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INTRODUCTION The exploration and consequent development of the \~airakei geothermal field 
has been central to both the evolution of geothermal technology in New Zealand and to the 
interpretation of the chemi stry of geothermal fluids in general. This paper exami nes the 
chemical changes which have occurred as a consequence of the massive withdrawal of hot water for 
power generation over a 30 year period. 

Concent rat i on changes of conserved components such as ch 1 ori de are important as i ndi cators 
of the principal processes affecting the fluid; boiling, dilution or conductive heat transfer, 
and geothermomet ry a 1 so provi des important i nformati on. Early data are revi ewed to obtai n an 
estimate of the "deep" water feeding the field. Data for the succeeding 30 year period are used 
to assess the gross changes in the production field. This data analysis must filter out the 
chemical changes induced by local boiling and vapour loss. A technique is therefore proposed 
which permits comparison of data from individual wells and the field as a whole so that 
conclusions can be drawn concerning the principal changes and their relative rates. 

For reference, Figure 1 shows the location of thermal features and wells in the production 
area. Early in the history of Wairakei, an Eastern and Western production field were 
distinguished and these sector names are retained. 

CHEMICAL DATA Chemi ca1 data for 
the well di scharges have been 
reported in a number of published and 
unpub 1 i shed reports from 1960 to 
1970. These data have been recently 
compiled into a database which 
includes available chemical data Jor 
natural features and early 
exploration wells. The database was 
compiled using a modified version of 
the GEODATA computer program 
(Truesdell and Singers, 1971, Palmer, 
1977). The program is designed to 
reca 1cul ate surface water and steam 
analysis to aquifer conditions 
assumi ng a s i ngl e feed in the well. 
The recalculation is performed at the 
silica geotemperature (Mahon, 1966, 
Fournier and Rowe, 1966) and where 
enthalpies determined by physical 
measurements and from the enthalpy of 
water at the silica geotemperature 
are within 10%, the discharge 
enthalpy is assumed equal to the 
enthalpy of water at the silica 
temperature for the calculation of 
single phase aquifer chemistry. Figure 1. 
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those cases, GEODATA calculates the coexisting steam and water compositions which would be 
present at the s i 1 i ca temperatu re and assumes an eq uil i bri urn di st ri but i on of gases between the 
two phases. Such excess enthalpy wells have been discarded in the discussion of aquifer 
chemi stry changes. 

CHEMISTRY OF THE UNDISTURBED FIElD Isotope evidence shows that prior to exploitation, the 
Wairakei field was in a steady state against which the effects of exploitation can be assessed. 
the fluid encountered in production wells at >400 m depth is a near neutral pH, alkali chloride 
(~1650 mg/kg Cl) which is presumed to have been derived from buoyant upflow. A conventional 
enthalpy/chloride mixing diagram with waters of the shallow aquifers (from a compilation of 
Glover (l977}) shows that the data are bounded by two mixing patterns of either unmineralise(1 
water of zero chloride and enthalpy, or steam heated waters at about 15SoC such as encountered 
in WK3 and WKS. Well WKI07 is in the centre of the Western borefield and in 1976 experienced a 
downflow of water at about 150°C. Downhole chemical samples contained about 300 mg/kg chloride. 
We have therefore assumed that the primary diluting fluid contains 300 mg/kg chloride and has a 
temperature of 150°C. The reference mixing line thus passes through this point. 
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The highest temperature wells suggest that the principal upf10w lies to the west 'of the 
present production field. This appears to be at about 265°C with an initial chloride of 1680 
mg/kg. Boil ing of this fluid with steam loss leads to a fluid of 260°C and C1 " 1700 mg/kg 
flowing into the production field. 

DATA REDUCTION FOR PRODUCTION WELLS Withdrawal of fluid from an aquifer results in local 
pressure reduction around wells and subsequently to a field wide pressure decline. Boiling of 
aquifer fluid sometimes occurs and the fluid sampled in production wells is a variable 
proportion of the mi xture of liquid and vapour. Upon such a pressure drop, influx of cooler 
waters can occur, both on the scale of a single well and also field·wide. Thus the chemical 
composition of a well at any particular time may reflect all or some of these perturbations, and 
a data reduction method is required to compare chemical data from production wells. 

With exploitation, the water in the production aquifer is steadily renewed by the inflow of 
both deep recharge and dilution waters and the well chemistry at any time is related to the 
proportions of these two components. On an enthalpy-chloride mixing diagram, changes in the 
"apparerTt" aquifer composition represented by individual well discharges can be resolved into 
two components - one giving the relative amount of dilution with respect to the original upflow
into the field. Changes in the dilution trend then represent changes in the relative 
proportions of upflow and diluent in the production well feed zones. 

Since boilng is a result of both local and fieldwide pressure reduction, it is considered a 
secondary process in the data reduction. In order to compare chemical data, they are first 
recal culated to an aqui fer conditi on defi ned by the quartz geothermometer temperature of the 
well. These "aquifer" data are then projected on to a reference line, representing field 
dilution, to obtain boiling corrected chloride concentrations (C1 '). The data reduction process 
is illustrated in Figure 2. We have defined the dilution line as passing through the initial 
fluid composition, Hi = 1134 kJ/kg. Cli.." 1700 
mg/kg and the assumed dil ut i ng water H 632 
kJ/kg, Cl " 300 mg/kg. The sample line passes 
through the points defined by the liquid
enthalpy at the silica geothermometer H • and 
the aquifer chloride concentration Cl ' a~d the 
enthalpy of pure steam at thew silica 
temperature HS' where C1 O. The intersection 
of these two lines defines the corrected 
chloride (C1') and corrected enthalpy (H'). 
All available data for the Wairakei wells have 
been examined in this way.

SPATIAL CHANGES IN THE CHEMISTRY We .have 
focussed on the Western borefi e 1 din mappi ng 
the spatial changes in C1' for two reasons. 
The linear arrangement of wells in the Eastern 
borefield does not permit satisfactory
contouring, and wells in the East tend to draw 
on shallower aquifers which rapidly developed 
an excess enthalpy condition. 

Figure 3 shows mean corrected chloride 
concentrations for the years prior to 1961 for 
the Western borefield. The prinCipal fault 
systems are also shown. Within the constraints 
of the available data, there is an even 
distribution, although some dilution occurs in 
the northeast, trending eventually tothe 
relatively dilute chloride natural discharges 
in the Geyser Valley. Figure 2. 

The data for 1981-1982 are shown in Figure 4. Declines of 100-200 mg/kg in cl' are evident 
in many wells corresponding to enthalpy' declines of 40-80 kJ/kg relative to the original state 
of the field. These data also highlight the southern part of the reservoi r as the principal 
recharge region. The arrow symbols show tracer first-arrival data from t1cCabe et al (1983)
based on injection tests in the late 1970's and early 1980's. These confirm the chloride 
patterns derived independently. Contoured maps of silica geotemperatures show similar trends. 

GROSS CHANGES IN THE AQUIFER The average chloride function for the Western borefield,' 
weighted according to annual well di scharges is shown in Figure 5. There is considerable 
scatter in the data due to wells being taken off production or unable to sustain production 
pressures, however, some trends are clear. From 1959 to 1963 there is an almost constant 
average chloride function of ,1585 mg/kg indicating negligible dilution of the water discharged. 
This is consistent with the formation, during this period, of a steam zone in the upper part of 
the reservoir, formed by a drop in the level of fluid (Allis, 1981). From 1965 onwards, there 
is a definite dilution trend evident. The data for 1981 and 1982 have an average Cl' of 1497 
mg/kg and this corresponds to a drop of 5.6% since 1959-1963. If this dilution is all due to 
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inflow of fluid with a chloride concentration of 300 mg/kg. then 6.8% more of the fluid 
discharged in 1981/82 consisted of this diluting water than in 1959-1963. 
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Figure 6. 

Figure 6 shows the equivalent calculation for the Eastern borefield. The Cl' is more or 
less constant until 1969, implying that there is little or no dilution during this time. This 
probably reflects production resulting from a drop in the average water level and subsequent 
formation of a steam zone. In 1970, there is a dramatic drop in average Cl' 
indicating production from more dilute fluids. This trend is confirmed in the data for 1981/82 
where the average Cl' is 1437 mg/kg. This represents an increase in dilution of 7.2% by 300 
mg/kg Cl fluid over the early years. It would appear that the dilution front which reached the 
northeastern extremities of the Western borefield in 1963 did not have a significant effect on 
the Eastern borefield until 1970. However when dilution did commence in the Eastern borefield, 
it had a more pronouced effect suggesting that the Eastern borefield draws on a proportionately 
smaller local reservoir than the Western borefield. 

CHLORIDE MASS BALANCE Modelling of the Wairakei field to date has been confined to the use 
of physical data. The chemical database now permits the development of independent models 
providing additional boundary constraints. Two endmember models are considered. The first 
model assumes that the reservoi r affected by product i on is small compared with the amount of 
fluid extracted. The chloride balance can therefore be expressed as: 

MRC1 R + MDC1 D + "IC1I MpCl p + MOC1 0 
where 11 and Cl refer to mass fluxes and chloride concentrations and the subscripts R, D, I, P, 
and 0 refer to deep recharge (R), drainage from the forming steam zone (D), cooler diluting 
water inflow (I), well production (P), and natural (non-production) outflow (0). The drainage 
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component refers to hot fluid produced from storage in porous rock following pressure decline. 
For model calculations referring to any chosen year folowing the demise of the natural hot water 
discharges, MO ~ 0, and we also assumed that C1 R = C1 0' Thus: 

MR + MO + MI Mp 
For any particular year, My is known and MO can be estimated. C1 R is assumed to be constant 
with time and equal to 168U mg/kg. C1I is assumed to be 300 mg/kg and values for Cl p have been 
determined. Consequently the equations can be solved for MI and MR and the results are: 

1961 1971 1981 
MR (M tonnes/year) 11.1 43.8 26.9 

NI (M tonnes/year) 3.7 6.7 5.2 
MI/Mp 8.7% 12.5% 15.0% 

It can be seen that the contribution of the surface zone water to the production flow has 
increased from 8.7% in 1961 to 15.0% in 1981. Ouring the initial period of the field history
between 1960 and 1970, the main production was from drainage of the forming steam zone as 
determined by Allis and Hunt (1986). By 1971, this was essentially completed' and the deep
system responded with a greater flow of recharge water. By 1981, the contribution from surface 
waters had increased markedly and this caused declining enthalpy of the production field. 

A second model assumes that the production reservoir is very large and well mixed 
throughout, so that there is a long residence time in this reservoir. The notation is the same 
as that for the fi rst model with the additi on of MS and Cl s whi ch are the mass and ch1 ori de 
concentration of the large production reservoir. It is assullJed that Cl p ~ C1 S and that Ms is 
constant, implying rapid mixing of the reservoir. Ms has only been constant since 1971, so this 
model is applicable only to the dilution phase. Agliin it is assumed that MO = O. WeTconsi~er 
th? period 1971-1981. For this 10 year period the total flow into the reservoir was MI + MR = 
Mp where the superscript T refers to the tota11~~~w for the 10 year peri01~8rhe total chloride 
in the production reservoir in 1971 was MsCl and in 1981 was MSC1 S • The differencesbetween these two totals must equal the chloriae inflows and outflows, i.e. 

, MCl 1981 - MCl 1971 ~ MTCl + MTCl - MTCl 
S ~981 S S I 19h R R p P 

As well, = Clp-. = 1490 mg/kg, Cl =1525 mg/kg, and MpCl p can be calculatedC1 S Cl s sby summing over the 10 yea~ period. Together wi"h the mass balance, there 1s still not enough 
information to solve for MR, MI and Ms' However, for a variety of 
recharge/dilution ratios (MR/M 1 ), estlmates of the reservoir size MT/M T 
can be made (all units a'r'e 1>!tonnes for the 10 year peri od). I R 
Since there cannot be a negative mass for the reservoir, the 
maximum ratio of inflow to recharge water is about 1:7. Prior to 6:1 371 62 12469 
exploitation, MR was estimated to be around 12 Mtonnes/year 4:1 346 87 11484 
(Allis 1981). If it is assumed that this is constant, then 2.6:1 313 120 10182 
MI/MR = 2.6 and the mixed reservoi r size is estimated to be 2:1 288 144 9245 
~lOOUOO Htonnes. 1:1 216 216 6406 
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