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1. INTRODUCTION 

When studying the rate of water replacement in geothermal 
reservoirs, isotopes of meteoric origin can be useful to set 
limits on the rate of underground dilution or on storage time. 

Radiocarbon gives information about long storage times, 
especially if the dilution factor has been measured by other 
means and if the carbon can be shown to represent the water* 

In this preliminary study the gas from 19 wells is assessed 
for C. 

2. METHOD 
2.1 Collection 

Samples of carbon dioxide were collected from sampling 
points at the well heads in the same operation that collected 
insoluble gases. 

Initially the wet gas was passed through a cyclone 
separator and then through tubing by-passing the collection 
flask. When it was estimated that air had been flushed from 
the system the gas from the separator was allowed into a flask 
containing a solution of sodium hydroxide in water. The flask 
had been evacuated in Wellington. 

When a gauge indicated a persistent rise of pressure in 
the flask, it was closed and anothsr flask placed in position 
for collecting a duplicate sample, 
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Two wells were sampled in February 19/6, and nine in 
September of that year, again including the two sampled earlier. 

2.2 Storage 

The flasks were transported to Wellington by station 
wagon. 

After a time varying from a few days after collection to 
about six months, the flasks were connected to a vacuum system 
and the undissolved gases were withdrawn, as well as a few 
millilitres of the solution for stable isotope work. 

Eventually the flasks were sealed again and passed on for 
C-14 processing. 

2.3 Chemical processing 

Carbon dioxide was released by 
adding hydrochloric acid to the fluid in the flask. 

When the February samples were processed, it was not known 
that liquid samples had been taken for the stable isotope work 
and the rubber tubing exposed to air was not washed. This 
omission might have introduced some atmospheric carbon dioxide 
into those samples, something to which will be referred later. 

The released carbon dioxide was purified as described in 
Rafter (1965) and transferred to a 22-litre copper cylinder in 
one of the filling systems until it could be counted. 

2.k Counting procedure 
2.h.1 - Physical 

One of three carbon dioxide proportional counters was 
used per sample, the choice depending on sample size. The 
volumes of the counters are 5»5» 12 and 7»7 litres. Three 
Broadlands samples had to be diluted with inert carbon dioxide 
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from coalt to Till the smallest counter to the required one 
atmosphere. 

Details of the counting procedure have been described by 
Ferguson (1955). 

2.4.2 - Counting arrangement 
In each case but one it was possible to bracket 

single samples between background runs. In the one case three 
consecutive (geothermal) samples were run between backgrounds. 

Counting times varied between 20OO and 97°0 minutes for 
samples and background runs. 

3. RESULTS 
3» 1 Isotopic fractionation 

As part of standard practice results were normalised 
to allow for isotopic fractionation. This correction was 
barely significant. 

13 The column labelled C in Table 1 shows the per mille 
enrichment with respect to the Peedee Belemnite (PDB) standard. 

Counting rates are normalised to the PDB standard by the 
equation -

A = A apparent (1 - 2.052 x 10" 3 (6 1 3C + 25)), 
where 

A = normalised counting rate norm 
and 

A . = counting rate before normalising, apparent ° 

14 All but two samples showed no C activity, so that for 
the majority A ^ is zero and normalisation makes no ° ' apparent 
difference. 

It is clear from Tabic 1 that the slightly active samples 
are affected by this correction to a negligible extent* 
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Tabic t j Effect of normalising for isotopic 
fractionation on active samples 
14 14 

Veil no. C uncorrected count Normalised C count 
rate, counts per win. rate, counts per rein. 

23 0.17+0.08 O.16 ± 0.08 
17 0.33 ± 0.05 0.32 ± 0.05 

3.2 Statistics and reference values 
3.2.1 - Error 

14 All expressions for the C activities are based on 
two standard deviations so that, where limiting values are 
given, they express a probability of 0.48 that the activity, if 
any, is within the indicated range. (The figure is 0.48 rather 
than O.95 because only one tail is being considered, on the 
ad hoc assumption that activity and no-activity are equally 
probable, so that the probability of any activity at all is 

0.5.) 
Similarly, the positive activities were expressed with an 

error of two standard deviations. This departure from the 
14 / \ 

usual C practice of "one standard deviation" \s.d.) was made 14 because the low C activities encountered in geothermal samples 
make it preferable that the higher confidence associated with 
2 s.d. be adopted here, 

3.2.2 - Only sample and background statistics 
Errors were calculated on the assumption that the only 

sources of error were the statistical errors arising in counting 
sample-plu9-background. Errors in the modern standard (0.95 x 
U.S. National Bureau of Standards' Oxalic Acid Standard, or 
0,95 Ox,Ac.) are of the order 10 or better, making the error 
in the highest counting Broadlands sample insignificant. 



TABLE 2 

1** 
C AetiTJty expressed aa dilution vrt groundwater (taken aa 60% modern) and aa age with respect to groundwater 

Column 1 £ 2 4 2 k 
Dilution to Age to 

Well Groundwater Groundwater Diluted for d ^C 
o No 

22 

21 

% Modern (times) (years) Counting 

collected February 1976 

<0.8 >100 >38000 
<0.5 >180 >*3000 

<0.6 »l4o >41000 
<0.3 >3i»0 >48000 

collected September 1976 

22 <0.7 >120 >40000 

27 <0.6 >150 >4l000 
<0.3 ^320 >47000 

23 <0.3 ^ O >48000 
0-1.4 60-2000 34000-63000 

23 <0.6 >140 > 41000 

25 <1.3 5-60 ?34000 
T̂O.7 >120 :>40000 

TES 

YES 

Errors and limits based on 
2 standard deviations 

-7.5 (P 0.95) 
-7.6 

Mean life of lkC taken as 
-8.1 8268 years 
-?.<• 

-7.4 

-7.3 i 0.2 
-7.6 

-9.2 
-7.8 

-7.5 

-7.5 
-7.1 

% Modern • Percentage of 
0.95 * activity of (US) NBS 
Oxalic Acid standard (approx. 
1890 wood) 

11 ^0.3 >390 3*49000 -8.8 
continued orer .. 
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Column 1 

Well 
Ko % Hodera 

Dilnt ioa to 
Groundwater 

( t i a e a ) 

18 

17 

< 0 . 2 
< 0 . 3 

<0 .4 
<0 .3 

0 . 9 - 1 . 7 
^ 0 . 7 

^ 4 2 0 
•>340 

•5*210 

>330 

9 - 2 3 
s-110 

Groundwater 
(yeara) 

Diluted for 
Counting 

13, 

=-49000 
=* 48000 

^•44000 
•s-48000 

32000-38000 
^•39000 

YES 

- 7 . 5 
- 7 . 3 

- 7 . 4 
- 6 . 3 

•8.1 * 0 .2 
- 7 . 7 
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3.2.3 - Boference values 
Column 2 in Table 2 gives "percent modern", i.e., 

the percentage deviation of sample count rate from that of 
0.95 Ox.Ac. (0.95 Ox.Ac. approximately corresponds to wood of 
c. 1890 A.D.). 

Perhaps more relevant to this study as a reference value 
14 is the C activity of groundwater. Unfortunately this was not 

measuied and a value of 80j6 modern has been adopted an the basis 
of measurements elsewhere in the country. The "true" 
Broadlands value cannot be expected to be constant with 
location or depth. However, during future sampling I shall 
attempt to collect groundwater samples thought to feed the 
Broadlands field. 

3.2.4 - Dilution with respect to groundwater 
One of the elementary models of reservoirs with flow 

is the "instant mixing model". It assumes that incoming 
groundwater (80J4 modern) mixes instantly with the reservoir. 
Simplifying this further, I assume water in the reservoir 

14 before mixing to be free of C, 
Table 2, column 3» expresses the number of times a quantity 

of carbon as dissolved compounds in groundwater must be mixed 
14 with its own mass of inert carbon to get either the C activity 

measured or an activity just belov 2 s.d, (see 3*2.1). Dilution 
can be related to 0.95 Ox,Ac. by multiplying the values in 
column 3 by 1,25, 

3.2.5 - Age to groundwater 
14 Expressing C activities as "ages" implies the 

assumption of the piston-modelj groundwater is simply stored in 
14 the reservoir without mixing. Usually C ages are expressed 
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with respect to a suitable reference value. In this case, a 
groundvater activity of 8O56 modern las been used as a reference 

1'* <• 

value. A C mean life of 8268 years has been used and its 
error ignored. (Mean life = half-life/ln 2. The value of 
8268 years used in this paper is the most reliable available. 
It is 1.03 times the mean life based on the "Libby" half-life 
of 55<>8 years. ) 

Age is calculated from: 
oo£o -. (Standard count rate) Age = 8268 In >— 7 r < ** (Sample count rate ) 

In Table 2, column 4, the piston-model age of groundwater 
(80^ modern) is given either as a range between markers 
corresponding to the measured activity jf 2 s.d. , or to the age 
"limit" corresponding to 2 s.d. 

3.2.6 - Columns 6 pnd 7 of Table 2 
Column 6 states which samples were diluted for counting. 

13 Column 7 gives 6 C with respect to PDB. 

4. DISCUSSION 
14 Out of 19 samples, 17 have no detectable C activity. 

The significance of these results is expressed in terms of the 
instant mixing model and the piston model (Table 2, see section 3)• 
Two samples show activity, but duplicates from the same wells 
are inert. These discrepancies can have two main explanations: 

14 4.1 Rapid C changes down the wells 
Some mechanism in the reservoirs may have the effect of 

intermittently switching the flow of gas and water (vapour) 
wholly or partly from one path to another. It is conceivable 
to envisage a difference between such paths in terms of inflow 

14 of more or younger C-carrying groundwater to nxist. 



h.2 Contamination 

The other explanation of the difference in C values 

for duplicates is that the positive results arose from 

contamination, after the gas left the well. Let us look at how 

a n^cJo modern" contamination could have arisen in a 5«5-litre 

counter filling. 

To estimate the probability of various possible modes of 

such contamination it has been expressed in terms 

of atmospheric COp, air, equivalent NaHCOo or Na 2CO~ and COp 

from the Oxalic Acid Standard. The results are listed in Table 

Table 3» Contaminants to give 1% Modern in 5.5-1 sample 

Type C activity of COg Quantity 
contaminants, "k Modern needed 

Atmospheric COg 1*»0 39 ml 
Air (0.03# C0 2) - 130 1 

NaOH to trap atmospheric COp - 71 n>g 
Equivalent NaHCO„ - 156 mg 
Equivalent Na,,CO„ - 195 mg 

Oxalic Acid C 0 2 105 52 ml 

h.2.1 - Air leaking in during or after collection prior 
to chemical processing for 

The simplicity of the method of collection and the 

maintenance of a slight over-pressure within the collecting 

system would seem to make it unlikely that something like 130 

litres of air would have passed through the flasks during this 

stage of the procedure. 

Furthermore, the stable isotope group reported that the 

insoluble gases in the flasks all bad a low N A ratio and absence 

of oxygon. Such a result is incompatible with air and$ioncc)r'ilGs 
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out any significant role of atmospheric air in the flasks during 

transport or storage up to stable isotope processing or during 

the processing itself. 

h.2.2. - NaOH during stable isotope processing 

The stable isotope workers reported that NaOH had 

passed through one of the rubber tubes attached to the flask 

and that some of this NaOH could have been trapped outside the 

clamp in the rubber tube. However, these tubes were rinsed 

out before the actual C chemical processing would be started. 

It does not appear likely then that some 150 mg of NaHCO- or 

200 nig Na ?C0,, would have stayed behind after rinsing. 

^.2.3 - Sample handling in counter filling system ( B ) 

The next point most likely to involve contamination 

is the counter filling system. A store of some 20 litres of 

C 0 2 from Oxalic Acid (105$ modern) is maintained in potential 

connection with the system. Human error could lead to a wrong 

tap being turned, ultimately allowing the required 50 ml of C 0 2 

into the counter. However, it is unlikely that such an error 

would not be noticed by the operator at a later stage. Also 

the most, active of the two positive samples was not diluted to 

make up a full counter filling and such dilution is the least 

unlikely occasion for an error of this kind to be made. 

'f.2.3. 1 - Probability of accidental dilution/activity 
coincidence 

Because the question of the possible role of dilutions 

also arises with the Wairakei samples of lebruary 197°, I am 

deriving the probability that the null hypothesis II (i.e. no 
1'* v 

connection botwoen dilution and detected C activity) is true for 

Broadlands. 01 19 Broadlands samples, three were diluted 

before counting (on the 5»5 1 B-systcm), Two samples were 
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active. Two samples can be selected from 19 i»> (o ' ways. 

There are (" ) ways of selecting one diluted sample from 

three. The second active sample can be selected from the 16 

non-diluted samples in ( ) ways for each of the (::) selections 

of a diluted one. The probability that H is correct, i.e., 

that one of the two active samples just happens to be diluted 

is the inverse of the number of selections of oiw diluted sample 

out of a I atch of two active samples that were taken out of a 

total of 16 undiluted and three diluted ones or: 

(?) ('*)]' P(«ne active and dil., one active and undil.) = 
(',»> 

= 0.28 

This probability is much too large to discard H on 

statistical grounds, which Mould be done for P<. 0.05, say. 

5. INTERPRETATIONS 

This section is kept brief because more data must be 

collected, to resolve the points raised under h. In terms of 

instant mixing and piston models, Table 2 lists the conclusions 
14 for each sample in terms of carbon. If detected C activities 

in Wairakei (to be reported) and in Broadlands in 197° 

correspond to underground conditions, then it is clear that 

Broadlands is less active. 

This confirms expectations based on: 

(a) low tot.nl draw off and replacement with meteoric 

water and carbon in Broadlands; 

(b) Uroiullawls is a CO,, dominated system (see e.g., 

Ellis (1977) smd Grant (197"). 

http://tot.nl
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For su~h a system more of the observed dilution and age 

will be due to the large amount of non-meteoric C0„ in the 

reservoirs of crushed and faulted porous rock. 

Th3re appears to be no reason vo assume significant 

differences in the proportion of groundwater-dif-solved carbon 

that enters the Broadlands and Wairakei reservoirs, respectively. 

By increasing the C sensitivity of the method by 

modifying counter design and introducing thermal isotopic 
14 enrichment, or by replacing the C method based on radioactivity 

with a method using a tandem accelerator as a mass spectrometer, 

it may be possible to bring (more) wells within detectability 
1*t and it would be possible to push back the C limits of those 

that are still inert. However, it is not clear at this stage 

that the more expensive of these steps are justified by the 

needs of the gi.?othermal programme because the study of isotopes 

of meteoric origin is only one of a number of methods of 

estimating the water budget of geothermal systems. 

6. FUTURE DEVELOPMENTS 

6.1 Eliminating uncertainty 

It is imperative to resolve the lack of agreement 

between some duplicate samples by taking simultaneous replicate 

C 0 2 samples. One obvious way of doing this is by using forked 

^.ubes with a flask per prong. Furthermore, sensitive stops in 

the processing must be double-chocked wherever possible. 

Storage times of half a year or more a.id possible uncertainties 

about intermediate processing for other components should be 
14 avoided by collecting C samples in separate flasks. 
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6.2 Sampiing groundwater 

Groundwater at a number of sites near Hroadlands 

should be sampled in angular plastic containers or in drums. 

The po.'.sibility of processing the water to get samples in a 

form with a more manageable bulk must be looked at again in 

conjunction with the laboratory of Chemistry Division in 

Vairakei. 

6.3 Transport, 

Extending sampling, especially to groundwater, 

involves some expansion of transport requirements. Without 

groundwater sampling the ferrying system used in September 1976 

m.»y well be adori\;ate but it is probably better all round to use 

a largo vehicle (e.g., very well-sprung truck or seatless bus) 

along with a small vehicle that can be hired locally. 

6. '* Vairakei 

Wairakei must be re-sampled for C witli the 

precautions described under 6.1 

In Wairakei, it should be attempted to collect, say, six 

or eight replicate samples simultaneously from a low-gas well. 

This will test the collection system most effectively. 
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