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ABSTRACT. n;:Q;Hllands is a hydrothermal area in the Taupo Volcanic Zone of 
the North Island of New Zealand. The surface activity is limited in extent, and the 
natnral heat flow from the area, 17,500 kcals!sec, is small compared with other areas 
in the zone. Scientific investigations and later drilling, however, have shown that 
the area of the deep hot water system (9km") is comparable to that at \\'airakei. 

I-lot ,,'aLer at temperatures up to about 300°C but usually tapped by drillholes 
at 260° to 270°C contains in approximate quantities, NaCI (1625 ppm), KCl (265 
ppm), boron (32 ppm), and silica as major constituents and occurs at depths down 
to approximately 2420 meters. Dissohed gas in the water is mainly carbon dioxide, 
at a concentration level ncar 0.1'1 molal. Concentrations of heavy metals in the 
water arc low, but precipitates and sinters derived from the water contain high 
concentrations of arsenic, antimony, and heavy metals. DjI-I values in the water 
arc similar to those present in local streams to the cast, indicating that a high 
proportion of the hot water is derived from a meteonc source. 

Trends in the chemistry of drillhole fluids with time provide a clearer picl.ure 
of the physical conditions existing in the underground system, before and during 
exploitation. Slight deposition of calcite occurs in the casing of a drill hole, as 
originally predicted from the early chemistry of the water discharges. 

INTRODUCTION 

Following successful geothermal power developments at '\'Vairakei 
large-scale drilling was carried Ollt at Broadlands to determine the ex
tent and characteristics of the deep high temperature water. This was 
preceded by a 'Venner resistivity survey across the area which delin
eated a zone of low resistivity, to depths of approximately 550 m, of 
size com para ble to the 'Vairakei geothermal field. The results from 
subsequent geochemical, geophysical, and geological investigations were 
used to locate sites for exploratory drillholes. To date nineteen holes 
ranging in depth from 762 to 2420 111 have been drilled in an area of 
some 9 km2. This paper discusses the chemistry of the fluids discharged 
from the hot springs and drillholes and correlates the results with I.he 
geology ;md physical conditions at depth in the fielcI. 

The locality of Broadlands with respect to other geothermal areas 
in the Taupo Volcanic Zone is ,shown as an inset in figure I. The field 
extends some 3.6, km along both sides of the "Vaikato River in the 
Taupo-Reporoa Basin, some 27 km northeast of Taupo. The natural 
activity is limited to a few hot springs and hot water seepage into the 
"Vaikato River and minor areas of mudpools and steaming ground. The 
natural heat flow was estimated by Dickinson (ms) as 17,500 kcaljsec 
which can be compared with 101,000 kcaljsec for the "Vairakei area 
(Dawson and Dickinson, 1970). 

The major surface activity in the northern part of the field was 
Ohaki Pool (fig. I) a hot spring that covered an area of 850 m2 and 

,discharged 10 l/sec of hot water at 98°C before the area was drilled. 
In addition there was a smaller spring close by and scattered zones of 
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hot water seepage into the "\Vaikato River 1.2 km to the cast and south 
of the Ohaki Pool (see water compositions, table 1). A smaller area of 
hot springs occurred 3 km south-southwest of Ohaki Pool, and a number 
of mud pools and dark colored thermal pools lay approximately 1.0 
km southwest of Ohaki Pool. The flow from individual springs in the 
two latter areas was belO"f I l/sec, and temperatures were in all cases 
less than 70°C. 
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Fig. I. Locality of the springs and drillholes at Broadlands. Inset shows the 
position of Broadlands within the Taupo Volcanic Zone. 
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During the early chemical sun'ey ,,'ark in the area, the extent of 
cot "~cater seepage and runoff from Broadlands was measured, \Vater 
.nnples ,,'ere collected from cold streams within the area and from the 
Xaikato River upstream and do,,'nstream of the visible sllrfa('e activity 
.0 check on high chloride water flows, The survey shml"ed that little 
!Hore than SO to 35 ljsec of hot chloride water appeared at the surface, 

Studies of the surface and subsurface geology at Broadlands and the 
llineralogy and hydrothermal altera:tion of rock cores taken during 
:;illing ,,-ere made by Grindley and Browne (ms) and Browne and Ellis 
; 970), .-\ generalized stratigraphic sequence of the rocks, taken from 
,lindley and Brmme (ms), is shown opposite. 

Holes drilled in the eastern side of the field, at the deepest level, 
i)cnetrated ba;,ement argillite and graywacke, as did the deepest hole 
in the field, hole ]5 in the ,,·est. :\Iost of the other holes drilled in the 
',,-est terminated in ignimbrite. The porosity of the formations was in 
'he range 10 to 40 percent, but "'here there was extensiYC hydrothermal 
_.Iteration, it "'as considerablY reduced, 

Table 1 ,ho,\'s data fa'r the 19 holes drilled and discharged at 
:jroadlands, :\Iost of the holes "'ere drilled to depths between approxi
. nately 750 and 1100 m except hole 15 ,,;hich was drilled to 2418 m. 
Downhole temperatures were high and in the range 260° to 300°C, 
'.·;hile pressures at deeper levels in the holes, before discharge, approxi-

lated to hot hydrostatic pressure and were higher than the vapor pres
':re of the "'ater at any particular depth. 

The highest temperature in most holes was near the hole bottom, 
,ut those having high mass outputs reached near maximum temperature 
',\-ithin 20° to 300~) between 427 and 610 m. Poor production holes 
;ad a more gradllal or erratic temperature increase throughout their 
~cngth, ,,,hile holes 4 and 13 had a temperature inversion at deeper 
:evels. 

The discharge enthalpies of many holes, after continuous discharge, 
~,'ere higher than the supply ,,-ater at maximum measured temperatures. 
These holes ,\·ere supplied by a steam/water mixture rather than a 
,ingle hot water phase. Significant pressure falls occurred in the drill
holes after continuous discharge, and pressures measured in some clrill
:lOles indicated the presence of a fluid less dense than -water at the re
'pective temperatures (vapor/water mixture). Many holes after drilling 
:.nd standing closed for a few days built up high gas pressures at the 
"'ellhead as a result of accumulation of gas in the holes and consequent 
depression of the water levels. 

The permeability of the rocks penetrated by many drillholes at 
Broadlands is apparently too low to allow steady state production. 
Dra,\'down of hot ,,'ater levels in holes during production allows hydro
'Htic pressures to fall to the \'apor pressures at the producing horizons. 
Boiling and the formation of steam within the system are induced and 
propagated by the lowering of pressures and the consequent transfer 
of heat from rock to water. 

The chemistry of the Broadlands geothermal area New Zealand 51 

Stratigraphic sequence of rocks at Broadlands 

Formation 

Taupo Pumicc 
11"1'''I'"ngi Pumice 
\ \' ,Ii r" kci II reccia 
(Lapilli TufT) 

Huka Falls 
}'onnalion 

Oh"ki Rhyolite 

Upper "'aiora 
l'ormation 

Broadlands Rhyolite 

Rauta,dri Breccia 

Rangataiki 
Ignimbrite 

Upper Waikora 
Formation 

L01\·cr \Vaiora 
Formation 

Lo\\"er 'Vaikora 
Formation 

Wairakei 
Ignimbrite 

Graywacke 
basement 

Content 

PUll1ice alll" ium and ash showers. 
Pumiceous sands, rhyolitic gr'1\ d, ant! 
sand. 
Pisolitic, pumice-rhyolite lapilli tufT, 
ant! breeci:!. 

Alternating thick heds of lacustrine 
siltstone, locally diatomaceous, 'ritll 
pumiccous sandstone, grit, anel tufT. 

Crystal rich, biotite-hornblende 
quartz-plagioclase rhyolite. Commonly 
pumiceolls and spherulitic, locally 
brecciated. 

TufT-hreccia with pumice and rhyolite 
lapilli; siltstone underlain by sedi
melltary pumice tufTs. 

Dense, flmrhande(I,_ plagioclase, rhyo
lite, locally perlitic or glassy. Upper 
(2) and lo\\"er (I) flow units . 

Coarse, crystal-vitric·lithic breccias 
with fragmcnts of pumice rhyolite,_ 
ignimbrite, siltstone, and argillite. 

Crystal-rich, quartz-plagioclase ignim
brite, locally Icnticulitic, passing up 
into U1mdded crystal-vitric tuff. 

Thin-bedded, non-volcanic sandstone, 
siltstone, grit. Conglomerate beds ,,-ith 
argillite and minor pumice pebbles. 

Pale gray, coarse crystal-vitric tuff 
,,-ith quartz (possibly unwelded upper 
part of ignimbrite sheet). 

Thin-bedded, non-volcanic sandstone, 
siltstone, ["'1'it, conglomerate beds ,,-ith 
argillite pebbles. 

Crystal rich, quartz-plagioclase ignim
brite, locally lenticulitic, small gray
wacke inclusives, 

Dense, indurated, massive gray,\-acke 
and dark fractured, vein argillite with 
poor hedding. 

Thickncss 
Feet Meters 

100·300 30-91 

100-1000 30-:305 

0-1·100 0--127 

600-900 183-274 

0-1500(2) 157 
0-750 (I) 229 

500-900 152-2i-1 

100-1100 30-427 

0-200 .0-61 

0-350 O-IOi 

0-300 0·91 

150+ 46+ 

CHEMISTRY OF THE NATURAL ACTIVITY AT BROADLANDS 

Table 1 lists the chemical compositions of waters discharged from 
springs at Broadlands. As the number of near boiling springs in the 
area was small, the extent to which surface chemistry could be used 
for predicting underground water compositions and temperatures was 
limited. However, the presence of a major feature such as Ohaki Pool, 

-j 
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TABLE 1 

Analysis of a representative group of springs at Broadlands 

S Date Concentration in "'ater (ppm) 
p of 
r colin. Flow 

1963 Ijsec TOC pH 
n 

" ~ Li ;-';a K Rb Cs Ca Mg F CI Br I SO, ::-';0. 

16.6 10 98 7.0 7.4 860 82 0.1 1.2 8.5 0.215 5.2 10~1O 3.0 0.6 100 

3 16.6 ;";il 25 2.6 4.6 410 43.5 33 681 0.3 530 

4 16.6 0.3 75 8.0 3.6 430 31.5 28 2.2 525 132 

5 16.6 0.3 57 8.7 ~.6 3i4 28 16.2 2.2 362 0.2 52 

6 17.6 0.3 19 2.8 3.35 410 22 5.7 539 1.5 0.3 347 

7 17.6 Nil 42 7.3 3.9:> 500 21 7.0 4.2 638 1.7 0.3 185 

A* 16.6 0.5 61 7.9 3.6 415 30.5 46 2.4 492 162 

B* 16.6 0.3 66 7.9 3.3 410 31 15.3 2.4 443 82 

Spring 1 is Ohaki Pool 
Analysis of spring 2 (Fig. I) is identical to analysis of spring I. 
* A and B are samples collected from seepage into the Waikato River 

(table I) "'ith a high temperature and large flow, enabled certain pre
dictions to be made. 

The hot waters discharged from springs in the Broadlands area 
"'ere mainly of the neutral pH, chloride-bicarbonate type. Chloride 
concentrations ranged from approximately 300 to 1000 ppm, and the 
similar constituent ratios, such as CI/B, Cl/F, and Na/Li, in springs 
suggested a common reservoir of hot water beneath the area with vary
ing degrees of dilution and evaporative concentration by boiling. Acid 
pools, 'with little or no overflow, had similar constituent ratios to the 
near neutral pH springs. 

CljB ratios in the waters ranged from 8 to II which were low com
pared 'rith values found in rhyolitic areas such as \Vairakei, \f\Taiotapu, 
Orakei-Korako, and Rotorua. Low to very low ratios were found also 
at Ka"'erau (Mahon, 1962b), Tokaanu (Mahon and Klyen, 1968), and 
J'''; ga"'ha (Ellis and l\Iahon, 1966), where the rocks are either andesitic 
or sedimentary. The i\"ajLi ratios and rather high ammonia concentra
tions at Broadlands "'ere similar to those for the Kawel-au waters. 

High sulphate and ammonia concentrations in the 10"'er pH spring 
waters and the presence of sulphur on sinter and in areas of steaming 
ground suggested that some steam heating of surface 'Naters occurred. 
Concentrations .of minor elements such as rubidium, caesium, fluoride, 
bromide, iodine, calcium, and magnesium were of the same order as 
found in hot waters at vVairakei, and ratios of these elements to either 
chloride or sodium 'were also similar to those at \f\Tairakei. CljBr and 
CljAs ratios at Broadlands for example were approximately 800 and 
820 respectively compared with ratios of 850 and 1000 at \f\Tairakei. 

1 
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TABLE I (cominllcd) 

COllcentration in water (ppm) I \IokcllLir ratio 

of chloride to of sodium to 
CO, 

as 
B SiO, As KII, IlCO, II"S I B F As Br SO, Cs Li K Ca 

32.1 338 1.5 3.8 680 1.0 9.9 107 560 780 28.1 3250 35 17.8 176 
to to 
3.9 1165 

18.9 280 5.8 I\'il 1.0 11.0 3.5 29 17.2 23.2 
14.8 280 0.1 322 1.0 10.8 128 10.8 36 23.2 26.8 
11.0 207 I.!J 430 1.0 10.8 88 18.8 13 '2'2.7 10.2 
20.6 250 1.2 1.6 CO, 1.0 8.0 950 810 4.2 37 31.7 125 

38 
23.7 232 1.4 l.l 188 1.0 8.2 81 962 846 9.3 38 40.5 12·1 
13.6 214 2.8 307 1.0 11.0 110 8.2 35 23.1 15.7 
13.1 225 2.3 385 1.0 10.3 99 14.6 38 22.5 16.6 

Silica concentrations of between 280 and 310 ppm in the spring 
waters would correspond to an underground ,,'ater temperature of be
tween 190° to 200°C. This assumes that the deep waters were just 
saturated with respect to quartz and were not affected by dilution or 
loss of Si02 on route to the surface, and decrease in temperature resulted 
from boiling with no loss of heat by conduction. (Mahon, 1966; Fournier 
and Rowe, 1966). The N ajK ratios of between 17 and 23 corresponded 
to underground equilibration temperatures of about 200°C between 
rock minerals and water (Ellis and Mahon, 1967). 

The low concentrations of constituents such as calcium, magnesium, 
and fluoride, which at high temperature are controlled at a low level 
by mineral equilibria; indicated high temperatures at deeper levels and 
substantiated the impressions obtained from the silica concentrations 
and N ajK ratios. 

Estimates of the carbon dioxide concentration in the deep ,rater 
from surface chemistry, using the methods of Ellis (1970), gave values 
ranging from 1.6 X 10-3 to 3.25 X 10-1 molal. The low concentration 
was obtained for a deep water temperature of 200°C, while the high 
value corresponded to a deep temperature of 250°C. (At Wairakei, "Waio
tapu, and Orakeikorako experience showed that estimates of minimal 
underground temperatures from Si02 concentrations and NajK ratios 
were approximately 50° to 60°C lower than those found on drilling.) 
The higher value was of the same order as carbon dioxide concentra
tions found in steam discharged from two areas of steaming ground 
(0.6 molal). 
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TABLE 2 

Analyses of ,rater in drillholes at Broadlands 

Concentralion in 11'aler (Pl;m) 

pH 
Hole Dale 20°C Li l'\a K Rb Cs Ca Mg F Cl TIr 

I. 2.66 8.3 10.9 ]065 1:,2 0.6 0.6 4.6 6.7 170! 104 2 23. 8.66 8.3 11.7 1050 224 2.2 1.7 2.2 0.08 7.3 1743 6.4 0.8 3 28. ·1.67 8.0 12.2 101:) 2!3 1.8 1.8 3.0 O.SO 6.! ISOl G.G 4 G. U.G7 8.35 1l.8 1075 218 2.0 1.4 3.0 0.02 4.5 IS51 G.7 1.3 5 11.11.G7 9.1 ·1.9 HOO J.JG 1142 6 4.12.G7 7.4 1.2 135 39 - 2GO 28 O.~J5 7 14. 5.G8 8.55 15.0 1300 234 2.4 I.S J..4 0.013 IS23 :;.2 O.:l5 8 2~J. 2.68 7.9 11.4 975 232 2.9 I.G 3.0 OJ SA 1858 G.3 O.G 9 J.l. 5.GS 8.45 12.7 930 203 204 1.5 2.0 0.36 8.0 1709 5.9 0.·1 10 IR.IO.68 8.G 9.5 910 J.J 2.5 I.l 1.4 l.l 0,(6 G.2 1211 3.6 0.1 II 22. H.G8 8.25 12.2 1020 21S.5 1.7 ]A 7.3 0.92 G.4 179! 7.0 0.1 12 I:l.12.68 8.51 10.0 1510 198 0.95 I 'Je 2.8 0.13 3<) 15,16 5.1 0.5 .-:> 
13 10.10.68 8.6 12.G 980 200 2.2 1.3 !2.1 (l.0!5 '1.5 IGGS 5.25 O.! 14 G.2.G9 S.5 10.5 880 175 0.9 1.5 2.0 0.7 3.2 1482 4.2 0.7 15 3. 1.70 8.25 11.5 lOGO 207 1.8 1.55 5.7 0.13 6.8 1750 5.8 0.4 16 IG. 1.70 8.25 G.25 570 85 0.51 0.47 8.55 7AG G.05 528 I.G 0.:1O 17 21. -1.70 S.15 10.0 1000 224- 1.8G I.SS 4.82 0.007 8.6 1778 4.5 0.25 18 2·1. ·1.70 7.83 11.2 IlI0 237 1.84 1.80 9.0 0.18 3.9 1985 Go4 0.35 19 2. -1.70 8.25 11.8 950 206.5 1.6 1.7 2.5 0.05 704 1720 4.6 0.65 Wairakei 
<)- 1~)65 8.5 13.2 1200 200 3.0 2.7 17.5 0.05 8.1 2156 5.9 0.6 
_I 

44 I'J65 8.6 14.2 1320 225 2.8 2.5 17.5 0.035 8.3 2260 6.0 0.3 Ka"'erau 
8 I!JW 9.0 5.5 740 130 0.9 0.5 I.l 0.39 5.2 1262 6.2 0.2 16 1 !JG!) 8.0 5.6 720 131 0.55 0.48 3.2 0.31 ;J.O 1233 504 0-<) 

CHE;\llSTRY OF THE FLUIDS DISCHARGED FRO;\f DRILLHOLES AT BROADLANDS 

Chcmical Tcsults.-The analyses of the water and steam discharged 
from drillholes during initial discharge are shown in tables 2 and 3. 

-Concentrations in the water are given in parts per million parts of 
water, for '\'aters separated from the discharge at boiling point and 
atmospheric pressure. Chloride concentrations are given for atmQspheric 
pressure separation and for the original deep water. Gas concentations 
are giyen as either millimoles per 100 moles steam condensate or as a 
"'eight percentage. For comparison, the analyses of waters discharged 
from deep drillholes in the \Vairakei and Kawerau Geothermal Fields 
are listed. 

Cnlcml commcnts on Tcsults.-The waters discharged from the 
Bro:-tdbnds drillholes were lower in mineral content than the deep 
\Vairakei waters but similar to that of the deep waters at Kawerau 
and \Vaiotapu. Atmospheric pressure chloride concentrations ranged 
from approximately 1200 to 2000 ppm, except for hole 6 which dis
charged ,rater at a temperature well below boiling point, containing 
approximately 30 ppm chloride. 

_-\t depth the waters were saturated with silica in equilibrium with 
quartz at the water temperatures and near to saturation with calcite. 

SO, 

43 
8 
6 

29 

IS 
6 
3.5 
4.0 

H.s 
10 
25 

6.5 
6.0 
7.1 

45 
5.5 
4.0 

20.6 

25 
36 

10.5 
14.0 
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T\IILE 2 (contilillcd) 

COllcelltr;ltioll ill1\'aler (ppm) (;1 ill 
- deep :'.!o1ecui:Jr ratio 

~T 
* ** \\ aler or chl()ride to or sodillm to Total Total 

B SiO" As :\1I" lICO" n F :\s Hr SO, Li K Rb 
48.1 565 - 12.0 230 1233 10.8 136 1 O~) 10(;25 30 11.9 6595 ·18.4 SOil 5.7 2.! 17S 1177 11.0 I:!S 6'i0 G15 5DO :,S-1O 27 8.0 1775 55.3 7:.!5 1.0 4.0 17-1 1~15 !J51 160 951 GI5 SOO :17:;0 26 8.3 2]55 56.5 880 5.7 2.3 282 1150 10.0 ~:20 685 G<)I) 170 -1955 28 8 .. 1 1995 23.4 1.5 HI0 1000 H.8 86 16.3 1.2 180 l.l 228·1 25 6.9 5.1 110 19.0 82.7 1000 1.0 ~)] 0 1002 6.7 7~)0 825 3795 26.2 904 2010 52.6 796 5.7 2.3 157 1220 11.0 114 690 6G5 Hl0 '1:150 !25.8 7.1 1250 43.95 805 4.5 I:H 1147 lID 114 800 G;)O 1155 -1270 22 7.8 ].1.10 54.8 635 4.1 1.2 553 891 6.9 107 610 780 295 3330 :!8.9 10.85 3075 48.9 805 5.5 1.35 78 121:1 11.~ 150 WO 575 4S5 1800 ~5~2 7.9 2230 43.7 400 1.0 2.4 1820 1196 10.8 258 3265 680 1G5 ·IG35 45.5 13.0 5905 48.0 750 3.2 1.9 162 IIH 10.6 I ~J9 1100 715 695 4810 2~L5 8.3 1655 47.4 8-1-1 5.7 lA5 218 961 9.6 2·18 550 795 670 :liOO 25.3 S.5 3635 37.5 1126 2.0 310 1150 H.2 138 G80 665 4230 27.8 8.7 2190 40.6 265 - 12.0 555 HI 4.0 47 7-14 32 ,1210 30.2 11.4 4155 46.0 765 1.9 115 1215 ll.8 III 890 875 3544 30.2 7.6 2000 58.5 635 3.05 250 1367 10.3 273 699 1345 ,!I 35 29.9 8.0 2240 4S.2 875 1.9 175.5 1150 10.9 124 SH 2~5 3775 25.0 7.8 2205 
2S.4 660 4.7 0.15 23 1528 23.2 145 970 820 235 2990 27.4 10.2 1-190 28.9 650 0.15 19 1600 23.8 115 850 170 3385 28.0 10.0 1750 

61.2 815 0.5 24 S60 . 6.3 130 460 3<)- 9455 41.0 9.7 3055 _:> 
58.8 sao 1.3 138 8-10 604 2:!0 515 2·10 9625 39 9.3 4865 

* Total :\H, + :\IJ.. expressed ~t :\11". 
** Total IlCO, mcans CO2 + lICO,- + C03'- expressed as I-lC0

2
• 

The waters were chemically similar to the spring waters. Lower bicar
bonate contents in the deep waters resulted from the higher tempera
tures and smaller extent of rock/water interaction, and the low oxygen 
fugacity at depth accounted for the low sulfate concentrations. 

The deep waters had a high total gas content, the carbon dioxide 
concentration of approximately 0.14 molal being ten times greater than 
found at \Vairakei. The gas concentration was between that found in 
Xew Zealand hydrothermal areas in a mainly volcanic rock environ
ment, for example, \Vairakci and Orakeikorako (0.005-0.028 molal), and 
in a sedimentary rock environment, for example Ngawha(3.5 molal). 
The weight percentage of carbon dioxide plus hydrogen sulfide in steam 
separated from the discharges at 125 psig (PSI gauge) varied from about 
2 to 12 percent. 

-Within the Broadlands Field the chemistry of the deep waters was 
similar. Some variation occurred in the concentration of constituents, 
but constituent ratios such as Na/Li, CljBr, Clj As, Na/Rb, and CIICs 
were similar, suggesting a common water supply. 

Ca 

'.l05 
830 
605 
625 

2.9 
1620 
565 
810 

1440 
245 
940 
710 
765 
325 
115 
360 
215 
660 

120 
130 

1170 
390 
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TABLE 4 

:-'Iaximmn temperature 
after drill ill" and 

Ilole 
b 

Drilled depth Solid cased to slabili7alion 
no. :-'feters Feet :-'fclcrs Feet cc :-'lclCTS I'eet 

1 IS')7 ·1:;83 607 19!)2 278 l:li8 '15,,0 
2 1034 3:\92 ·117 1368 287 1021 3350 
3 !1l2 :!~)92 ·16!J ]SH9 281 !J05 2%9 
·1 10E) 3,1l" 517 16% 273 915 :\002 
5 1:),,1 ·11:l2 8·12 27G2 2-1+ l~(j:) 1150 
6 1083 3553 653 2]·12 143 %0 3149 
7 lIE) !Hi71 538 I ili5 ()-o _,,, 10G7 :\501 
8 776 23·16 1H 11'l7 273 771 2;-)29 
9 1368 418S 500 IG10 2!14 J:l'1I 4399 

10 1087 3,,66 ·1!J7 16:10 280 1082 ;)530 
11 760 2193 ·184 1588 271 756 2·180 
12 1:)69 ,H91 656 2152 27·1 1:1-11 4399 
13 1080 33·15 806 21iJ.! 276 823 2700 
14 1282 ,1206 588 1!)29 297 1250 4101 
15 2·118 7933 1547 5075 ;298 2165 7103 
16 HM 4606 623 20+1 277 1 ~~87 ,1350 
17 ]082 3:;:;0 576 ]8~)0 291 1036 3399 
18 1215 3!)86 538 1765 290 1195 3920 
19 1078 3537 527 1729 272 7-14 2441 

Deep chloride values for waters were calculated from chloride con
centrations in waters flashed to atmospheric pressure, kno\\'ing the en
thalpy of the discharge and the deep water temperature (SiO" concen
trations). Deep chloride concentrations fell into two categories. Holes on 
the nortlm'est side of the field (2, 3, 4, 8, 9, 11, 12, 13, ]5, ]7, 18, and 
19) and hole 1 in the northeast produced from hot water containing 
1150 to 1250 ppm chloride while holes on the southeast side of the 
field (7, 10, and 14) were supplied by hot \\'ater of 800 to 1000 ppm 
chloride. 

The CljB ratios showed a trend across the field. Significant changes 
"'ere apparent between holes 5 and 15 and the remainder of the north
,,'estern holes and between holes in the west and southeast of the field. 
The low ratios of between 4 and 7 in the latter area probably resulted 
from the association with basement argillites and graywackes \\'hich 
generally have a higher boron content than the igneous rocks. The 
graywacke did not show' a high grade of hydrothermal alteration, but 
the type and degree of alteration expected from contact of this rock 
"'ith 270°C water has not been established. 

The ratio of 9.6 in hole 14 (this hole did not penetrate into .gray
wacke) "'as between the values found in the west and southeast, and the 
basement graywacke appears to be close enough to the hole to influence 
water compositions. The CljB ratios of between 14 and 15 in holes 5 
and 15, which produced from ignimbrite, 'were the highest in the field. 
Hot waters associated with ignimbrite in other Taupo Volcanic Zone 
hydrothermal areas are known to have relatively high CljB ratios, and 
[or example, waters from Orakeikorako drillholes had ratios varying 
from 25 to 35. Holes 9 and 17, which obtained most of their water supply 
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from the Rautawiri Breccia (Browne and Ellis, 1970), had ratios of 
approximately 11.8 to 12, while holes drawing from a sh;lllow 1eyel 
within the Ohaki Rhyolite and Upper "\Vaiora Formation such as g, 4, 
and 18 had ratios of bel\\'een 9.9 and 10.3. Holes 2, 8, II, 12, and 19 
,,·hich could draw ,,'ater from both the Ohaki Rhyolite and Rallt;l\\'iri 
Breccia had intermediate ratios of around II. 

Constituent ratios such as NajLi, NajRb, CljF, CljCs, CljBr, and 
Cl/ As ,,"ere remarkably similar to those at 'Vairakei, illustra ting the 
O\'erall similarity of volcanic rock compositions in the two areas. The 
higher values of the ratios CljS0-t, N ajCa, and the silica concentra
tions amI the lower ratios of Na/K at Broadlands reflect the higher 
temperatures in this area. The high horon, ammonia, carhon dioxide, 
and bicarbonate concentrations at" Broadlands are likely to result from 
the sediments interbedded with the volcanic rocks and the relatiYCly 
slnllo,,' sedimentary basemcnt in this area. 

Base metal sulfides (Ph, Zn, Ct': were found in cores taken from 
holes 7, 10, 14, 15, and 16 (Browne and Ellis, 1970). Apart from 14, 
these holes penetrated the argillite-gra)'l\'acke basement, the holes on 
the southeast at a depth of 9H to 1219 m and hole 15 at around 2286 m. 
Hole 14 ,,'as apparently also close to the basement. 

?\Iost of the sulfide mineralization in the southeast occurred close 
to or in the sediments; while in hole 15 it occurred at a depth consider
ably deeper than the majority of the other north'western holes. The 
close association of the metal deposits with the basement sediments 
indicated that sulfide mineralization was influenced to some extent by 
these rocks. 

Supply water' tempemtures.-The silica concentrations (.Mahon, 
1966) and the Na/K ratios (Ellis, 1967) in the drillhole waters 'were 
used to assess the temperature conditions in the deep aquifers. 

Table 5 shO\\"s the maximum temperatures recorded in the drill
holes hy engineers of the New Zealand ':\Iinistry of 'Works, with a geo
thermograph or a resistance thermometer, and the temperatures cal
culated from NajK ratios and silica concentrations. The latter results 
lI'ere obtained after the holes had been opened for a short period and 
\I'ater compositions had become constant. The maximum temperatures 
measured by physical methods were not necessarily recorded in per
meable zones in the rock formations. The maximum temperatures in 
these zones ranged from 260° to 285°C. 

The temperatures estimated from the NajK ratios were in most 
cases closer to the measured maximum temperatures than were the 
silica temperatures. . 

It appeared that water of 270° to 280°C rose up through the coun
try rock from below 1220 m and lost steam close to the production 
zones. Due to the rapidity of water movement and the slow readjustment 
of the NajK ratio to an equilibrium value at a new temperature, the 
ratios in the discharges did not represent the temperature conditions 
at the production depth. The possibility the drillholes drew water up 
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TABLE 5 

A comparison of temperatures estimated from silica 
conccntrations and Na/K ratios in waters, with maximum 

tem pera tures measured clOll"ll drillholes 

Physical 
Hole no. IllcasurCIllClll* :'\a;K 

;278 ~:w 
:2 !2~7 :27R<292 
3 !!HI :2/i·:288 
4 !:!73. 2G8·280 
5 :214 1(17·:200 
6 1~3 1(12 
7 279 2;}~~~GO 
:3 273 :\00 
9 2~)1 !2~)~ 

10 ;';80 :210-212 
11 271 290 
12 274 ~20 
13 276 !!R~ 
14 297 277 
15 298 273 
16 277 2:14 
17 291 298 
18 290 288 
19 272 292 

* :\leasurcments made by :Minislry of 'Works, \Vairakei. 
** Results suspect or unreliable. 

Tcmpcr:lture "C 

SiO, 

!2~~G 
:262 
:!!)2 
:2GO 

:270-:280** 
~!,)!",).5 

~5~)~2GI 

2-H.5 
261 
212 
255 
259.5 
:290** 
18·1 
255.5 
210.5 
267 

Silica concentrations and temperatures have been cOlTec(ed for enthalpy variations, 

from deeper levels was also suggested by the low CljB ratio in holes 
7 and 10. 

The silica supply water temperatures of holes 2, 3, 4, 8, 9, II, 13, 
H, 17, and'19, of between 252° and 267°C were remarkably similar. 
Supply water temperatures in the eastern field were generally lower 
than those in the northwest, for example, holes 1, 10, anel 16 lI'ere sup
plied by water of temperature less than approximately N5°C, while 
holes 7 and 14 had supply water temperatures beqveen 250° and 2600C. 
Comparison of these temperatures, ,\"ith measured temperatures and 
corresponding pressures in the field, indicated that the Ohaki Rhyolite, 
Broadlands Rhyolite, and Rautawiri Breccias in the wcst of the field 
and the Broadlands Rhyolite in the east "'ere major aquifers. The 
rhyolites at Broadlands appear to play an important role both in the 
storage of fluids and in detcrmining the migration paths. 

Gases.-Table 3 shows the concentrations of carbon dioxide and 
hydrogen sulfide in the Broadlancls drillholes. During the initial dis
charge period of the drillholes the carbon dioxide and hydrogen sulfide 
concentrations in total discharge ranged from 108 to 2770 and 2.8 to 20.8 
millimolesjlOO moles water respectively. These concentrations may be 
compared with those of 20 and 0.6 millimolesjlOO moles water of 
carbon dioxide and hydrogen sulfide originally present in the deep 
'iVairakei waters. The ratio of C02jH2S in the different discharges 
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TABLE 6 

.-\nalysis of gases in drillhole discharges at Broadlands 

Gas; yolume perccnt 
I\II" (ppm) 

in total Mole ratios 
Hole no. CO, H,S H, I\, fie" discharge "",/II, lIe/II, II,S/H, 

2* 9-1.2 1.6 0.17 1.8 2.25 9.9 
3* 97:1 0.9·1: 0.054 0.62 1.0 11.8 
4* ~H.5 1.1 0.25 1.45 ') -<) -.1- 10.1 
7* 96.6 O.SI 0.22 0.86 J..1 10.7 
s* 9H 1.57 0.23 1.14 2.32 11.2 
9 91.5 1.75 0.28 UH 457 5.5 

10 96.6 O.S 0.24 0.87 1..15 1.8 
11 95.6 2.13 0.19 0.84 1.23 5.0 
12 93.9 0..13 0.18 1.84 ~~.G5 6.2 
13 96.4 ~.82 0.0·11 0.27 051 L8 

\Vairakei 
27 90.0 ·1.1 0.5 2.4 2.1 1.30 
67 90.3 1.7 0.4 2.5 2.1 1.05 

"'aiotapu 
6 88.0 10.3 1.0 0.5 0.2 
7 92.2 5.3 2.0 0.5 

Ka'fcrau 
8 9·LO 2.6 0.3 1.0 2.1 5.5 

10 9·1.6 ') " ..... 3 0.1 0.9 1.9 8.0 

* Holes had a high discharge cnthalpy at time of sampling. 
He = Total hydrocarhons, mainly methanc. 

10:1 13.2 ~1.3 

11.1 18.3 17.4 
5.S 10.9 1.-1 
1.0 6.7 '.'..7 
·1.9 10.1 G.S 
7.0 16.4 6.3 
3.6 6.1 3.3 
45 6.5 11.3 

10.0 El.9 2.-1 
6.6 12.2 68.0 

1.8 4.2 8.2 
6.2 5'> .... 11.7 

0.5 0.2 10.3 
0.25 ~.6 

3.3 7.0 8.7 
9.0 19.0 25.0 

ranged from approximately 36 to 395, the highest values being found 
on the east side of the river. 

The best asscssment of the gas concentration in the deep water in 
the undisturbed system was made from the concentration in holes \vhich, 
initially at least, discharged a steam and water mixture of enthalpy 
similar to that of the supply 'water, for example, holes 2, 9, 11, 13, and 
19. The aYerage result from the five drillholes was 250 millimoles/lOO 
moles of carbon dioxide and 5.1 millimoles/lOO moles hydrogen sulfide 
\dth a CO2/HzS ratio of 49.3. In the castern field only hole 10 had a 
discharge enthalpy approximating the downhole temperature, and the 
carbon dioxide concentration in total discharge was approximately t\l'ice 
that found in the ,vestern field. 

Before the Broadlands holes were discharged the downhole pres
sures, measured at various depth in the "liquid phase", 'were found to 
be approximately 100 to 200 psig higher than the water vapor prcssure. 
In one particular case (hole 7) a value of 370 psig above water vapor 
pressure was recorded. For a carbon dioxide concentration of 250 milli
moles /100 moles water to exist entirely in a liquid phase at 260° to 
270°C would require that the hydrostatic pressure exceed water vapor 
pressure by 185 psig (Ellis and Golding, 1963). Conditions at depth at 
Broadlands were initially close to a state where separation of a gas·rich 
steam phase could occur. 

Analyses of the total gases present in the Broadlands drillholes are 
shown in table 6. Results for drillholes at 'iVairakei, 'iVaiotapu, and 
Kawerau are shown for comparison. 
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There are no large difTerences bet,,'ecn the gas composition at 
Broa(llands and those ill other gcothermal areas in the Taupo Volcanic 
Zonc. ;\ close similarity cxistcd betwcen the compositions at Broadlands 
and Kawerau, \I'hcreas at \Vairakci and \Vaiotapu the yolume percent 
of hydrogen sulflde ,vas sOll1c\\"hat higher and the carbon dioxidc pcr
cent a Ii ttle lO\l·er. 

There "'cre fluctuations in the molar gas ratios, but no obyious 
trends that could be corrclated \vith dcpth or geology were apparent. 
Holes 3 and 13 (the latter hole thought to produce mainly from ignim
brite) contained relati\'cly low hydrogcn conccntrations \vhile hole 12, 
which was drilled into highly impermeable formations, had a rather 
high hydrocarbon content. Thcre \I'as a close similarity in gas com
positions and ratios of holes 7 and 10 on the east side and those in the 
\I'estern sector of the field. 

Thc partial pressures of various gases in the deep water at Broad
lands "i,'ere calculated (Ellis,l967) and are shown in table 7. Also listed 
are results from 'iVairakei and other geothermal fields in difIerent parts 
of the world. 

TABLE 7 

Calculatcd partial pressures of gases in underground systems 

Area Prc"u)"{'s ill at1l10SphCl:CS 
pCO, pH"" pH, 

Broadlandst 9.0 0.1 0.11 
\\' airakeit 0.9 0.02 0.09 
Iheragerdi* 0.02 0.0002 0.08 
Lardcrello* 0.4 0.01 0.01 
The Geysers* 0.04 0.002 . O.OOi 

t Rcsults are an aycrage from scveral drillholes 
"Results from Ellis (196i) 

pX, PXH3 

0.95 0.0016 
0.02 0.0003 
0.23 
0.003 0.008 
0.0009 0.0009 

pCH. Temp °C 

0.7 260 
0.08 260 

216 
220 
190 

In most cases the partial pressures of gases at Broadlands \I'ere an. 
order of 5 to 10 times greater than at 'iVairakei, the main cxception 
being the hydrogen pressure which was similar in both areas. The higher 
gas content at Broadlands was thought to originate from the greater 
yolumes of sedimentary rock in that system. 

Water jJH and mineral dcposition.-Ellis (1970) discussed the pH 
of hot 'waters in hydrothermal systcms and the influence of pH on 
mineral deposition. At 'iVairakei and Broadlands the main secondary 
altcration minerals controlling solution pH at highest rock and ,,'ater 
temperatures 'were sodium-potassium feldspars and mica. 

I-Iemley (1959) determined by experiment the ratio K + /H + for the 
K-mica, K-feldspar equilibrium over a wide range of temperature. Sub
stituting an average value of the potassium concentration in the deep 
260°C water at Broadlands into Hemley's results gave a pH of 6.4. 
For comparison pH neutral at 260°C is 5.7. At Wairakei deep water 
pH's obtained by the same process of substitution were in the range 
6.0 to 6.6. 
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The pH of the deep water can also be estimated from the chcmical 
analyses of the steam and water dischargcd from drillholes (Ellis, I %7). 
The complete discharge composition of individual holes is rCCIuired. 
Estimates made from total discharge rcsults from holes 2, 9, 1 1, and 
19 '\'hcn they '\'ere first dischargcd and. '\'hen the enthalpies '\'Cre similar 
to that of ,rater at the supply temperatures gave values of bct"'cen 6 
and 6.2. 

Browne and Ellis (1970) discussed the significance of solution pH 
and the concentration of carbon dioxide on the stability and prescnce 
of different minerals, particularly calcite, in hydrothermally altercd rocks 
at Broadlands. Experimental information available on calcitc solubility 
in salt solutions at tempcratures of 200° to 300°C (Ellis, 1963, 1970) 
,\·as uscd to show that the maximum underground pH at Broadlands 
'\'hich could exist before calcite was precipitated frOl solution was 
approximately 6.5. Comparison of this value with the calculated dcep 
water value of approximately 6 to 6.4 indicated that the Broadlands 
waters were close to saturation '\'ith this mineral. 

The high discharge enthalpy of many of the Broadlands drillholes 
favors the deposition of calcite within the system. The rcmoval of stcam 
and gas (C02 and H"S) from the deep water raiscs the water pH allow
ing calcite to precipitate. Calcite was recently found to be dcpositing in 
the steel casing of hole 11, resulting in a rapid decrease in mass output 
of the hole from 500 to 260 k lb/hr. 

PrecijJitates and heavy metals.-High concentrations of gold, silver, 
and thallium occur in antimony and arsellic sulfide precipitates, formed 
ftom springs and drillholes at Broadlands (,reissberg 1969). Analyses 
of arsenic in the drill hole waters gave concentrations of around 5 to 6 
ppm which '\'ere gcnerally higher than found in Ohaki Pool (1.5-3.9 
ppm). The concentration of arsenic in the pool varied considerably 
over a monitoring period of several years. It appeared that arsenic was 
being transported from depth and depositcd in the surface rocks and 
s:inters. The effcct of chloride concentration in controlling the concen
u'ation of these metals was recently pointed out by Ellis (1968). 

The concentrations of iron and aluminum in the deep '\'ater at 
Broadlands, 0.36 and 0.34 ppm respectively, '\'ere approximately ten 
times higher than at \Vairakei. Preliminary results of trace metal con
centrations (Cu, Zn, Pb) in the deep waters, obtained by one of the 
present authors (J. B. Finlayson), showed them to be very low (0.05-
4 ppb). 

Isotope studies.-Preliminary isotopic studies have been made on 
the steam and ·water discharged from Broadlands drillholes. Deuterium 
concentrations were similar to those present in streams to the east 
of Broadlands but lower than the concentrations in the Waikato River 
or Lake Taupo water (Giggenbach, 1971). These data are best explained 
if the hot water at Broadlands originated from local precipitation, 
probably in the highlands to the east, with Waikato River-Lake Taupo 
waters being enriched in deuterium by evaporation. 

( 
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Lyon alltl II u Iston (ms) calcula tcel deep "'a tcr tCll1 pcra t urcs from 
the C13/1~ ratios in carbon dioxide and mcthane, on the assumption 
that isotopic C(lllilibrillIl1 had bCCli attaincd in thc reaction CI-LI + 
IleO = CO" + ·11 f". From c;dculations used by Craig (1953) thcy ob
taincd temperaturcs ranging from 82:)° to :H5°C. Thcse tcmperatures 
"Tre higher than those obtained from .:\TalK ratios and silica concen
trations. From the composition of the rcsidual gases at Broadlands, Lyon 
and Hulstol1 also cdcubted tcmperaturcs using the CHI + H"O = 
CO 2 + 1IP equilibrium. Values '\'ere silllilar to those obtained from 
the CI"/C12 ratio except for holes II and 13. The chcmical equilibrium 
tcmperatures for these holes were 290° and 310°C, compai'cd "'ith the 
;'\a/K ratio tcmperatures of 290° and 282°C. At the time of Lyon and 
Hulston's surwy 1 I and 13 wcre the ouly holes that had discharge 
cnthalpics similar to that of 1rater at the supply tempcratures. The re
maining holes discharged a mixture enriched in steam anel gas. Since the 
gas equilibrium mcthod assumes that the sample is representatiye of the 
underground fluid, that is, there has bcen no cnrichment or dcpletion 
of gas due to steam separation, the gas equilibrium temperatures cal
culatcd for holes II and 13 are likely to be the most accurate. 

CHANGES IN DRILLHOLE CHE;\rISTRY WITH TDIE 

The changes in both water and steam chemistry of a selectcd num
ber of holes at Broadlands are shown graphically in figures 2, 3, and 
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4. The chloride concentrations used for interhole comparison and for the 
present discussion are those present in the deep water. Silica supply 
,,'ater temperatures are shmrn on figure 2. The gas concentrations are 
given on a total discharge basis and. represent the gas concelltra tions 
in the integrated mass of steam and water discharged from a drillbole. 

1T'ater chemistry.-The decreases in solute concentrations, discharge 
enthalpies, and supply water temperatures in many Broadlands drill
holes since 1969 may have resulted from dilution, by lo,,'er temperature, 
lower chloride 'water in the system, and/or by loss of heat, originally 
available conductively from the aquifer rocks. 

"\ \' aters of Im\'er temperature and chloride content than the ma111 
body of hot 1rater in the system are known to occur above and below 
the major aquifers at Broadlands. Ohaki Pool ,,'as originally supplied 
by 200°C water containing 8-10 ppm of chloride from a depth of approxi
mately 305 m, Hole 20, _ a deep hole completed cluring the prel'=-tration 
of this paper, passed through a temperature inversion at 1065 ,.1 (this 
im'ersion "'as present in a number of other holes). The temperature and 
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chloride content of ,rater sampled from this zone ,,,ere 227°C and 720 
ppm respectively. 

Figure 4 shows how the chemistry of the deep ,rater could be 
affected by physical changes in the system. The range of possible start
ing compositions of the primary hot water is shown between two large 
solid points in the diagram. Only one hole to date has discharged water 
of original temperature 267°C and chloride concentration 1150 ppm. 
This hole (hole 19), h01\"ever, had such a large output (500 tons/hr) 
that the temperature was regarded as representing that present in a 
major upflow zone. A temperature of 262°C with a similar chloride 
concentration was more representative of l'nany high production drill
holes in the northwestern part of the field. Lines are draml sho,ring 
the changes that Occur when the primary water is diluted. 

The earliest compositions of holes 7, 10, and 20 fall close to the 
line corresponding to dilution. of 267°C water ·\\"ith the colder water 
that occurs at depth in hole 20. In the formative stages of the B. Jad
lands system, it seems possible that water from the western part of the 
field, at 267°C and containing 1150 ppm chloride, flowed out to the 
southeast, undergoing dilution in transit. 

During exploitation the chemistry of the eastern holes have shm\"n 
little permanent change. Fluctuations of the chloride concentration in 
hole 7 could be caused by evaporation on rock surfaces. Increasing 
supply water temperatures in holes 7 and 10 and decreasing values in 
hole 14 indicate that transfer of heat between rock and water by con
duction could be important. These trends suggest that the eastern holes 
are producing from porous medium rather than fractures or faults. 

The early compositions of the discharges of many of the '\'estern 
holes suggest a rather complex history of water migration before and 
during production. 'Vaters at holes 3, 4, 8, 11, 17, and 18 appear to 
have been concentrated by both boiling and evaporation on rock sur
faces. \\'ith the exception of hole 4, the average trend for these holes 
after 2 years corresponds to dilution. The trend line for hole 1 suggests 
loss of heat by concluction, but the slope of short term changes is prob
ably explained by eyaporation on rock surfaces combined 'rith dilution. 

The initial water discharged from hole 13 had lost heat concluc
tiwly. Under exploitation conductive heat loss as well as boiling was 
apparent. The initial water composition and temperat~re of hole I 
suggested that the water reaching the northeast of the field had lost 
steam by boiling. . 

Since the beginning of 1970 the rate of fall of chloride concentra
tions and temperatures in most holes decreased, and in some cases, for 

.example, in holes 8 and 11, values became constant. The apparent 
stable values attained by several of the drillholes were above those 
assumed to be present in the diluting water and could thus represent 
only a temporary condition. However it may also mark a limit to the 
extent of inflow of diluting water. 

I 
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TAllLE 8 

,~,., 

vi' 

Changes in the ratio of Na/K in drillholes oycr the discharge period 

Holcno. Dalc :\a/K Tcmpoe Datc Na/K Toe 
2 23. 8.66 8.0 288 7.4.70 9.3 262 3 28. 1.67 8.3 281 25. 3.70 12.0 228 4 6. 9.67 8.4 280 16. 2.70 9.5 260 7 H.5.67 9.4 261 28.11.69 9.1 266 8 29. 2.68 7.5 300 20. 4.70 8.9 270 9 14. 5.68 7.8 293 2·1. 4.70 8.1 286 10 18.10.68 ](J.S5 2·10 2·1. 7.69 9.8 268 11 22. 8.68 7.9 290 28. 4.70 9.0 268 13 10.10.68 8.3 282 4. 5.70 7.9 290 

Changes of the Na/K ratios and chemical equilibration tempera
ture are shown in table 8. 

'With the exception of holes 7, 10, and 13 the Na/K ratios have in
creased in the discharges of holes that have decreased in chloride con
centration and temperature. The temperature corresponding to equili
bration at the new values did not correspond closely with the silica 
temperatures, variations being of the order of 10° to 30°C. It is possible 
that the high gas content at Broadlands influences the Na/K ratios. 

Gases.-Changes in gas concentrations (carbon dioxide and hydro
gen sulfide) in drillholes can be correlated with changes in discharge 
enthalpies (fig. 3). Increasing gas concentrations occurred in holes that 
increased in steam fraction. The COz/HzS ratios also increased indi
cating that the added steam was derived from water boiling close to 
the production zones. 

In recent months decreasing supply water temperatures have been 
accompanied by decreasing discharge enthalpies and gas concentrations. 
The gas concentrations, in total discharge, however, have not fallen 
below the value present in the deep ,,,ater, nor have the enthalpies de
creased to the temperatures of the supply water. 

The trends in gas concentrations at Broadlands are similar to those 
seen for high enthalpy drillholes at Wairakei, (Mahon, 1962a; Ellis, 
1962; Glover, 1970). With the present pressure and temperature trends 
in the system it is apparent that carbon dioxide and hydrogen sulfide 
concentrations and the ratio COz/HzS ·will decrease with time (Ellis, 
1962). 
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