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ABSTRACT

The chemistry of i n i t i a l d ischarges from

wells i n geothermal system, New
Zealand, 'separate' deep waters, one
t y p i c a l l y discharged from w e l l s i n t h e northern
po r t i on of t h e system and the o the r discharged
from southern w e l l s . However, t h e primary source
of these t w o waters is l i k e l y t h e same, wi th  only  
processes along separate nor th and south 'pathways'
be ing d i f f e r e n t .

Boi l ing is t h e dominant process a f f e c t i n g
t h e nor thern waters, whereas southern waters are
d i l u t e d considerably be fo re undergoing any 
bo i l i ng .
d i l u t e ch lo r ide water, r i c h i n bicarbonate. I t
has developed on t h e margin of t h e system (and over
its top) by the condensation of steam plus
i n t o meteoric waters.
to some ex ten t northern (Ohaaki) production waters
subsequent t o i n i t i a t i o n of  d ischarge  t e s t i ng .
However, t h i s d i l u t i o n appears t o have been caused
by a g r e a t e r cont r ibut ion from a shallow feed t o
t h e w e l l s r a t h e r than d i l u t i o n i n t h e production
formation i t s e l f .

The d i l u t i o n water is cool ,

These condensates

INTRODUCTION

The Broadlands-Ohaaki geothermal system, 
loca ted  wi th in  t h e Taupo Volcanic Zone of N e w

Zealand, w a s f i r s t d r i l l e d i n 1966. A t present ,
a 110 electrical genera t ion s t a t i o n i s
scheduled to be commissioned i n 1987. The sub-
su r f ace p a t t e r n of temperature a t Broadlands is
r a t h e r simple and w e l l known (M.W.D., 1977); a s a
r e s u l t , most wells are 'ho t ' , with a maximum of

measured.
r e l a t i v e l y impermeable and have no po ten t i a l f o r
steam production.
t h e east and w e s t banks of t h e Waikato River i n t o
a nor thern group near t h e Ohaaki Pool and a
southern group near Broadlands (Fig. 1); o the r
than Ohaaki na tu ra l d ischarges a r e minor. To
d a t e , 43 w e l l s have been d r i l l e d , of which
approximately 20 w i l l be used f o r production.

However, s eve ra l  ' ho t '  w e l l s a r e

The w e l l s are d i s t r i bu t ed along

The purpose of t h i s s tudy is to iden t i fy
chemical c h a r a c t e r i s t i c s of i n i t i a l f l u i d s
discharged from Braadlands w e l l s t h a t may a s s i s t

i n a better understanding of the physica l
c h a r a c t e r i s t i c s of t h e w e l l s and of t h e system
i t s e l f . Paramount f o r  t h e  s i t i n g of any fu r the r

production and in j ec t i on w e l l s is t h e under-
standing of permeable zones and t h e paths of f l u i d
movement.

Th i s report is preliminary, i n t h a t it only
cons iders ' i n i t i a l ' discharge chemis t r ies
( r ep re sen t a t i ve of t h e i n i t i a l feed to t h e
w e l l ) . Whether or not t h i s ' i n i t i a l ' discharge is
c h a r a c t e r i s t i c of t h e extended discharge chemistry,
and p a t t e r n s of chemistry change with discharge 
(during l a r g e scale t e s t i n g from 1967 to a r e
only b r i e f l y considered.

The geology and a l t e r a t i o n of the Broadlands-
Ohaaki system has been discussed by Grindley and
Brown Browne and E l l i s Browne
(1971, 1973) and Wood (1983). The geochemistry of
t h e waters was inves t iga ted by Mahon and
Finlayson and again summarized i n a M.W.D.

report (1977). The r e s u l t s of t h e 1967-1971
production t e s t i n g , and subsequent recovery, were
discussed by Hitchcock and Bixley and
f u r t h e r in t e rp re t ed by Grant (1977).

WATER CHEMISTRY

From t h e analyses of w e l l dis'charges (Mahon
and Finlayson, is clear that t h e r e are
two p r i n c i p l e types of subsurface thermal waters.
One is a ch lo r ide water, t yp i ca l of the deep
of most Taupo Volcanic Zone systems.
is by f a r t h e dominant anion, and the concentra-
t i o n s of major ca t i ons (Na, K, C a , as w e l l as
s i l ica are con t ro l l ed by temperature-dependent
mineral-water reac t ions .

Chloride

The o the r  p r inc ip l e  water type has bicarbonate
as a major or dominant anion (here a r b i t r a r i l y
defined as m f o r separated water a t
a n a l y s i s and is exemplified by waters
from w e l l s 5, 6, 16, 37, 38, (Fig.
I n some cases ,  su lphate  i s a l s o  s i g n i f i c a n t  i n
the se waters w e l l s 32, These
waters are d i s t r i b u t e d around t h e margin of t h e
dri l led system (Fig. and were first c l e a r l y
defined and in t e rp re t ed by et al . (1980).

These waters form by the condensation of 
steam p l u s gas ( l a rge ly CO and H i n t o  d i l u t e  
and cool meteoric water, on t h e
margins of t h e system adjacent t o chlor ide waters.
M o s t of t h e bicarbonate waters a t Broadlands a r e
a c t u a l l y mixtures of t h e steam-heated bicarbonate
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water (conta in ing n i l chlor ide) and deep ch lo r ide
waters, though waters from w e l l 6 are most
rep re sen t a t i ve of t h e unmixed, endmember bicarbonate
water.

Mixing Relationships

Mixing re l a t i onsh ips may be most
p l o t t i n g t h e conservative

q u a n t i t i e s of ch lo r ide and hea t content not
gained or lost i n mineral (Fig.
Heat contents of each w a t e r are determined from
qua r t z geothermometers, assuming that they are
( r e l a t i v e l y , a t least) representa t ive of true
feed zone temperatures; ch lo r ide concentrations
a r e correc ted f o r steam loss during sampling from
t h e qua r t z temperature and f o r
any excess steam i n the formation, excess
enthalpy w e l l s (da ta from Mahon and

Finlayson, 1972, M.W.D., 1977 and 
D.S.I.R. and M.W.D. f i l e s ) . Some
w e l l s (30, 32, 37, 38, w e r e
not able to s u s t a i n a discharge,
and w e r e sampled down t h e w e l l ;
where t h e r e w a s a concent ra t ion
gradient down t h e w e l l , t h e ana lys i s

p lo t t ed is from the highes t
chlor ide zone.

Boil ing and steam loss by a
water i n t h e formation w i l l r e s u l t
i n a f l u i d ' s composition
migrating away from t h e steam
poin t on t h e mixing diagram ( a t
zero ch lo r ide and

to a higher ch lo r ide a t a
l o w e r temperature. Di lu t ion i n

t h e natural system w i l l
r e s u l t i n a mixture plotting
between t h e t w o end members.
However, as o u t by
Grant, e t al . d i l u t i o n

by a 'cold sweep', due t o
exploi ta t ion , w i l l result i n t h e
ch lo r ide decreasing b u t enthalpy
remaining almost cons tant . This
is due to t h e h e a t buffer ing capa-
c i t y of t h e rock over  geologica l ly  
sho r t periods of t i m e (a few

yea r s ) , and has been demonstrated 
t o occur a t Cerro P r i e t o by Grant,
e t al. ( i n press).

Figure 2 i l l u s t r a t e s a
r e l a t i v e l y simple p a t t e r n of
water chemistry a t Broadlands. A

major i ty of w e l l s i n t h e Ohaaki
Pool v i c i n i t y have
temperatures from 250 t o

and deep ch lo r ide concent ra t ions

of about 1100-1200 . Waters
from w e s t bank w e l l s on t h e margin of t h e system
(37, 38, 39, 40) a l l plot close t o a d i l u t i o n
l i n e between t h e high temperature, high ch lo r ide

waters and t h e n i l chlor ide ,
r i c h water i n w e l l 6 This bicarbonate
endmember has a chalcedony geothermometer
temperature of (it is usua l ly observed t h a t
waters cooler than t o are usual ly i n
equi l ibr ium with chalcedony r a t h e r than qua r t z ) .

I n many cases , t he high chlor ide , northern
(west bank) w e l l s l i e above t h e d i l u t i o n t rend,
A -B. This is due to bo i l i ng of a water ( e i t h e r
before or a f t e r d i l u t i on ) and steam loss i n t h e
formation before it reaches t h e w e l l ( i n the
system prior to any s i g n i f i c a n t exp lo i t a t i on ,
' i n i t i a l ' d i scharge) . The g r e a t l y d i l u t e d
na tu ra l sp r ing waters also p l o t above (though

parallel to) t h i s l i n e . This may be caused by
sil ica p r e c i p i t a t i o n as the waters slowly rise t o
t h e su r f ace ( i n the case of warm spr ings) and/or
bo i l i ng ( i n the case of Ohaaki P o o l ) . Most
sp r ings have a l o w r a t i o , cons i s t en t with
t h e i r being a result of of deep
ch lo r ide waters by carbonate- rich waters.  

1
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east bank waters.
contribution i n the by a more dilute water than i n i t i a l l y produced (trend If the dilution
i n the fornation, it be expected that the rock buffer the temperature (and reset the Quartz

the diluted water) thus resulting trend 3.

Chloride-enthalpy boiling dilution diagram for Broadlands-Ohaaki waters. West bank deep
waters have apparently undergone a greater amount of to than have

dilution trends for wells ( inse t ) indicate a greater

Several of the southern (mainly east bank)
wells plot on or near to the dilution line A 

wells 7, 10, 14, 30, 35, However!
several others plot below the dilution line A

wells 25, 27, 28, 29, 36, 43 as well as
west bank this could be caused by 
condensation of steam into diluted water, the
more realistic possibility is that they have
resulted from boiling of a water plotting near A 
and dilution with (or vice versa).

2

A and A could be separate waters, to the 
1 2

extent that their origins are relatively 
distinct, with the more dilute southern area 
water derived from greywacke basement (its
proximity noted in well logs). However, the
preferred model is for both A and A being
derived from 'a single undergoes
boiling as it ascends before diluted,
whereas A

dilution any boiling takes place.
well 15 is similar to A , and may be a

deep hybrid between A and A is interesting
to note that this is well at Broad-
lands and probably discharged from a zone 
greater than 2000 m deep (M.W.D., 1977).

follows another path involving some
Water

Exactly where this differentiation 
(branching of the two paths) takes place 
(location and depth) is not certain;
estimated minimum temperature of A is
only slightly higher than the measured
temperature This simple model suggests 
two distinct 'pathways' for waters up to depths 
where they feed individual wells, with dilution 
in the southern wells playing a greater role than 
in the northern wells.

Grant points out temperature 
inversions (a 'cold river') in wells 3, 9, 13, 17,
18, 23 at about 300 m. The temperature drops to

consistent with the temperature for the 
bicarbonate-rich endmember. If A water is
indeed being diluted by B, this indicate a
very deep penetration of the bicarbonate-rich
water, probably along the margin of the system.

Well 24 possesses west bank characteristics, 
whereas well 34 possesses east bank characteris-
tics. This suggests that the 'dividing line' 
between the two different domains runs
closely east-west than east bank-west bank (Fig. 

ratios, with well waters north of the 'dividing
This separation is also clear terms of
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line' (Fig. 1) having those south
have a and down to 4 (well 

DISCHARGE CHEMISTRIES - TRENDS WITH TIME 

Fig. 2 (inset) shows the changes from 
'initial' discharge to October 1976 for wells 8, 
11, 17, 18, 22, 23, 27 and 28. The initial
discharges for wells 22 and 23 are in 1971, the

of shutdown, and the initial discharges for
wells 27 and 28 are in 1974, after shutdown. 
Also plotted are for wells 7, 8, 13,
14, 19, 22, 27 and 28, discharged in 1980.

Dilution'by a 'cold (Grant, et al.
(1982) of bicarbonate-rich water in the formation 
due to depressurization following exploitation

not result movement along the dilution 
line. Rather, the heat stored in the
will tend to buffer the heat content of the
water (and steam) and will reset-.the
diluted silica content to that for the formation 
temperature. This should result in an apparent
trend towards a hypothetical dilute but hot water.

However, dilution trends which follow the
A line, subsequent to exploitation suggest that 
they are due to deep waters being diluted in the
well.
tribution of a shallow, dilute feed to the well
following depressurisation in the deep, 
principle feed zone.

This would be caused by a greater con-

For the period 'initial' discharge to 1976,
wells 11, 23 and 25 show a simple boiling trend,
with well 11 (the longest discharged) having 
greatest amount of apparent boiling.
22 show trends almost parallel with dilution 
trend. Based on the previous argument, this
would suggest a greater contribution by a dilute 
feed zone due to depressurisation. Wells 17 and 18
show dilution with a slight increase in temperature
This trend may indicate dilution within the
formation, with the heat content buffered by the
rock, as well as sane degree of condensation.
Finally, the trends in wells 27 and 28, whose
initial discharges were after shutdown in 1971,
suggest a dilution in the well, with possibly some 
boiling in the vicinity of well 28.

wells 8 and

Trends up to 1980 suggest boiling and steam
loss was continuing at a greater rate than during

to the depressurised state,
in wells 7, 13, 19, 22, 28; variable amounts of
dilution are also indicated in these wells. The
trend for well 8 suggests dilution within the 
formation, while that for well 14 suggests 
dilution within the well. Well 27 actually shows
a marked increase in a deep component from the
1976 due to the 1976 dilute 
component (from a dilute feed zone) decreasing its 
contribution to the total discharge.

DISCUSSION

These trends should be treated with caution, 
as they are each based on only two (and in three
cases, three) samples; further of
chemical and physical data will allow more

conclusive trends to be determined for each well 
throughout their production history.
some instances the observed differences in
discharge chemistry may simply be related to
variation in wellhead pressure and a variable
contribution by two feed zones, no pattern was
discerned when wellhead pressure was considered

pressure may allow a greater contribution from a
more shallow, dilute feed zone). The
probability that these trends are real due
to variations in feed zone chemistry or variable
contributions from multiple feeds) must be
considered, as they would have major implications 
on the performance of a well with continued
discharge.

Although in

it may be expected that a law wellhead

Trends suggestive of a 'cold sweep' by a
shallow, diluting water are not conclusively
apparent. There are trends indicating increased 
boiling and steam loss in the production formation,
likely due to the decrease in formation pressure
subsequent to exploitation. However, if this
pressure decrease is largely due to loss of the

partial pressure, then it is perplexing why 
would increase, since loss of gas would

cause the boiling temperature at a given depth
to increase. Therefore, loss should be a self
limiting process, with due to an
increase in the boiling temperature resulting in
less loss.

The most conclusive trend is one of dilution, 
with the dilute water likely bicarbonate-rich, as
evidenced by the projection of the trend and the
decrease of the ratio with dilution (Fig. 
1). However, it that this dilution may
be occurring mainly in the wells, due 
greater contribution by a dilute feed following
depressurisation.
dilution of the production formation, this must 
still be identified in order that these dilute
feed zones may be sealed.

Although not as serious as

CORRELATION OF WATER CHEMISTRY, ALTERATION AND

WELL PRODUCTIVITY

Besides chloride and boron, other constituents
such as rubidium, caesium and lithium have often
been considered as conservative elements, they
are not affected by alteration minerals to a
significant degree. However, has

shown that Cs and are selectively concentra-
ted in alteration minerals at Wairakei and Broad-
lands in illite, in chlorite and
quartz, and Cs in

Browne (1978) has discussed mineralogical
indicators of permeability at Broadlands
abundant adularia in permeable zones). If it is
possible to relate trends of trace element content 
of waters to alteration mineralogy, it may .
therefore be possible to use these trends to
relate to permeability characteristics of a given
well or area.

Figure 3 shows a trilinear plot of
If the marginal, contents of Broadlands waters.
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in i n i t i a l discharge waters
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Figure 3:

on a trend parallel t o rubidium depletion, with the most depleted waters coming from welts Lowest
permeability.
i t s

Variation of chloride-rubidium-caesium i n i n i t i a l discharge waters of There
does not appear t o be any relationship for west bank waters, whereas most east bank waters

This be due t o the formation of i l l i t e i n these wel ls , which rubidium

high bicarbonate w e l l waters are eliminated, it
may be seen tha t a l l of t h e northern (mainly w e s t
bank) w e l l waters plot i n a small f i e l d that is
almost exclus ive of southern (mainly east bank)
w e l l waters. A l s o i n t e r e s t i n g is t h e fact
t h e southern, east bank waters de f ine a l i n e a r
t rend almost coincident with a deple t ion
t rend. Th i s t r end towards Rb dep le t i on may be
explained by increas ing amounts of i l l i t e forming
i n t h e formation, which w i l l s e l e c t i v e l y concentrate
Rb i n its s t r u c t u r e (Goguel,

To test t h i s , q u a n t i t a t i v e pet ro logic  logs  by
Browne were reviewed f o r  t h e  w e l l s on t h i s
t rend. Only logs f o r w e l l s 10, 14, 24 and 25 are
ava i l ab l e ;  we l l s  p a s t 25 have not been logged 
quan t i t a t i ve ly . I l l i t e i s a common a l t e r a t i o n
mineral a t Broadlands (a high temperature type of
c l a y ) . l ogs show i l l i t e and o the r  c l ays  
o f t e n comprising between 10 and 50%of t h e t o t a l
mineralogy. However, t h e mineralogy of t h e feed
zone, and no t t h e whole w e l l , w i l l most accura te ly
r e f l e c t water composition.

Based on loss zones ( M . W . D . t h e
dominant feed zones have been i d e n t i f i e d  f o r  e a s t  

bank wells which have been quan t i t a t i ve ly logged.
For w e l l s 10,  14,  and 24, t h e feed zones a l l have
between 15 and 40% i l l i t e , whereas t h e feed zone
f o r w e l l 25 has no i l l i t e but abundant adular ia .
S ince 10, 14 and 24 plot on t h e diagram
i n t h e d i r e c t i o n predicted f o r i l l i t e formation,
whereas 25 plots a t t h e opposite end of t h e t rend,
t h i s p a t t e r n empir ica l ly supports work.

The i n t e r e s t i n g aspect of t h i s observation becomes

apparent when t h e product iv i ty permeabil i ty)
t h e w e l l s is considered.

W e l l

A l a r g e por t ion of the northern, w e s t bank
w e l l s are productive ( w e l l s 3, 9, 11, 13 and 17
t o 23); wells 5, 6, 12, 32, 37, 39 and 40 a r e on
the margin of t h e system, with bicarbonate- rich
waters. The c h a r a c t e r i s t i c s of southern, east bank
w e l l s may be as follows:
35, good producers; w e l l s 27, 28 and 36, moderate
to poor producers; w e l l s 7, 10 and 14, n i l pro-
ducers, but ho t with a moderate w e l l s
24, 29 and 30, n i l producers, hot bu t poor
i n j e c t i v i t y ( M . W . D . , 1977 and f i l e s ) . Comparing
this summary f o r southern wel ls with Figure 3, it
appears t h a t t h e producers, a s ide from w e l l 27, have
r e l a t i v e l y Rb-rich waters no i l l i t e formation) ,
whereas t h e waters from a l l t h e n i l producers
(except w e l l 1 and 7, which both have nontypical
d ischarge characteristics) p l o t along t h e Rb
deple t ion  t rend i l l i t e formation).

25 and

Given t h e 'c lay- l ike ' p rope r t i e s of i l l i t e ,

i t is very l i k e l y that its abundant c r y s t a l l i s a t i o n
w i l l decrease formation permeabil i ty.  This appears
t o be t h e  s i t u a t i o n  when considering t h e quant i ta-
t i v e pet ro logic logs of w e l l s 10, 14, 24 and 25 i n
conjunction with i d e n t i f i e d production zones
loss zones) and o v e r a l l w e l l permeabil i ty. I t also
appears, f o r Broadlands southern (east bank) w e l l s
a t least, that t h e t rend of a water on a
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p l o t is i n d i c a t i v e of t h e degree of i l l i t e forma-

t i o n i n a feed zone, and t he re fo re its permeabil i ty.
The pos i t i on of Ohaaki Pool surface water on
Figure 3 is extremely Rb depleted. This is con-

s i s t e n t with abundant i l l i t e formation i n t h e
upper l e v e l s o f t h e Broadlands system, which has
removed Rb from t h e water on its way to t h e
su r face.

The absence of any t r end w e s t Bank waters
on Figure 3 may be due to t h e very minor
occurrences of i l l i t e i n permeable horizons i n
these w e l l s (Browne, 1973) as w e l l as absence
o f z e o l i t e s (which would r e s u l t i n Cs dep le t i on ) ;
t h i s is p a r t i c u l a r l y the case i n t h e w e l l 17 to 23
series a t depths below 800 m, where adu la r i a is
t h e dominant K-silicate a l t e r a t i o n mineral . I n
t h i s s i t u a t i o n , Browne (1978) has used adu la r i a
as an i n d i c a t o r of r e l a t i v e l y good permeabil i ty.

CONCLUSIONS

There is no evidence a t present to i n d i c a t e
t h a t nor thern and southern waters have completely

separate deep to 3 sources; however, t h e
water chemistry does suggest two r a t h e r d i f f e r e n t
pathways of water flow from an i n i t i a l branching
po in t , whose temperature i s Boiling, w i th
' r e l a t i ve ly l i t t l e d i l u t i o n , predominates along t h e

nor thern ( w e s t bank) path, whereas d i l u t i o n (with
s h a l l o w , bicarbonate- rich marginal condensates) is
much along the southern (east bank)

path; b o i l i n g also occurs to varying degrees i n
t h e south ,  serv ing  to modify t h e intermediate
(production zone) l e v e l water composition. .

Some of t h e w e l l s on t h e margin of t h e system
are g r e a t l y  d i l u t e d  by bicarbonate- rich water,
formed by the condensation of - r i ch steam i n t o

meteoric waters. This has also
d i l u t e d waters discharging from spr ings (hence its
p o s i t i o n over as w e l l as adjacent to t h e system)
and appears t o have d i l u t e d production zone waters
dur ing e a r l y periods of discharge.  
appears t o have occurred mainly i n t h e w e l l , due t o
dep re s su r i s a t i on and a concomittant increase  of  t h e
shallow, d i l u t e cont r ibut ion; however, some
d i l u t i o n waters may a l s o have entered the deep
production formation i t s e l f .
p i l a t i o n and i n t e r p r e t a t i o n t o test these

possibilities are necessary.

This d i l u t i o n

Further da t a com-

Preliminary evidence suggests t h a t i l l i t e
(c lay) a l t e r a t i o n i s much more abundant i n t h e
feed zone formation of southern r a t h e r than
northern w e l l s , p a r t i c u l a r l y i n w e l l s wi th n i l
production and poor permeabil i ty.
t h a t i l l i t e formation is cont r ibut ing to a
decrease i n permeabil i ty. The presence of i l l i t e ,
and the re fo re poor permeabil i ty, appears t o be
ind i ca t ed from t h e pos i t i on of discharge waters on
a plot;
s t r u c t u r e , so w i l l tend t o dep le t e t h e waters i n

as it is

This  sugges ts  

i l l i t e concent ra tes Rb i n its

closer to the southern, east bank than the northern,
west bank w e l l s ) . Since d i l u t i o n is i n
southern w e l l s than northern w e l l s , it could be 
i n f e r r e d that t h e d i l u t i n g waters a r e penet ra t ing
deeper i n t o t h e system i n the south. .
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