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ABSTRACT 

Deuterium measurements on geothermal water at Wairakei are consis

tent with the water being derived from ra in fa l l which has percolated 

down from the surface. The oxygen-18 content, however, i s enriched com

pared to average r a i n f a l l . This 1 8 0 shi f t i s due to isotopic exchange 

between water and rock at greater-than-explored depths. The magnitude 

of the shif t implies that the mass rat io (W/R) of water that has passed 

through the system (W) to the rock i t has exchanged with (R) is about 1 

assuming open ( i . e . single-pass) conditions. (The rat io is about 2 i f 

i t has been a closed system, but this is thought to be less l i k e l y . ) 

The residence time of water underground cannot be determined from 

tr i tum and carbon-14 measurements at present, but. arguments based on the 

argon isotope and deuterium contents suggest mean residence times of a 

few tens of thousand years. The water/rock rat io and large natural 

outflow of thermal water prior to exploitation are consistent with t h i s . 

The i a 0 content of the water has changed only s l ight ly and the D 

content not at a l l during exploitation at Wairakei (measurements from 

1963, 1974 and 1981). An i n i t i a l tendency for the l 8 0 to increase 

because of steam loss (also shown more clearly by chlor ide) , has been 

followed by decrease of 1 8 0 (and chloride) because of d i lut ion with 

i n f i l t r a t i n g near-surface water 1n parts of the f i e l d . 

KEYWORDS 

Geothermal f ie lds ; New Zealand; Wairakei; Geochemistry; Stable 

Isotopes; Age determination; Water-rock interact ion; D/H; 0-18/0-16 
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INTRODUCTION 
Geothermal systems like Wairakei are the result of convection of 

groundwater in response to magmatic heat input at depths of 5 kilometres 
or more. This follows from the observed dominance of meteoric water in 
geothermal systems based on stable isotope evidence (Craig, 1963) and 
the necessity for convection rather than conduction in order to supply 
the large heat flows observed in such systems (Elder, 1966). Volcanic 
processes over some millions of years have led to formation of the Taupo 
Volcanic Zone, a fault-bounded depression filled with relatively per
meable water saturated volcanic debris (e.g. Modriniak and Studt, 
195'?). Heat supplied at depth in this zone leads to the hot outflows in 
geothermal areas interspersed with (larger) cold regions, where 
downflowing groundwaters provide the return flow of water to depth 
(Studt and Thompson, 1966). However, the details of water flow in any 
particular geothermal system are not well known, and there is consider
able uncertainty about, for example, the depth of water circulation 
(anywhere between 3 and 10 km depth has been suggested, Elder, 1966; 
Wooding, 1978), whether the system is actively circulating or relatively 
static, and whether shallow circulations are perched on deep cir
culations. In addition, considerable changes have occurred at Wairakei 
because of exploitation of the system. Isotopic measurements provide 
some clues to understanding these processes. 

STABLE ISOTOPE HYDROLOGY 
Stable isotope measurements on geothermal waters have shown that 

most of the water discharged from geothermal areas is derived from the 
surface (i.e. 1s recycled meteoric water) (Craig, 1963). This is 
illustrated by data for some New Zealand geothermal systems plotted in 
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Figure 1. It can be seen that the geothermal waters have almost the 
same 6D(1) values as the local meteoric waters, but different 6 1 80 
values. This is the 'oxygen-18 shift', thought to be caused by inter
action between water and rock. The rock contains relatively little 
hydrogen so there is generally no corresponding deuterium shift. (An 
exception to this is Broadlands, where the 6D values of the geothermal 
waters are enriched by about 6 ° / 0 0 compared to local meteoric water; 
Stewart 1977). The oxygen-18 shift at Wairakei is smaller than for 
other New Zealand geothermal areas. Local meteoric waters lie near the 
line 6D = 8.05 1 80 + 13 which passes through points for most New Zealand 
rainwaters (Stewart & Taylor, 1981). Figure 1 also shows the com
positions of lake waters in the district. These are enriched in both 
oxygen-18 and deuterium compared to local rain because of evaporation 
from the lake surface. 

Figure 2 shows the same plot with more data from Wairakei (Stewart, 
1978). Samples of groundwater from cold shallow wells lie close to the 
meteoric water line and have mean 5 1 80 = -7.17 °/ 0 0 and 5D = -44.8 °/0O. 

Geothermal waters sampled in 1963 are represented by filled circles. 
The mean values are -6.01°/oo and -44.6 0/ 0 0

 f o r « 1 80 a n d « D respective
ly. The results have been corrected for steam loss as the water 
travelled up the well (assuming adiabatic cooling from the downhole 
temperatures, which were estimated from their silica contents, assuming 
equilibrium with quartz). The geothermal waters have an oxygen-18 shift 
of 1.16 */oo» but have Identical 60 values. Lake Taupo (and Waikato 
River) water plots near the upper right corner of Fig. 2; clearly this 
water does not contribute significantly to the geothermal system. 

******************************************************************* 

l6°/oo 3 (R/R0 - 1) x 1 0 0 0 » w n e r e R 1 s t n e D/H or 180/ 1 60 ratio 1n a sample and R 0 1s the Isotope ratio in a standard, in this case Standard Mean Ocean Water (SMOW). 



5 

The oxygen-lC sh i f t has implications for the re la t ive amounts of 

water and hot rock that have interacted during the l i f e t ime of the 

system i f the sh i f t has originated from interact ion between water and 

rock. Models which allow such rat ios to be calculated w i l l be discussed 

elsewhere (Stewart & Lassey, 1985, in preparation). For the present 

purpose we w i l l apply the equation for isotopic exchange in a connecting 

groundwater system with a to ta l accumulated water outflow (W), in which 

heat is supplied at the bottom by gas anc/or magma and released at the 

top by escape of hot water and steam, which is 

j U 0.5(2) (u+1) in C,—7T-1 

This gives the water/rock mass ra t io (W/R) for a given water isotope 

sh i f t (ow = 6w-6wi, where 5w represents the geothermal water and Swi the 

recharge water) and isotope sh i f t ing potential (P = Sri-Swi-A, where 

6ri is the i n i t i a l 6 value of the rock and A is the difference between 

the 6 values of rock and water (5r-5w)). I f water and rock are in iso

topic equi l ibr ium, A depends only on temperature and Sr does not appear 

in the equation. (However, at Wairakei some primary minerals are not in 

isotope equil ibrium with the water (see below).) u is a parameter which 

depends on the rat io of water in the system at any time (V) to the 

exchanging rock mass (R) ( i . e . 0.5u = V/R). F ig. 3 shows schematically 

the nature of the system envisaged at Wairakei. 

I f there is essential ly no water outflow, W/R = 0 and therefore 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * A r * * * * * * * * * * 

?The factor 0.5 is required to take account of the different oxygen 
contents of water and rock. 
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Fig._3: Schematic of the geotbenTial system at Wairakei. 
" • Magmatic heat and gas leads to convective upflow of 

chloride-rich geothermal water and downflow of meteoric 
groundwater. Heat loss at the surface is by chloride 
water outflow and steam flow. 
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p , = 1 or 1 = 0.5 y = 0.5 (J. - l ) 
(u+l)ow R vow ' 

This Is the closed or reci rculat ing model. Note that V/R is not 

l imi ted to a value equal to the porosity as reci rculat ion of the 

upflowing water occurs. For Wairakei, th is equation gives a water/rock 

ra t io of 2 i f & i s defined by the measured 6 values for water and 

average altered rock (ow = 1 . 2 ° / o o t A = 10 °/oo and P = 5 0 / 0 » ) . (W/R is 

about 4 i f Isotopic equil ibrium between water and rock is assumed.) 

Previous authors have given water/rock rat ios of 4.3 (Clayton & Steiner, 

1975) and 2 (Stewart, 1975) for th is case. (Clayton & Steiner obtained 

a higher rat io because they used a value for ow that was too small.) 

Different values of p describe systems with d i f ferent degrees of 

openness. The equation for a completely open system (but with zero 

water in the system at any time) is obtained with y = 0. This gives 

ir • ° - 5 l n & 

and agrees with equations given by Taylor (1979) and Blattner (1935) 

for the open case. A more rea l i s t i c open-system equation is obtained by 

putt ing V/R - the 'e f fec t ive ' rock porosity giving a water/rock ra t io of 

0.7 with the above data (1.1 i f rock and water are in isotopic e q u i l i 

brium). Blattner (1985) gives values similar to those given here for 

the open and closed models. Wairakei 1s probably better described by an 

open model than a closed one, judging by the high natural outflow of 

water and the small 1 8 0 sh i f t observed, compared with other areas. 

The nature of the interact ion between water and rock affects how 

these water/rock ratios should be Interpreted. The rocks at d r i l l ed 
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depths (0.5-1 kilometres) at Wairakei consist of rhyo l i te pumice breccia 

of good permeability (the Waiora Formation) overlain by re la t ive ly 

impermeable (Huka) mudstones and underlain by Wairakei ignimbr i te, and 

are extensively altered in 'parts (Steiner, 1977). Hydrothermal ly 

altered and secondary minerals are found to be in oxygen isotope 

equil ibrium with the water at aquifer temperatures, but some primary 

minerals (e.g. quartz) have retained the i r or iginal oxygen isotopic 

compositions (Clayton and Steiner, 1975). The nature of the a l terat ion 

and the l i ke ly depth of water penetration in the Taupo Volcanic Zone 

(see Fig. 3) indicate that the oxygen-18 enrichment in the water o r i g i 

nates from deeper levels in the system, either from the underlying 

volcanics or possibly greywacke, or from the intrusive i t s e l f . The 

rocks at d r i l l ed levels appear to have adjusted isotopica l ly to the 

water (rather than vice versa) and the true water/rock ra t io at th is 

level may be higher than calculated above. Goguel (1983; in fact 

derived a much higher water/rock rat io (~100, assuming a closed model) 

from chemical measurements on rocks and water down to 1 km depth. 

(Goguel's data would give a water/rock rat io of 4.5 for an open system.) 

I f exchange at deeper levels is mainly with the volcanics (or even with 

greywacke), at 250-300°C, the open system water/rock r a t i o of about 1 Is 

most l i k e l y . However, the 1 8 0 enrichment may also be due to input of a 

f ract ion of water more strongly enriched in oxygen-18 by exchange with 

rock at higher temperature. 

There are strong s imi la r i t ies between geothermal systems such as 

Wairakei and the hydrothermal systems thought to be responsible for 

eplthermal ore deposits (Taylor, 1979; Henley and E l l i s , 1983). Both 

occur in volcanic terranes and at similar temperatures. Studies of 
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epithermal ore deposits have shown that extensive oxygen-isotope 

exchange has occurred between water and rock and that both country rock 

and the intrusive are usually affected. 
V 

AGE OF THE WATER 

A knowledge of the age of water ac different, levels in the syscem 

would help to understand the flow pattern of water in the system. Such 

flow u likely to be complex because there may be mixing of cold 

groundwaters with the rising hot water at several levels. A number of 

attempts have been made to use the decay of radioactive isotopes, 

derived from the atmosphere and carried down by recharge water, to 

determine the length of time waters have spent underground. 

One such isotope is tr i t ium, which has a hal f - l i fe of 12.5 years. 

Tritium is produced by cosmic rays or more recently by thermonuclear 

explosions in the atmosphere. Measurements of tritium in geothermal 

waters at Wairakei have given low but non-zero concentrations (Banwell, 

1963) which may reflect input of small proportions of young waters to 

some parts of the system. Tritium concentrations of water from deep 

levels at Broadlands were found to be yery small and not distinguishable 

from zero (Taylor, 1982, pers. comm.). 

Carbon-14 has a much longer hal f - l i fe (5730 years), but there are 

problems due to dilution by "dead" ( i . e . carbon-14 free) carbon derived 

from the reservoir rocks (carbonates or organic material) or from magma. 

This dead carbon is so abundant that detection of l l f C would be d i f f icul t 

even i f the water was quite recent. Carbon-14 concentrations of about 

0.5% of modern carbon were determined for a deep well at Walrakei 

(Fergusson and Knox, 1959), a value which cannot be distinguished from 

zero. More recent measurements reported by Jansen (1978) are also about 
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0.5% except for one well with yery low C02 content which had 3% of 

modern carbon. The la t te r result can be explained by inf low of a few 

percent of young groundwater. 

There are some indications that l im i t the possible age of the deep 

water. Meteoric water entering the system carries dissolved argon, at a 

concentration that depends on the temperature of the recharge water 

(about 13°C). Atmospheric argon has a d is t inc t ive *» 0Ai7 3 6Ar ra t io (295) 

which is very di f ferent from that of argon generated wi th in the earth by 

decay of *°K (which is nearly pure l» 0Ar). At Wairakei, argon in deep 

water has an **°Ar/ 3 6Ar rat io yery close to atmospheric (Hulston & 

McCabe, 1962; Sheppard & l^on, 1979; Mazor & Stewart, 1985, in prepar

a t ion) , hence ci rculat ion times must be less than would be required to 

produce a measurable proportion of radiogenic argon. I f we assume that 

1% radiogenic argon is just detectable and that radiogenic argon i s 

collected only from the volume of rock occupied by hot water in the 

system, then an age less than 100,000 years ( for a porosity of 10%) is 

calculated. In f ac t , radiogenic argon could also be derived from 

deep-seated gas upflow or have been already trapped in the rock (as 

excess argon), so that a residence time shorter than th is l im i t i s 

l i k e l y . (A more detailed analysis involving helium contents (Torgerson 

et a ! . , 1982) suggests that 50% of the radiogenic argon present would be 

derived from deep sources. In th is case, the mean residence time of the 

water would be less than 50,000 years.) 

Another l i m i t Is imposed by the apparent absence of glacial age 

water in the system. Water recharged during an ice age should have 

lower oxygen-18 and deuterium contents than present-day meteoric water 

at Wairakei. [Such isotoplcal ly depleted water with corrected l l*C age of 
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about 20,000 years has been found in deep aquifers near Tauranga 

(Stewart, et a l . , 1984)]. At Hairakei, the 6D values are very similar 

to present-day meteoric water suggesting that the water was not re 

charged when the climate was colder. This would suggest an age less 

than 12-15,000 years or ( i f recharged In the last in terg lac ia l ) greater 

than 70-100,000 years. 

Th^ water/rock rat ios discussed above also have implications for the 

turnover of water in the system. A water/rock ra t io of 1 (volume ra t io 

2.5) Indicates that the water has been replaced 25 times during the l i f e 

of the f i e l d assuming (connected) porosity of 10%. With an estimated 

to ta l l i fe t ime for the f i e l d of about 500,000 years, th is indicates an 

average replacement time for water in the hot aquifer of 20,000 years. 

I f the porosity were lower, as may be appropriate for flow in a f rac

tured medium, the average replacement time would be shorter. The 

natural discharge rate from the system of 0.01 km3/ysar (pr ior to 

exploi tat ion) would imply for a 50-100 km3 rock volume and 10% porosity 

a 500-1000 year replacement t ime. This represents only the outflow part 

of the cycle and is not comparable with some of the residence times 

discussed above. In addi t ion, the natural discharge rate is l i k e l y to 

have varied great ly, perhaps even ceasing for long periods of t ime. 

RESPONSE TO EXPLOITATION - STABLE ISOTOPE EVIDENCE 

Samples were collected from dr i l l ho les for isotope analysis i n 1963, 

1974 and 1981 to look for changes in the composition of the water, which 

would reveal d i lu t ion by surface water or evaporation. The data are 

plotted in Fig. 4. 

F ig . 4 shows a d i lu t ion l ine extending from the mean composition of 

the ra i n fa l l (R) to mean geothermal water; mixtures of geothermal water 
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and groundwater lie on this line. The effects of loss of steam at 

constant temperature are indicated by the lines shown at two tempera

tures, 240 or 200 c. ^ c a n D e s e f ; n that evaporation causes a similar 

ratio of chloride to oxygen-18 chan.je as dilution, but in the opposite 

sense. The 1963 and 1974 data in the inset of Fig. 4 are tightly 

clustered except for the sample from Well 31 in 1963 which discharged 

dilute:! water with lower chloride. The 1974 samples tend to have higher 

oxygen-18 and chloride contents than the 1963 samples, suggesting that 

enrichnent by loss of steam had occurred. 

Fig. 5 shows the distribution of deep water 5 1 8 0 values. The 1963 

and 1974 data are plotted in A. There is not much variation in the 6 1 80 

values, except for WR31 which shows the dilution effects noted above. 

Wells 21 and 8A in the same area also showed dilution effects in the 

60's (Wilson et al. 1967). 

The 1981 data snow larger scatter and generally lower oxygen-18 and 

chloride contents in Fig. 4. This suggests that dilution with ground

water is becoming a larger factor. The lowest oxygen-18 contents are 

observed between the Waiora and Wairakei Faults towards the northeast 

end (Fig. 5B). At the southwest end, Ueils 28 and 88 show only slight 

dilution effects. Well 116 is enriched in chloride and oxygen-18 

showing that steam loss was still the main process affecting the deep 

water here. In the eastern area, both processes are probably active. 

Mahon & Finlayson (1983) also reported increases in chloride in 

discharges from wells in the 1960s and 1970s, followed by decreases. 

The extents and time scales of these changes have varied in different 

parts of the field. Between the Upper Waiora and Kaiapo Faults, wells 

4/ and 116 showed increases in chloride until about 1980. The increases 
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i n chloride and oxygen-18 could be due to water being supplied at 255°Q 

in fractures and steam boi l ing of f at 235°c before the water reaches the 

we l l . A l ternat ive ly , as Hahon & Finlayson (1983) suggested, a 

considerable body of evaporated water had been generated near the well 

when the deep water level was f a l l i ng rapidly in the early 60's and th i s 

water is s t i l l being drawn on. 

Wells 24, 27 and 72 between the Waiora and Wairakei Faults showed 

increases in chloride un t i l 1968-1972. The oxygen-18 contents of wells 

i n th is area followed a similar pattern. The f a l l ir. chloride and 

oxygen-18 between 1974 and 1981 represents more than j u s t a return to 

pre-1963 water compositions, because the concentration levels are lower 

than before. Di lu t ion by inflow of shallower water with lower chloride 

and oxygen-18 content is a l i ke ly explanation ( A l l i s . 1981). 

SUMMARY 

Geothermal waters at Wairakei are shif ted re lat ive to local rain 

water in oxygen-18 content (by 1.2°/°*) but not i n deuterium content. 

The oxygen-18 sh i f t 1s thought to be due to isotopic exchange between 

hot water and rock at deeper than explored levels and implies water/rock 

mass ratios have been 1 for an open system or 4 for a closed system. 

The age or residence time of water in the system has been considered 

based on reported results for a number of isotopes ( t r i t i u m , carbon-14, 

argon-40 and deuterium contents). Trit ium and carbon-14 give l i t t l e 

constraint to the possible ajes; argon-40 and deuterium provide 

indications of turnover of water possibly with times of 10,000 years or 

so. 

The oxygen-18 content of the water has changed only s l igh t l y during 

the period of explo i ta t ion. An i n i t i a l tendency for the oxygen-18 
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contents to increase, probably because of steam loss (also shown more 

clearly by chloride contents), has been succeeded by a tendency for the 

oxygen-13 contents to decrease because of dilution with inf i l t rat ing 

near-surface water. 
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