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MASS TRANSFER DURING HYDROTHERMAL ALTERATION 
AT THE TAUHARA GEOTHERMAL FIELD 

P K Kakimoto* and P R L Browne 

ABSTRACT 

Geology Department and Geothermal Institute 
University of Auckland 

Cores recovered from drillhole TH3 (1094m) and 
THMl (430m deep) in the Tauhara Geothermal Field, 
near Wairakei, show extensive hydrothermal 
alteration. The observed mineral assemblages 
reflect the prevailing temperatures, fluid 
compositions and hydrology. Minerals present 
include epidote, prehnite, laumontite, wairakite, 
heulandite, calcite, barite, sphene, leucoxene, 
adularia, albite, pyrite, pyrrhotite-, and rare 
metal-bearing phases. Clay minerals are common, 
comprising chlorite, smectites, interlayered 
illite-smectite and discrete illite; where acidic 
waters occur, kaolinite (and alunite) are present. 

Chemical changes in the host rocks have accom- 
panied the observed alteration: silica shows 
pronounced enrichment relative to the unaltered 
rocks but alumina has redistributed variably. 
Nagnesium redistribution matches the presence and 
abundance of chlorite and smectite, and to some 
extent corrrlates with iron concentrattons in the 
cores. Na20 and CaO are depleted to differing 
degrees whereas K20 is usually enriched in the 
altered rocks. 

Water and sulphur have been added to most altered 
rocks but TiO2, MnO and P2O5 are present in low 
abundance in all the cores with only the first 
showing significant variation. Sr, Rb, Ba and V 
are among the most mobile trace elements but, by 
contrast, Y, Th and Zr were relatively immobile 
during alteration. 

The behaviour of mercury suggests that it is 
transported mainly in the vapour phase, being 
depleted in reservoir rocks that are hotter than 
about 225'. However, mercury has been added to 
rocks comprising the shallow Tauhara aquifer that 
contains condensed steam (and Cog), suggesting 
that measuring Hg concentration in cores and 
cuttings from drillholes may be a method of 
locating zones where potentially corrosive acid 
sulphate and bicarbonate waters occur. 

INTRODUCTION 

The Tauhara geothermal field forms part of a 
larger Wairakei system. Cores recovered from four 
deep and several shallower monitor wells record 
evidence of extensive fluidlrock interaction. 
This is most obvious in their widespread hydro- 
thermal alteration mineralogy (Kakimoto, 1983; 
Kakimoto and Browne, in prep.) but is also evident 
from the chemical changes that the host rocks have 
undergone. This paper describes the changes in 
rock chemistry that have resulted from hydro- 
thermal alteration in cores recovered from two 
drillholes (TH3 and THM1). 

STRATIGRAPHY AND HYDROTHERMAL ALTERATION 

Figures 1 and 2 summarise the stratigraphy, 
lithology and major features of the hydrothermal 
alteration seen in these two wells. The sequence 
encountered consists of pyroclastic silicic rocks 
and lacustrine sediments comprisng mainly the Waiora 
and Huka Falls Formations. There are three 
aquifers: ,the Waiora, consisting of the Wairoa 
Formation itself; the Huka Falls Formation pumice 
breccias, and that hosted by the Wairakei Lapilli 
Tuff. The interbedded Huka Falls Formation sedi- 
ments are much less permeable and serve as partial 
caps. Primary minerals present in these rocks 
included mainly quartz and andesine with accessory 
biotite, hornblende, pyroxene, ilmenite, magnetite 
and titanomagnetite. Glass was once widespread, and 
occasional lithic fragments were also present. 
Hydrothermal alteration has produced a suite of 
secondary minerals (Figures 1 and 2) that can 
conveniently be grouped into mineral zones that 
largely reflect the lithology and hydrology of their 
host rocks (Kakimoto, 1983; Kakimoto and Browne, in 
prep.). 

COMPOSITION OF CORES FROM DRILLHOLES TH3 AND THMl 

Methods 

Whole-rock splits of 20 cores from wells TH3 and 
THM1, chosen to represent the different alteration 
zones, were analysed for major and trace elements by 
X-Ray fluorescence (Table 1). Structurally- bound 
(H20+) and adsorbed (H20+) water contents, particle 
density and porosity were also determined (Table 2). 
Mercury contents were measured using a Jerome Gold 
Film mercury detector following the method described 
by McNerney et al. (1972). Sb, Sn and Ag analyses 
were made by flame atomic adsorption. Kakimoto 
(1983) gives a complete account of the analytical 
methods used in this paper. 

Mass transfer of elements between rocks and fluids 
is most commonly measured as changes in the amount 
of an element moved per unit volume of rock, 
relative to its initial (i.e. unaltered) composition 
(Steiner, 1977; Bogie and Browne, 1979; Henneberger, 
1983). This method takes into account changes in 
rock density resulting from hydrothermal alteration 
either by replacement or mineral precipitation into 
cavities. It assumes that prior to their alteration 
the rocks from the same formation had the same 
compositions and densities. References samples of 
tuffs (Tables 1 and 2) are of unaltered cores from 
drillhole THM1-llm and Wairakei drillholes (Steiner, 
1977); their compositions and densities were used 
to estimate net addition and removal of elements in 
the tuffaceous samples from wells TH3 and THMl 
(Table 2). 

*Present address: U R S Corporation, 
150 Fourth St, San Francisco, Caltfornia, USA 
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MAJOR ELEMENTS 

Enrichment and Depletion Trends 

Table 2 and Figures 3 and 4 summarise the mass 
changes that have occurred in response to the 
hydrothermal alteration. 

Silica shows a net gain, with the most pronounced 
enrichment being in the silicified zone of THMl at 
390m. Silica addition mainly reflects precipitation 
of quartz directly from solution and, to a lesser 
extent, replacement of primary minerals. 

Alumina redistribution is variable, with a slight 
net increase in the calcite zone of TH3, relative 
immobility in underlying calc-silicate zones and a 
marked (-80%) increase in the THMl illite zone 
(315m). A1203 is depleted in the clay-free, 
silicified zone of THM1. These changes result from 
the transformation of andesine to albite, adularia 
and calcite which release aluminium, probably in the 
form of Al(OH4)-. A typical representative reaction 
is: 

An0.35 Ab0.65 + K+ + 0.35 HqSi04 KAlSi308 + 
0.35 Al(OH4)- + 0.65 Na+ + 0.35 Ca2+. 

The alumina thus released may be fired locally, or 
elsewhere (e.g. in the clay'rich zones), as illite 
according to the reaction: 

An0.35 Ab.65 + 2H' + K+ + 1.65 Al(OH4)- + 
0.35 HqSi04 a K A1 Si3010(OH2) + 0.65 Na' + 
0.35 Ca2+ + 4 1120. 
In the calc-silicate zone of TH3, alteration of 
andesine to calc-silicates (epidote, prehnite, 
wairakite) results in near isochemical transfer of 
alumina but whether or not it is added elsewhere 
depends mainly upon whether or not illite forms. 

MgO is enriched in the shallow smectite zone of 
THH1, being incorporated into the smectite itself, 
but to a minor extent also into heulandite. 
Replacement of groundmass and some primary ferro- 
magnesian minerals by chlorite probably adds MgO to 
samples from the TH3 calcite zone but its depletion 
in the underlying calc-silicate zone matches the 
absence here of interlayered clays and scarcity of 
chlorite. 

The behaviour of iron (expressed as FegO3 in these 
analyses) is variable in the two wells but it 
correlates, to some extent, with the pattern of MgO 
addition and removal. The enrichment of Fe in 
THM1-315m (illite zone) correlates with a local 
abundance of pyrite. 

Nag0 and CaO are depleted to differing degrees in 
most altered samples whereas K20 is usually 
enriched. The abundance of these elements in rocks 
and fluids is controlled by mineral equilibria 
involving hydrolysis (H+ and OH- transfer), 
hydration and cation-exchange reactions among 
primary feldspars and hydrothermal minerals. 

K20 is enriched in most samples due to the formation 
of illite and/or adularia, for e.xample, by the 
react ion: 

2An0.35 Ab0.65 + 1.3 Ca2+ + 0.3 K+ + 0.6 Fe3+ + 5H20 
=S= Ca(Fe0.6 Al2.4) Si3012(0H) + 0.3 K A1 Si3 08 

epidote 
+ 3.4 H+ + 1.3 Na+ + 1.4 HqSi04. 

Calcium, however, is either depleted from the rocks 
or is relatively immobile during alteration, being 
merely reshuffled during the replacement of primary 
andesine by calcic minerals. Samples containing 
abundant calcite or calc-silicate minerals (e.g. 
TH3-482m, 726m, 973m; THM1-66m) show CaO as being 
the least depleted with the near isochemical 
replacement of andesine. 

Sodium behaviour also reflects leaching of primary 
plagioclase in addition to its replacement by 
albite. In the TH3 calcite zone, Na2O concentra- 
tions are very low because andesine leaching is 
extensive; in some THMl samples, Nap0 depletion is 
due to replacement of andesine by smectite and 
illite. 

By contrast, in the TH3 calc-silicate zone, little 
Nag0 has been removed from the rocks and, indeed, 
sample TH3-756m shows a net gain. This correlates 
with ubiquitous albite present in this zone where it 
occurs both in the groundmass and as a replacement 
mineral. 

H20+ is enriched i n  the heulandite and clay-rich 
THMl smectite zone samples and in the clay-rich 
calcite zone samples from TH3. Depletion of H20+ in 
the hotter, TH3 calc-silicate zone may be attributed 
to dehydration of volcanic glass. 

The addition of S during alteration is due to the 
widespread occurrence of iron sulphides and, more 
rarely, sulphates) in the altered samples. 

TiOg, MnO and P2O5 are present in low abundance in 
all of the,rocks. Only Ti02 shows any significant 
variation, which mostly follows the pattern for MgO 
and Fe2O3 addition and removal. NnO and P2O5 appear 
to be immobile. 

TRACE ELEMENTS 

Sr ,  Rb, Ba and V are among the more mobile trace 
elements (Figure 3 and 4); Sr correlates closely 
with CaO (Kakimoto, 1983) being highest (382 mg/kg) 
in core from THMl-63m which contains heulandite. As 
expected, there is a well-defined linear 
relationship between Rb and K (Kakimoto, 1983) 
confirming their chemical similarities. However, 
the K/Rb ratio of an altered rock commonly reflects 
its intensity of alteration since adularia has a 
lower capacity to accommodate Rb than does illite. 
Thus the lowest K/Rb ratios occur in illite-rich 
samples such as TH3-48210 (300) and THM1-31510 (294) 
whereas samples without illite, but containing 
adularia, have higher K/Rb ratios, for example 
THM1-63m (366), 77m (403) and 390m (441). 

Barium is invariable enriched in the TH3 samples 
relative to their unaltered equivalents but THMl 
cores show Ba depletion at depth; in part this is 
due to its positive correlation with potassium for 
which it can substitute (Roy, 1965, 1969) but barite 
is also widely present as a trace mineral in many 
cores. 

Y, Th and Zr were relatively immobile during altera- 
tion, being mainly fixed in resistate minerals'like 
zircon and apatite, nor do zinc and lead concentra- 
tion vary significantly; neither galena nor sphale- 
rite were seen. Despite cassiterite, silver 
minerals and gold being observed, the concentrations 
of Sn, Ag and Au are below detectable quantities. 
Antimony was detected in nearly half of the analysed 
samples but its distribution can not be related to 
the alteration mineralogy. 

Arsenic is present in anomalously high concentra- 
tions (0.2 weight %) at the top of the calcite zone 
of TH3; some may be present within pyrite (up to 
200 mg/kg) but an undetected separate arsenic phase 
is probably present here too. 

MERCURY 

The behaviour of Hg in many geothermal environments 
suggests that it is transported mainly in the vapour 
phase as HgO (e.g. Weissberg and Rhode, 1978; Cox, 
1983, 1984, 1985; Lynne, 1984; Davey and Van 
Moort, 1986). In the Tauhara cores, Hg appears to 
occur predominantly as adsorbed Hg that is volati- 
lised at temperatures above about 200 to 250°C. 
Mercury enrichment of an altered core should 
therefore indicate the presence of an Hg-trans- 
porting steam phase (or its condensate) and 
reservoir temperatures below 200-250°. 
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A LT E RAT 10 N 
T H  3 ZONE ;other minerals (m) 

SMECTITE 
100 andesine 

MICACEOUS 
CLAY 3 00 

CALCITE 
albite, adularia 
illite -smectite/i /lite i 500- 

700- 

C ALC- S I L I CAT E 
epidote, prehnite, wairakite, 
albitepdularia 

1100{ EPIDOTE 
andesine 

A LT E R AT I 0 N 
(m)  T H ~  I 2ONE;other.minerals 

CRISTOBALITE - 

S M ECT I TE 
KAOLINITE 

heu landite, a du laria 

MICACEOUS CLAY 
i ll i t e-smecti te, 

an desine 

200 

300 
ILLITE 

adularia 

LOO{ 
S I LI C I FI ED 
quartz,adularia, 
a I b i t  e, epidote. 

WAIORA FORMATION 
pumice andvitric tuff. 

WAIRAKEI LAPILLI TUFb HUKA FALLS FORMATION - _ _  HUKA FALLS FORMATION 
TAUPO PUMICE AND Pumice breccia lacustrine siltstone 
POST- ORUANUI and sandstone. 

SEDIMENTS 

F i g u r e  1: Summary of t h e  d i s t r i b u t i o n  of  major  
m i n e r a l s  i n  a l t e r a t i o n  zones of  d r i l l h o l e  TH3. 

F i g u r e  2:  Summary of  t h e  d i s t r i b u t i o n  of  major 
m i n e r a l s  i n  t h e  a l t e r a t i o n  zones of  THM1. 
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TABLE 2:  Mass d e n s i t i e s  of  major  and t r a c e  e lements  f o r  a l t e r e d  and u n a l t e r e d  t u f f  samples.  
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The hos t  rocks of the  deep Tauhara a q u i f e r  (F igure  
5 )  a r e  s i g n i f i c a n t l y  dep le ted  i n  Hg compared wi th  
t h e  over ly ing  Huka F a l l s  mudstones t h a t  cap i t .  
This  d i s t r i b u t i o n  i s  c o n s i s t e n t  wi th  the high 
( 7  225") temperatures i n  t h e  deep a q u i f e r  which 
caused Hg t o  v o l a t i l i s e .  

Mercury ContenLs i n  t h e  TI13 Huka F a l l s  sediments  
c o r r e l a t e  i n v e r s e l y  wi th  temperature (F igure  5 ) .  
These samples a r e  p a r t i c u l a r l y  enr iched  i n  Hg a s  i t  
a r e  the  mudstones i n  c o r e s  from THM1. Th is  may be 
due t o  t h e  f ine- grained n a t u r e  of t h e  sediment a s  
wel l  a s  the lower temperatures p r e v a i l i n g  h e r e  
( F i g u r e  5 ) .  The high Hg l e v e l s ,  none the less ,  
i n d i c a t e  t h e  presence of condensed steam (and COz) 
i n  the  upper Huka F a l l s  mudstones. T h i s  conc lus ion  
is c o n s i s t e n t  with t h e  presence of abundant 
vapour- rich i n c l u s i o n s  i n  s u l p h a t e  minera l s  from 
t h i s  zone, and i n d i c a t i o n s  drawn from t h e  measured 
downwell temperature p r o f i l e s  (Kakimoto, 1983). The 
h i g h e s t  Hg c o n t e n t s  occur i n  t h e  Pos t  Oruanui l a k e  
sediments  which appear  t o  hos t  a vapour zone ( A l l i s ,  
1983) and conta in  an a c i d  a l t e r a t i o n  assemblage. 

By c o n t r a s t ,  the  shal low c o r e s  from TH3 a r e  
u n a l t e r e d ,  w i t h  low Hg c o n t e n t s ,  no t  having been 
a f f e c t e d  by steam or steam condensate.  

The d i s t r i b u t i o n  of Hg i n  samples frdm TH3 and THMl 
thus r e f l e c t s  r e s e r v o i r  c o n d i t i o n s ,  i n  p a r t i c u l a r  
t h e  l o c a t i o n  of steam condensate zones and lower 
r e s e r v o i r  t empe r a  t u r e s  . 

CONCLUSIONS 

Flu id / rock  i n t e r a c t i o n  a t  Tauhara has produced a 
s u i t e  of hydrothermal n i n e r a l s  t h a t  r e f l e c t  t h e  
hydrology and l i t h o l o g y  of t h e  r e s e r v o i r .  These 
minera log ica l  changes a r e  a l s o  e v i d e n t  i n  chemical 
changes t h a t  the  rocks have undergone. C o n s t i t u e n t s  
such a s  SiO2, Al203, Na20, K20, CaO and H20+ 
r e d i s t r i b u t e  a s  a r e s u l t  of minera log ica l  changes, 
but  o t h e r s  (MnO and P2O5) a r e  l a r g e l y  
immobile. S i m i l a r l y ,  of t h e  t r a c e  elements  Sr ,  Rb 
and Ba a r e  very mobile bu t  Y ,  Th and Z r  a r e  immobile 
dur ing  the hydrothermal a l t e r a t i o n  processes  t h a t  
took p l a c e  here.  

Mercury shows a s t r o n g  tendency t o  migra te  depending 
upon l o c a l  r e s e r v o i r  temperature and t h e  i d e n t i t y  of 
the  f l u i d  phase. I t  r e a d i l y  v o l a t i l i s e s  from i t s  
hos t  a t  temperatures between 200 and 250"C, moving 
wi th  the  steam phase t o g e t h e r  w i t h  CO2 and H2S. 
Where t h e  steam (and H2S and Cop) condenses t h e  
t ranspor ted  mercury is readsorbed on to  a d j a c e n t  
rocks. Routine a n a l y s i s  of cores  and c u t t i n g s  f o r  
mercury while  a wel l  i s  being d r i l l e d  is, t h e r e f o r e ,  
probably a good way t o  l o c a t e  c o r r o s i v e  wate rs  of 
ac id  condensate o r  b ica rbona te  composit ion 
(Hedenquist and Henley, 1985). 
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Figure 3: Tuffaceous samples from TH3: percentage change from 

fresh rock composition for various elements. 
Scale is *loo%, except for S which is hO0OX. 
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Figure 4 :  Tuffaceous samples from THMl: percentage change from 
fresh rock composition for various elements. 
Scale is *100%, except for S which is *1000%. 
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Figure 5: Distribution of Hg with depth in cores from (a) TH3, and (b) THMl; 
also shown are summary stratigraphy, alteration zones, drillhole 
temperatures and circulation losses during drilling. 




