t o  calculate a density profile from 
temperature profile i n  the well. Then, by as 
i n g  hydrostatic equilibrium, the pressure-dep 
curve w i t h i n  the bore may be determined. 

Beginning about 1959, an Am 
tube type pressure gauge was acqu 
most pressure profiles i n  the bor 
by direct measurement. Bolton29 estimates the 
accuracy o f  the earlier indirect determinations - t 20 psi and of the direct measurements as 2 10 
psi 

The relevance of Fig. 13 t o  the character of 

RL-500 and RL-900 data,  except for a sh i f t  i n  scale 
due t o  the greater hydrostatic head a t  RL-900 
Actually, there is a s l i g h t  areal dependence 
pressure, Bo1 ton4 indicates t h a t  pressures a 
sanewhat lower i n  the eastern portion o f  the 
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11. Pressure measurements a t  RL-500 as a function 
of time for bores following the trend of the 
main bore field. 

4 = porosity 

H = aquifer thickness 

A = reservoir area 

= (aP/ap)TpConst ; available from steam 
tables. 

Using the values listed above and assuming that, 
for  c mpressed l i q u i d  water a t  25OoC, B = 8.93 x 105 m 4 /sec2, we obtain 

dP 14,000 psi/ lO 12 pound. %= - 
Figure  13 indicates a much smaller value; about 
-300 psi/lOl2 pound a t  early times, and even 
smaller later. That is, the actual response of 
the reservoir is much more compressible than it  
would be were i t  single phase, by a factor of 
order 50. T h i s  appears to be conc-lusive evidence 
for two-phase (water/steam) flow throughout the 
Wai rakei history. 

In early 1968, a temporary surplus occurred 
i n  the New Zealand electrical power gr id  due to  
the cmissioning of new equipment a t  the Marsden 
hydroelectric station. Advantage was taken of 

this circumstance t o  perform a "partial shut-down" 
of the Wairakei geothermal plant which began on 
December 21, 1967 and lasted 104 days; tha is, to 
perform a " s h u t - i n  test" on a grand scale.32 Al- 
though electrical o u t p u t  was reduced by about half, 
the total mass production rate was cut by a fac- 
tor of three by retaining on-line only bores of 
unusually high enthalpy production. The response 
of the bore field t o  this perturbation was dramat- 
ic. Within a few weeks, pressures throughout the 
f ie ld  began noticeably t o  increase - although the 
data is somewhat scattered, the pressure r i se  
averaged about 11 psi by the end of the shut-down. 
Once the shut-down was over, pressures quickly 
dropped again to  their  pre-shut-down values. 
Bolton29 and others (the authors included) feel 
that any adequate theoretical model of the tran- 
sient behavior of the Wairakei field should be 
capable of reproducing the pressure-transient 
effects of the partial shut-down. 

data for other bores surrounding the main bore 
field i n  an attempt t o  establish the locations of 
hydrological boundaries for the f ie ld ,  For the 
subsequent discussion, reference should be made t o  
Fig. 14, which shows (among other t h i n g s )  the 
spatial relationships among the various peripheral 
wells, the main bore f ie ld ,  and the "resistivity 
boundary" of the Wairakei/Tauhara field. For the 
purpose of this figure, the resistivity boundary 

Bolton4 presents a summary of the pressure 
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a t  RL-900 as a function o f  
ing the trend o f  the main 

e 224 i s  the westernmost hole drilled a t  

Bore 223 i s  located west-southwest of the 
ield, well beyond the resistivity boundary. 
also a cold well but ,  somewhat surprisingly, 

low o f  cold water which m 



400 

350 

300 

A 

4 
2 250 
Y 

a 
0 
8 200 
al 
& 
0 
3 150 
al 
& 
PI 

100 

50 

0 
0 0.5 1.0 1.5 2.0 

12 Cumulative Mass in Pounds x 10 

5 

Figure 13. Main bore field pressure drop' as a function of cumula- 
tive produced fluid mass. Plot includes RL-500 and 
RL-900 data. 

somewhat cooler than the major production bores, 
and neither has been produced for power. 
w i t h i n  "islands" of higher resist ivity w i t h i n  the 
general resist ivity low. Pressures i n  both holes 
follow main bore field trends. Thus, as i n  the 
case to the north,. the southern boundary of the 
field has not been established by drillhole pres- 
sure evidence. 

The bores i n  the Tauhara field were dr i l led  
la te  i n  the history of the Wa'irakei development 
program - the first (Ml - originally designated 
bore 225) was completed i n  June 1964. I t  had 
originally been thought that the Tauhara field was 
a separate resource, b u t  i t  soon became apparent 
t h a t  the drawdown from Wairakei was influencing 
Tauhara. 
production from Tauhara would cause premature 
depletion of Wairakei . Consequently, only e ight  
holes were d r i l l e d  a t  Tauhara of which four were 
shallow monitor bores. Total fluid roduction 

which 95 percent was from bore Mi; Tauhara produc- 
tion as a whole amounts to about 0.25 percent of 
the total for the system. 

Both l i e  

I t  was. therefore, feared that power 

from Tauhara has been about 5.9 x 10 8 pounds, of 

pressures are available for the Tauhara bores. 
Grant33 has estimated the ini t ia l  gauge pressures 
i n  the four deep Tauhara bores a t  various levels 
as i f  the bores were located a t  the center of the 
main Wairakei bore field w i t h  the same wellhead 
heights. He concluded that substantial pressure 
reductions had taken place a t  Tauhara prior to  the 
time the bores were drilled. The greatest pres- 
sure reduction is believed to  have taken place i n  
bore M2; approximately 240 psi a t  the time of 
completion i n  May 1966. A t  this same time, the 
pressure drop i n  the main bore field was about 
270-280 ps i .  Drawdowns i n  the other three bores 
are less, owing to their greater distance from the 
main production area. There can be l i t t l e  doubt 
that the two reservoirs are connected, probably by 
a t h i n  neck between bores 226 and M2. Indeed, 
the pressure drop a t  Tauhara has caused some con- 
cern i n  the nearby town of Taupo, where surface 
manifestations such as increases i n  regions of 
steaming ground have been noted i n  recent years. 
I t  seems clear that, i n  modeling the behavior of 
the Wairakei f ield,  it is essential to  consider 
Wairakei and Tauhara as two parts o f  a single, 
larger geothermal field. 

Since production had been t a k i n g  place a t  
Wairakei for more than a dkade before the com- 
pletion of bore TH1, no direct measures of early 
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GRAVITY MEASUREMENTS 

vicinity were carried out i 5035 an i n  1961, 

that the changes between successive gravi ty  sur- 
veys must be due principally to vertical motion of 
the ground surface (subsidence) and to net mass 
changes in, the field. 

quantities of water were withdrawn from the field 
i n  the intervals 1961-1967 and 1967-1974, the 
gravity changes i n  the earlier Interval (cor- 
rected for subsidence effects) were substantia 
greater than the later changes. He, therefore, 
concluded that the rate  of recharge increased be- 
tween the earlier and later intervals. Using 
data from Benchmark A97, located near the eastern 
edge of the bore field and adjacent t o  the region 
of maximum subsidence, Hunt  then qualitatively 
estimated the cumulative mass balance as a func- 
t i o n  of time for Wairakei, as shown i n  Fig. 15. 

SUBSIDENCE AND SURFACE DEFORMATION 

Ground subsidence a t  Wairakei was first 
measured i n  1956 when benchmark level were com- 
pared w i t h  those established i n  1950.59 A sub- 
sidence network was then established, first on the 
steam main supports and then outward i n  the field. 
Periodic measurements have indicated that the area 
affected by subsidence exceeds 11.5 square 

mum subsidence l ies  outside the main production 
region. Maximum subsidence a t  Wairakei is of the 
order of 15 feet; this has been accompanied by 
horizontal movements of the order of 1.5 feet.41 

A benchmark (A93) situated about 3 miles 
northeast of Wairakei has been arbitrarily chosen 
as datum for precise leveling. Indications are  
that any subsidence that may be occurring a t  this 
p o i n t  is likely to be small. Local subsidence i n  
the bore field is measured relative to benchmark 
TH7 located i n  the power house. The power house 
i s  not completely outside the zone of subsidence; 
i t  is, however, believed t o  be sufficiently so for  
local subsidence checks. 

A horizontal control 'network was s d t  up i n  
1966 and repeated i n  1968, 1969, 1972 and 19Ij. 
The las t  horizontal survey was done i n  1977. 

Periodic surveys of benchmarks hav 
cated that the area affected by subsidence (> 10 
m/year) exceeds 11.5 square miles (Fig. 16). -. 

With in  this area are two zones each of abwt 0.4 
square miles which have subsided comparatively 
rapidly. The zone a t  Karapiti - an area of 
natural thermal activity about 2 miles south of 
the production field - was the most rapidly sub- 
s id ing  part of the survey network u n t i l  about 
1963, when the subsidence. rate decreased to .  the 
same rate as  for the surrounding ground surface.40 

Around 1960 the subsidence rate of benchmark 
A97 began to  increase and over the next several 
years the zone of rapid subsidence immediately 
north of the eastern production f ie ld  (Fig. 16) 
was delineated. Subsidence a t  BM A97 is shown i n  
Fig. 17. This region of subsidence i s  of sub- 
stantial econanic interest as  both the steam mains 
and waste water canals from the production field 
cross this area. Benchmarks i n  t h i s  region, as 
noted el sewhere, are surveyed annually. 

The l a s t  comprehensive survey of benchmarks 
was conducted i n  1971. The subsidence history a t  
several selected benchmarks i s  presented i n  the 
report.1 Figure 18 shows the average subsidence 
rate  5n the Wairakei production field (relative t o  
benchmark TH7 i n  the power house) for the period 

Gravity surveys of the WairakeiITauhara 
1967, 1968, 1971 and 1974.3 8.37 Hunt  J indicates 

Hunt37 noted that even though comparable 

miles.40 I t  is noteworthy that the area of maxi- 1964-1974. 

The horizontal movement vectors a t  Wairakei 
for the period 1966-1974 show that vector movement 
is towards the center of subsidence. Annual 
horizontal movement between 1968 and 1977 was be- 
tween 4.3 inches/year a t  a radius of 800 feet  from 
the center of subsidence decreasing to  about 0.6 
incheslyear a t  2500 feet  radius. 

DATA COMPILED ONTO MAGNETIC TAPE 

A primary product of the project is a magne- 
t i c  tape which contains a sunnnary of well-by-well 
information for  the bores a t  Wairakei and Tauhara. 
This compilation of data includes information such 
as locations, completion dates, geologic horizons 

Cumulative Net 

1950 - 1955 1960 1965 1970. 
C " " " " " " ' " " " ' " " I  

Time (years) 
Figure 15. Cumulative recharge and cumulative net mass 

loss, estimated from corrected gravity dif- 
ferences a t  benchmark A97, Wairakei Geothermal 
Field.37 
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Figure 17. Subsidence history a t  benchmark A97. 
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penetrated, intervals open to flow, perforated 
intervals, depths where major faults and casing 
breaks were detected, general comnents about the 
well, and the mass and heat production histories. 
Additionally, some pressure data is recorded a t  
different reduced levels (+.e., elevations w i t h  
respect to  sea level) which give an indication of 
the pressure response of the field t o  discharge. 

Two computer programs are used to  access the 
data on the magnetic tape. Copies of programs LIST 
and EDIT, together w i t h  sample output from each 
program, are included i n  the report. Program LIST 
p r in t s  out a copy of the data exactly as it ap- 
pears on the magnetic tape. Program EDIT provides 
three different types of edited output from the 
tape. They are: 

T h i s  body of data has been accumulated from 1. The sumnary of information for each 
various sources. Much of the well information well i n  a l i s t  of wells, where t h e l i s t  
other than the mass, heat and pressure histories consists of data i n p u t  to  EDIT. 
has been garnered from well drilling charts. The 
geologic horizons encountered i n  the wells have 2. The total of the mass and heat pro- 
been obtained from examination of e l l  logs and duction for a specified list(s) of 
information contained i n  Grindley. 31 wells, where each l ist  consists of 

data input t o  EDIT. 
The mass and heat production histories for 

each well have been constructed from several 3. The total of the mass and heat produc- 
sources. Data from January 1953 to  December 1962 t ion  for a l l  wells i n  a specified 
were from microfilm copies of the output of an region(s) of the field, where the re- 
old IBM 650 computer program. T h i s  data was a l l  
keypunched onto IBM cards for incorporation i n t o  
the final tape. Data from January 1963 t o  kaketu Datum. 
December 1966 were a l l  originally presented i n  
tabular form. Again this data was keypunched and 
incorporated i n t o  the data base. Data from 
January 1967 t o  December 1976 were available on 
an IBM tape which was converted to be compatible 
w i t h  the Systems, Science and Software Univac 1108 
system. T h i s  data required some ed i t ing  before it 
was added to  the final tape. The sources o f  the 
pressure data have been discussed elsewhere i n  
the report and w i l l  not be repeated here. 

ions are defined as rectangl es bounded 
y gr id  lines w i t h  respect t o  the 1949 

A complete description o f  the information on 
the magnetic tape and a discussion of progr ms LIST 
and EDIT are  contained i n  Pritchett, e t  a l .  

ACKNOWLEDGMENTS 

T h i s  data compilation could not  have been 
carried out w i t h o u t  the interest and cooperation 
of a number of people. In the United States, the 

a 

-22- 





authors wish to thank Jim Mercer of the U. S. 
Geological Survey for sharing w i t h  us the volu- 
minous collection of data which  he compiled several 
years ago. The authors also wish to  thank  Jack 
Howard and Werner Schwarz of Lawrence Berkeley 
Laboratory which funded t h i s  project through the 
Division of Geothermal Energy of the U. S. Depart- 
ment o f  Energy. 
ta l i ty  and willingness to spend valuable time 
help ing  w i t h  this work on the part of many people 
a t  both DSIR [Department of Scientific and Indus- 
t r ia l  Research) and MOW (Ministry of Works) were 
somewhat overwhelming to Pritchett during h i s  data- 
gathering expedition there. 
extended to  Frank Studt, George Grindley, Pat 
Browne and Trevor H u n t  of DSIR and Dick Bolton, Ian 
Innes, Basil Stilwell and Paul Bixley of MOW. 
Above a1 1 , the extended technical interchange (and 
week-long chauffeur-service) provided by Ian 
Dona1 dson of DSIR is gratefully acknowledged. 

In New Zealand, the cordial hospi- 

Particular thanks are 

REFERENCES 

1. Pritchett, J. W., L. F. Rice and S. K. Garg, 
"Reservoir Engineering Data: Wairakei Geo- 
thermal Field, New Zeal and ,'I. Systems 
Science and Software Report, SSS-R-78-3591 a 

March 1978. 

Grindley, G. W.,  "The Geology, Structure and 
Exploitation of the Wairakei Geothermal 
Field, Taupo, N e w  Zealand," DSIR B u l l e t i n  
n.s. 75, 1965. 

2. 

3. Healy. J.. "Geoloqy of the Wairakei Geother- 

4. Bolton, R. S . ,  "The Behavior of the Wairakei 
Geothermal- Fi el d Durina Expl oi tation." 
Proceedings U.N. Sympoiium' on the Develop- 
m e n t  and Uti l izat ion of Geothermal Resources , 

isa, Geothermics Special.1ssue 2, pp. 1426- 
Y449, 1970. 

5. Dawson, G. B. and D. J. Dickinson, "Heat 
Flow Studies i n  Thermal Areas of the North 
Island of N e w  Zealand," Proceedings U.N. 
Symposium on the Development and Util ization 
of Geothermal Resources, Pisa, Geothermics, 
Special Issue 2, pp. 466-474, 1970. 

6. DSIR -- No author listed, "Results of Geo- 
thermal Investigations -- Wairakei-Taupo 
Area," Department of Scientific and Indus- 
t r ia l  Research Report dated September, 1951. 

Cullington, A. L., "The Geothermal Field i n  
N e w  Zealand a t  Epoch 1950.5," DSIR Memoran- 

7. 

dum 2, 1954. 

8. Modriniak, N. and F. E. Studt, "Geological 
Structure and Volcanism i n  t h e  Taupo- 
Tarawera District," N.Z.J. Geol. Geophys., 
2, pp. 654-684. 1959. 

9. Banwell, C. J., E. R. Cooper, G. E. K. 
Thompson and K. J. McCree, Ph sics of the 

'1957. 
N e w  Zealand Thermal Area, DS * R Bu l l e t in  23, 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

_ _ _ ~ ~ ~  

i 

. 
Ellis, A. 3. and S. H. Wilson, "The Heat from 
the Wairakei-Taupo Thennal Region Calculated 
from the Chloride Output," N.Z.J. Sci. Tech., 
836, pp. 622-631, 1955. 

Grange, L. I. (Compiler), Geothermal Steam for 
Power i n  N e w  Zealand, DSIR Bulletin 117, 1955. 

Healy, J., "Preliminary Account of Hydrother- 
mal Conditions a t  Wairakei, New Zealand," 
Proceedings Eigh th  Pac. Sci. Cong., pp. 214- 

Gregg, D. R., "Natural Heat Flow from the 
Thermal Areas of the Taupo Sheet District," 
N.Z. J. Geol . Geophys. , 1, pp. 65-75, 1958. 

T T f a  1956. 

Bensman, R. F., "Estimating the Total Heat 
Outpu t  of Natural Thermal Regions," J. 
Geophys. Res., 64, pp. 1057-1062, 1 9 g .  

Thompson, G. E. K., C. J. Banwell, 6. B. 
Dawson and D. J. Dickinson, 'Prospecting of 
Hydrothermal Areas by Surface Thermal Sur- 
veys ,@I Proceedings U, N. Conference on New 
Sources of Energy, Paper 35/6/54, 1961. 

Fisher, R. G., "Geothermal Heat Flow a t  
Wairakei During 1958, N.Z.J. Geol. Geophys., I, pp. 172-184, 1964. 

Grindley, 6. W. , "Wairakei, Tauhara Geother- 
mal Fields," Part  D, Sections 3.20 and 3.21, 
Minerals of N e w  Zealand, NZGS Report 38, 1974. 

Dawson, 6. B. and R. 6. Fisher, "Duirnal and 
Seasonal Ground Temperature Variations a t  
Wairakei a "  N.Z.J. Geol . Geophys. , 1, pp. 144- 
154, 1964. 

Grange, L. I. 9 The Geology of the Rotorua- 
Taupo Subdivision, Rotorua and Kaimanawa 
Divisions, DSIR Bulletin 37, 1937. 

Grindley, 6. W.,  D. W. Rishworth and W. A. 
Watters, "Geology of the Tauhara Geothermal 
Field, Lake Taupo," DSIR Geological Survey 
Geothermal Report No. 4, 1966. 

Pritchett, J. W. , S. K. Garg, D. H. Brownell a 

Jr., L.  F. Rice, M. H. Rice, T. 0. Riney and 
R. R. Hendrickson, "Geohydrological Environ- 
mental Effects of Geothermal Power Production -- Phase IIA," Systems, Science and Software, 
Report SSS-R-77-2998, 1976. 

Grindley, 6. W., Private Communication to  J. 
W. Pritchett, 1977. 

Mercer, J. W., 6. F, Pinder and I. 6. 
Donaldson, "A Galerkin Finite-Element Analy- 
sis of the Hydrothermal System a t  Wairakei, 
New Zealand," J. Geophys. Res., E, pp. 2608- 
2621 , 1975. 

Banwell, C. J., "Physical Investigations," i n  
Geothermal Steam for  Power i n  N e w  Zealand (L. 

range, Compiler), DSIR Bulletin 117, 



- 
c % 

25. Wilson, S. H. , "Chemical Investigations," 40. Bfxley, P. F.,-"Land Subsidence i n  the 
Geothermal Steam f o r  Power i n  New Zealand 
I Grange, Compiler), DSIR Bulletin 117, 19 

Wairakei Geothermal Field," manuscript t o  be 
pub1 ished , dated 

41, S t i lwe l l ,  W. B., 
"Ground Movement i n  New Zealand Geothermal 
Fields," Proceedings Second U.N. Symposium on 
the Development and Use of Geothermal Re- 

42. Rogan, J. F,, "Survey Report -- Wairakei Geo- 
thermal Area - Defonnation Studies: 1977 Re- 
survey o f  the Steam Mains Control Networks," 
unpublished manuscript , 1977. 

sources, San t-rancisco, pp. 142/-1434 8 1975. - 

--.. 
-6 

-\.. 

- 

31. Banwell, C. J . ,  "Data from Prospecti 
No. 204, Wairakei ,'I DSIR Geothermal 
C.J.B. 29, 1960. 

his manuscript has been printed a s  wr i t ten  by 
he authors and has not been a l t e r ed  by the 
awrence Berkeley Laboratory. 

I 
: 

\ 




