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Abstract —- Geothermal fluid discharged by steam wells, which have been core drilled to depths as
much as 4500 ft at Wairakei, New Zealand, has altered Pliocene to Pleistocene, silicic, mainly glassy
volcanics and related aqueous tuffs and breccias. Measured temperatures (max. 265°C) indicate epi-
thermal to mesothermal conditions in buried fault fissures, the locus of both the hydrothermal fluid

and most intense alteration. . o
A supergene kaolinite alteration zone is distinguished from hypogene Ca-montmorillonite and

combined micaceous and chloritic zones. The hypogene zones are usually wide and are temperature
dependent and localized along fault fissures. Other common hypogene minerals are alkali feldspars,
wairakite, epidote, quartz, calcite, laumontite, ptilolite, pyrite and pyrrhotite. Prehnite is rare.

The micaceous clay minerals include illite (about 10A) and a series of random mixed-layer
illite-montmorillonites with d(001) values ranging from 10-28 to 12-:45 A. The amount of interstratified
montmorillonite is related to temperature and fault fissures. Apart from rare mixed-layer swelling
chlorite, the Fe-rich chloritic clay shows little or no variation in its composition. Both the micaceous
clays and the chloritic clay result from alteration of earlier formed Ca-montmorillonite.

The stability of hydrothermal minerals is controlled by the temperature and chemical composition
of the geothermal fluid ascending along the fault fissures. K-feldspar but not albite is deposited on
fissure walls, but both alkali feldspars replace primary soda-lime plagioclase in the wall rock. The
absence of albite on fissure walls is ascribed to low aqueous mNa*/mK* ratio. Primary quartz is
not affected by the altering solution but hydrothermal quartz is deposited on fissure walls and in the

wall rock.
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THE WAIRAKE! thermal area, situated in the Taupo N
Volcanic Zone, lies almost in the middle of the
North Island of New Zealand (Fig. 1). Exploratory L

core drilling for geothermal steam, to a maximum
depth of 4500ft, and petrological study of drill
cores have revealed economically important in-
formation concerning hydrothermal rock alteration o
and the geothermal fluidf. The fluid discharged ..
by the steam wells is a mixture of steam and hot
water with a minor amount of gas. It is used for .
production of electric power, at present amounting %
to 140 MW. The measured temperatures, max. t "‘""“‘"O’b
265°C indicate epithermal to mesothermal condi- ’%“ Tarawero
tions. No commercial ore deposits are associated
with the hydrothermally altered rocks in the ex-
plored depth. odmmm WAIRAKEI

The Wairakei geochemical system now is &7
comparatively well defined: because the minera- g‘ Taupo L Watkaremoana
logical and chemical composition of fresh and

e Mc. Tongarire
® Mt Ngauruhoe

*An invited paper presented at 16th Clay Conference, ® Mt Ruapehu
Denver, Colorado.
tThe term ‘“‘geothermal fluid” is synonymous with Fig. 1. Map showing a portion of North Island
“hydrothermal fluid” and “‘hydrothermal solutions™. of New Zealand and the location of Wairakei.
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altered rocks is known, the chemical composition
of the geothermal fluid, tapped in the fault fissures,
has been determined, the temperature of the fluid
measured, and the prevailing water-vapour and
and lithostatic pressures, based on specific gravity
determinations, have been calculated. These
data provide the basis for studying the interaction
between the rocks and the geothermal fluid. More-
over, the mineralogical and chemical composition
of the fresh rocks is comparatively uniform. and
so too is the chemistry of the geothermal fluid in
the fissures. Therefore, the alteration products
observed at various depths can be correlated
readily with measured temperatures. This paper.
however. is primarily concerned with hydrothermal
clay minerals. and the chemical and physical
conditions prevailing during their genesis.

PETROLOGY

Stratigraphic sequence and original composition
of the rocks

The sequence of rocks penetrated by two drill-
holes 71 and 225, is shown in Figs. 2 and 3. The
rocks are mostly silicic volcanics and interbedded
lake deposits of Pliocene to Pleistocene Age. The
silicic volcanics comprise vitric and pumiceous
tuffs. and ignimbrites. When unaltered. the volcanics
contain phenocrysts of soda-lime plagioclase and
commonly also quartz, sparse hypersthene and
hornblende crystals and a little magnetite. Biotite
is very rare, and primary K-feldspar is absent. The
groundmass. often pumiceous. is glassy. devitrified
or cryptocrystalline.

The lake sediments, derived from silicic vol-
canics. include pumice and rhyolite breccias. and
sandy and silty tuffs. They usually contain a great
portion of glassy material and varying amounts of
detrital andesine and quartz, and occasionally
ferromagnesian minerals.

In addition, andesite (Fig. 2) occurs locally at
depth in the Wairakei area. Comparatively large
phenocrysts of andesine, and relatively minute
crystals of pyroxene and hornblende are common
in fresh andesite. The hyalopilitic groundmass
contains abundant minute granules of magnetite.

Permeability, specific gravity and pressures

Except for some minor silty, densely packed
tuffs, both the silicic volcanics and the largely
pumiceous lake sediments are relatively permeable,
particularly when brecciated or fractured. In
comparison, the andesite is a dense, little-fractured
rock of low permeability. The average specific
gravity, determined on 50 samples, representative
of the penetrated rocks. is 2-06.

The variation of lithostatic and water-vapour
pressures, and temperature with depth, is shown
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in Figs. 2 and 3. For example, the lithostatic
pressure prevailing at 4000 ft, as calculated from
the average specific gravity, 2-06 , amounts to about
240 bars. The water-vapour pressure at 265°C
is approximately 49 bars.

Fault fissures

Slickensided, sheared and fissured cores have
been recovered from numerous drillholes (Figs.
2 and 3). These cores and others with incrustations
of hydrothermal K-feldspar, quartz and wairakite,
and vugs lined with these minerals, as well as
cavernous ground found by drilling in fissured
zones indicate that fault fissures provide channels
for the ascending geothermal fluid.

HYDROTHERMAL ROCK ALTERATION

The order of susceptibility for primary rock-
forming minerals and volcanic glass to hydro-
thermal alteration with increasing temperature is
volcanic glass, magnetite, hypersthene, hornblende,
plagioclase, and biotite. Quartz remains unaffected
by the solutions.

Hydrothermal alteration mineralogy is essen-
tially uniform throughout the area explored. Hypo-
gene alteration has converted primary soda-lime
plagioclase into a variety of hydrothermal minerals
including montmorillonite, micaceous clays, cal-
cite, wairakite, albite, K-feldspar, quartz and epi-
dote. The ferromagnesian minerals are altered to
chlorite, micaceous clays, quartz, calcite, epidote,
apatite, and pyrite; the groundmass to mont-
morillonite, micaceous clays, chloritic clay,
calcite, wairakite, epidote, K-feldspar and quartz.
Rock interstices may be filled with ptilolite,
laumontite, wairakite, calcite and/or quartz. Pyrite
and pyrrhotite are commonly disseminated, some-
times forming thin veinlets. Occasionally pyritiza-
tion is associated with faults intersected by the
drillholes at shallow depths, between about 600-
700 ft. H,S sometimes escapes along these faults
on the surface. Supergene alteration, developed
only locally at and near the surface (Steiner, 1953)
produces kaolinite, alunite and opal from primary
plagioclase and ferromagnesian minerals, and
groundmass.

ZONAL PATTERN

Zoning is a characteristic feature of hydro-
thermal rock alteration at Wairakei, and is shown
both by the clay and non-argillaceous hydrothermal
minerals. The zonal pattern shown in Figs. 2 and
3 is closely related to fault fissures and tempera-
ture, each zone being defined by the first and last
appearance of its index minerals. Figures 2 and 3
distinguish whether a particular hydrothermal
mineral is an alteration product of plagioclase or
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Fig. 2. Diagrammatic compilation of data obtained in Wairakei drillhole

71 showing stratigraphic sequence, faults, fresh rock, hydrothermal

mineral distribution, temperature variations, and lithostatic and water-
vapour pressures.
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Fig. 3. Diagrammatic compilation of data obtained in Wairakei drillhole 225 showing
stratigraphic s€quence, faults, fresh rock, hydrothermal mineral distribution, temperature
variations, and lithostatic and water-vapour pressures.
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groundmass or both. Because of the scarcity of
ferromagnesian minerals in the silicic rocks their
alteration products are not important and, there-
fore, have been omitted in Figs. 2 and 3.

Micaceous clay minerals and chloritic clay are
the most common clay minerals at Wairakei. With
increasing temperature, the argillaceous zones
comprise a near-surface kaolinite zone (K);
followed by a montmorillonite zone (Mt); and a
combined micaceous (M) and chloritic zone (Chl),
extending over a wide temperature and pressure
range. Thus, the clay minerals are ubiquitous
alteration products, although commonly they occur
in association with non-argillaceous hydrothermal
minerals.

The non-argillaceous zones with increasing
temperature are: (i) ptilolite (Pt) and laumontite
(Lm); (ii) wairakite (W) and albite (Ab); and (iii)
K-feldspar (Ad) zone. The montmorillonite zone
commonly overlaps the ptilolite and laumontite
zone, and the micaceous-chloritic zone is usually
superimposed on the wairakite, albite and K-
feldspar zones, which themselves also overlap.
No kaolinite zone is present in drillhole 71 at and
near the surface, where unaltered rock occurs.

In addition, the diagrams (Figs. 2 and 3) show
the distribution of calcite (C) and epidote (E) and
the zone of intense silicification (Q) as well as the
vertical range through which the primary plagio-
clase remains unaltered (U). It can be seen that
(a) the zone of intense silicification coincides
approximately with the K-feldspar zone, and (b)
epidote forms in about the same temperature range
as albite. The absence of unaltered plagioclase at
shallow depth in drillhole 225 contrasts with its
presence at comparable depth in drillhole 71. The
persistence of unaltered plagioclase in drillhole
71 to about 1275 ft seems to be due to the presence
of a comparatively narrow fault fissure and to
restricted flow of hot water at relatively lower
levels in this drillhole as compared with the wide
fissured zone at relatively shallow depth in drill-
hole 225. The presence of unaltered plagioclase at
the bottom of drilthole 225 appears to be due to
a slight temperature fall off below the fault fissure
(Fig. 3).

Evidence from these and other Wairakei drill-
holes suggests that the symmetrical arrangement
of hydrothermal alteration products of plagioclase
about the K-feldspar zone and the productive
fissure, respectively, is a common feature, even at
depth. For example, montmorillonite and laumon-
tite occur at 4020 ft in a zone grading to almost
unaltered rock at a distance of approximately
2500 ft below the productive fauit fissure.

Pervasively wide alteration zones in altered
pumiceous rocks seem to depend on the width and
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openness of the fault fissures carrying geothermal
fluid, as well as on the permeability of the wall
rocks.

CLAY MINERALS
Methods used for identification

X-ray diffraction of air-dried and glycolated
samples and petrographic examination were used
for identification of the clay minerals. These
techniques were occasionally supplemented by
heat treatment and infrared absorption spectra.
Usually, oriented aggregates on glass slides were
prepared, though unoriented samples were some-
times used to obtain the 060 reflection. The X-ray
data were obtained on a Philip X-ray diffractom-
eter with CuKa radiation and scanning speed
1°/min.

The identification of clay minerals was greatly
facilitated by the fact that at Wairakei only two
clay minerals occur together in most hydrothermally
altered rocks. However, monomineralic samples
were sometimes obtained. The presence of three
clay minerals in altered rocks at Wairakei is rare.
Because of the relatively small size of plagioclase
phenocrysts, no attempt has been made to separate
the clay formed by alteration of plagioclase from
that produced by conversion of glass.

Chloritic clay has commonly been separated
from material scraped out of altered pumiceous
lapilli and pumice fragments for optical, X-ray
diffraction and chemical studies. Sometimes, when
the pumice was minute, it was necessary to powder
the whole rock including ferromagnesian minerals.
The separation was done by repeated sedimentation.
No difference in optical properties and X-ray
diffraction data has -been noted between chloritic
clays obtained by the two methods. Thus, little
or no difference is apparent between chlorite
produced by alteration of pumice and that pro-
duced by alteration of ferromagnesian minerals.

Kaolinite

Only supergene kaolinite has been found.
Occasionally, it occurs in crystals of vermicular
habit with average N, = 1-560+0-002 and N, =
1-568 = 0-002. Six air-dried samples from drillhole
225 between 120 and 225 ft gave three basal diffrac-
tion peaks with periodicity 7-19 A, their average
values being 7:19 A, 3-59 A, and 2-38 A. Heating
of the sample from 215 t0 225 ft to 550°C destroyed
the diffraction pattern.

Ca-montmorillonite

Montmorillonite usually occurs at shallow depth.
Occasionally, however, it has also been found at
greater depth, below fault fissures, where an in-
version of temperature has been observed. Thus
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montmorillonite is a low-temperature mineral.
It is derived mainly from pumiceous volcanic glass
and sometimes from plagioclase.

In hand specimen, pumice altered to mont-
morillonite is commonly dark olive-green. Under
the microscope the colourless to dark green clay
particles, appear to be oriented parallel to the
elongated, drawn-out pumice vesicles. This is
indicated by their aggregate extinction. In average
N,=1534+0-002 and N,= 1-568+0-002 The
refractive index N, changes in clove oil, first
being lower and then higher than clove oil. If
large enough, the montmorillonite flakes change
relief on rotation, though in the opposite way to
micaceous clays. The relief is higher when the
length of the flakes is at right angles to the vibration
direction of the lower nicol.

The 001 spacing of 16 air-dried samples ranges
from 14-97 to 15-78 A, and on treatment with ethy-
lene glycol from 16-99 to 17-32 A. The first order
basal spacing at about 15 A and its increase by
approximately 2 A indicates Ca-montmorillonite.

Micaceous clay minerals

Hlite and randomly interstratified illite-mont-
morillonite. The term “illite” is here used in
agreement with Bradley and Grim (in Brown, 1961,
p. 225) for micaceous clay minerals showing little
departure from 10 A integral series. Thus, mica-
ceous clay minerals with d(001) between 9-93
and 10-16 A are in this study termed illites. The
X-ray diffraction study has revealed that a series of
micaceous clay_minerals exists between illite,
d(100) about 10A (Fig.4, AA" and BB') on one end
of the series and randomly interstratified illite-
montmorillonite, d(001) = 12-45 A, on the other
end of the series. Between these two end members

A. STEINER

occurs a range of randomly interstratified illite-
montmorillonites with d(001) between 10-28 and
11-94 A (Fig. 4, CC'-GG").

1llite, D(001) about 10 A, gives an integral series
of basal spacings up to 004 (Fig. 4, AA’ and BB').
[t is not modified by ethylene glycol or by heating
for 1hr at 500°C. The peaks at 2:94 and 3-08 A,
obtained from unoriented samples, suggest the
1 M polymorph. On the other hand, the micaceous
clays with d(001) ranging from 10-28 to 12-45 A
give a non-integral series of basal diffraction peaks,
which are sensitive to treatment by ethylene glycol.
In particular, the spacing of the first order basal
peak invariably increases on glycolation, though
the increase varies considerably. However, this
increase in spacing indicates the presence of inter-
stratified, expandable layers. Further, the 001
peak shifts on heating to a value between 9-93
and 10-16 A. This suggests that mica layers are
also present. Therefore, the micaceous clays with
d(001) > 10-16 A are classified as randomly
interstratified illite-montmorillonites. The 060
spacing of both illite and randomly interstrat-
ified illite-montmorillonites lies at 1-49-1-50 A,
indicating that the micaceous clay minerals are
diotahedral.

The d(001) values commonly obtained from air-
dried and glycolated samples of illite, and mixed-
layer illite-montmorillonites, are listed in Table 1.
The corresponding amounts of interstratified mont-
morillonite layers are also given. The amount of
expandable layers has been estimated using the
curve of Weaver (1956, Fig. 2). Table 1 shows that
the maximum amount of interstratified mont-
morillonite layers is greater than 40 per cent. A
comparison with the theoretical curve for random
mixtures of 10-17-7 A computed by Brown and

Fig. 4. X-ray diffractograms of the most common clay minerals from various drillholes at Wairakei. Samples

Ato G are air-dried, and A’ to G’ are glycolated. CuKa radiation. Samples AA" and BB’ are illites, 1, (10-04

and 10-16 A respectively); C-G and C'-G’ are random mixed-layer illite-montmorillonites, 1-M, with d(001)

values from 10-28 to 11-94 A; AA’. BB, CC’, DD', and GG’ contain intermixed chloritic clay, Ch; HH' is

a long spacing, random mixed-layer illite-montmorillonite; EE', FF’', and HH’ are monomineralic clays. Other
phases present include quartz, Q, calcite, C, albite, Ab, and plagioclase, P1.

Sample Drillhole Depth
(f)
A 226 2850-2855
B 225 1456-1461
C 221 3402-3405
D 226 1650-1653
E 225 855-858
F 71 1398-1400
G 71 450455
H 225 1050-1055

https://doi.org/10.1346/CCMN.1968.0160302 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1968.0160302

199

€l-L4d

91-0t-1

8LOIN-T
€6-6N-1

102N -T

er 4L}

E.o..z-?ﬂll\“

8LOWN-1

COGN-1

it

36 343 3082624222018 16 4 12 10 8 6 8 2

611412108 6 4 2

3634 323028262422 20 8

Degrees 2 8

Degrees 2 8

https://doi.org/10.1346/CCMN.1968.0160302 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1968.0160302

200

Table 1. Estimated proportions of interstratified mont-
morillonite in commonly observed micaceous clay
minerals ranging from pure illite to randomly inter-
stratified illite-montmorillonite with d (001) = 12-45 A

d(001) (A) Amount of interstratified

montmorillonite layers
Air-dried  Glycolated (%)
12-45 14-97 > 40
11-78 13-60 < 35
11-63 1339 > 30
11-33 13-19 > 30
11-05 12-98 30
11-19 12:77 < 30
10-91 11-94 25
10-78 11-33 > 20
10-52 11-19 20
10-40 10-91 <20
10-40 10-65 > 15
10-28 10-16 <10
1016 10-16 Oor< 10
10-16 10-04 Oor < 10
10-16 9:93 0
10:04 10-04 0
993 9-93 0

MacEwan (1950) also suggests that the expandable
layers do not exceed about 45 per cent. Diffracto-
grams of eight typical air-dried and glycolated
micaceous clay minerals whose d(001) varies
from 10-04 to 12-45 A are shown in Fig. 4.

The first order basal peaks of random mixed-
layer illite-montmorillonites containing a marked
amount of expandable layers are broad, asymmetric
(Fig. 4, F-H), and thus differ conspicuously from
the sharp 10 A reflection of illite (Fig. 4, A). On
glycolation, the (001) peak is either shifted towards
the low angle side (Fig. 4, C’) or splits into two
peaks (Fig. 4, D'-G'), depending on the amount
of interlayered montmorillonite. Sometimes, the
001, 002 and 003 peaks are doublets, suggesting
the presence of two randomly interstratified illite-
montmorillonites with somewhat different content
of interlayered, expandable material. The existence
of samples containing both montmorillonite and
randomly interstratified illite-montmorillonite with
a considerable amount of interlayered mont-
morillonite may be of genetic significance.

Long spacing, random mixed-layer illite-mont-
morillonites. Some mixed-iayer illite-montmorillon-
ites, particularly those occurring at no great
distance below the montmorillonite zone, show a
long spacing with d(OOl) varying between 25-24 A
and 2677 A when air-dried and between 27-60 A
and 29-44 A on glycolation. These d(001) values
indicate an mterstratlﬁcanon of illite (10 A) and
Ca-montmorillonite (15 A). The 001 reflections
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of the long spacing, interstratified illite-mont-
morillonites give essentially a non-integral series
but sometimes they exhibit a tendency to regularity.
This can be seen on the monomineralic sample
of the long spacing, mixed-layer illite-montmoril-
lonite from drillhole 225 at 1950—1()55 ft (Table
2). The long spacing, about 25 A, together with the
tendency to regularity indicates that the amount
of interlayered montmorillonite approaches 50 per
cent, probably not greatly exceeding 45 per cent.

Table 2. Observed and calculated spacing
of 00/ peaks of monomineralic, air-dried
and glycolated interstratified illite-mont-
morillonite, which shows a marked tendency
towardregularity. Drillhole 225, 1050-1055 ft

Air-dried Glycolated
00! d(A)

Obs. Calc. Obs. Calc.

001 26-77 - 28-49 -
002 12:45 2490  12:62 25-24
003 - - 930 2790
005 506  25-30 512 25-60
007 3-54 24.78 3-60 2520
008 323 25-84 325 2600

009 2-86 2574 — —

00,10 279 2790 — -
00,11 - - 257 2827

The long spacing of air-dried samples at 25:24-
26-77 A should not be confused with the broad,
variable peak at about 30-33 A, which Bradley,
according to Weaver (1956) considers to be a
statistical maximum. This maximum can sometimes
be observed on random mixed-layer illite-mont-
morillonites, including those showing a long
spacing at 25-24-26-77 A. In contrast with the
diffraction peak at 25:24-26-77 A, the statistical
maximum is not affected by glycolation.

Spatial distribution and frequency of d(001)
values. As shown in Figs. 5 and 6 the d(001) value
of micaceous clay minerals, ranging from illite
(10 A) to mixed-layer illite-montmorillonite (max.
1245 A) tends to decrease primarily with (i)
increasing distance from the montmorillonite zone
and (ii) increasing temperature towards the fault
fissure. The spacing seems also to decrease with
depth, but this is of only secondary importance.
High d(001) values, indicating the presence of up
to 45 per cent interlayered montmorillonite,
commonly occur below the montmorillonite zone
and are restricted mostly to the hanging wall of
fault fissures (Figs. 5 and 6). Low d(001) values
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Fig. 5. Distribution of d(001) values of illite and random mixed-layer illite-

montmorillonites in relation to the montmorillonite zone, fault fissure, and

temperature. Wairakei drillhole 71. H, I, and L denote predominantly high,
intermediate, and low d(001) values respectively.

predominate in fault fissures and in their footwall.
Intermediate values (Fig. 5) occur in the vertical
range between the low and high values, and are

restricted to the hanging wall. In addition, the

frequency of the d(001) values, as well as their
distribution in relation to temperature, are given
in Tables 3 and 4. The distribution of the d(001)
values makes it possible to subdivide the micaceous
zone into two or three subzones. It should be also
noted that micaceous clay minerals, with low d(001)
values and enriched in potassium, and K-feldspar
are found together in and near fault fissures.
Optical data. The grain size of the micaceous
clay minerals is commonly < 2 u, but occasionally
they occur in comparatively large scales, forming
spherulites and axiolites that can be examined
optically. The maximum length of the scales is
about 18 u, and their maximum thickness does not

exceed 2 u. The scales are length slow, and on
rotation change relief like muscovite. The refrac-
tive indices of the micaceous clay minerals vary
with the amount of interstratified montmoril-
lonite. The variation of N, can be seen in Table
5. Four coarsely grained micaceous clays with
d(001)=10-16 A have in average N, =1-538=%
0-001 and N, = 1-573+0-002. The birefringence
N,— N, = 0-035.

Chemical data. The chemical analysis of a
mixed-layer illite-montmorillonite in Table 5a
indicates a comparatively high content of K,O
(5-2 per cent), suggesting a micaceous clay, and
the notable amount of CaO (1-8 per cent) points
to the presence of interstratified Ca-montmoril-
lonite. X-ray diffraction data indicate that the
amount of interstratified montmorillonite layers
exceeds 20 per cent.
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Fig. 6. Distribution of d(001) values of illite and random mixed-layer illite-

montmorillonites in relation to the montmorillonite zone, fault fissure, and

temperature. Wairakei drilthole 225. H and L denote high and low d(001)
values respectively.

Occurrence of hydrothermal mixed-layer illite-
montmorillonites in other areas. Mixed-layer
illite-montmorillonite minerals appear to be
common alteration products in hydrothermally
altered silicate rocks. Apart from Wairakei, they
have also been reported in hydrothermally altered
cores recovered from drillholes in the thermal
area at Steamboat Springs, Nevada (Sigvaldson
aiid White, 1961, 1962 and Schoen and White
1965). Moreover, mixed-layer illite-montmoril-
lonite minerals are common in many alteration
zones surrounding hydrothermal ore deposits
(Grim, 1953, p. 325; Tooker, 1955, 1963; Bundy,

1958; Sudo 1959, 1963; Bonorino 1959; Sudo,
Hayashi and Shimoda, 1962; Harvey and Vita-
liano, 1964).

In addition, Bundy (1958) also reported the pre-
sence of gradational sequences from montmoril-
lonite through mixed-layer illite-montmorillonite
to illite in hydrothermally altered igneous rocks
from the Cochiti Mining District, New Mexico.
But, he does not mention any limitation in the
amount of interstratified montmorillonite. Sudo
et al. (1962) described regularly and randomly
interstratified hydrous micas from the Tsutsumi-
zawa epithermal ore deposit in Japan. The ratio
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Table 3. Distribution, frequency of occurrence of d(001) values, and temperature ranges
of interstratified illite-montmorillonites in Wairakei drillhole 71

Depth Total Temperature
(ft) number d(001) values range
of O
samples Range Frequency Predominantly
(A) (%)
300-900 10 10-40-11-48 70 -
10-04-10-16 30 High } 130-230
950-1400 11 10-28-10-40 72-8
10-16 9-1 .
10-78 91 Intermediate
10-91-11-19 91
> 230
1450-1955 11 10-16-10-28 72-8
10-40 18-2 Low
10-52 9-1

Table 4. Distribution, frequency of occurrence of d(001) values, and temperature ranges
of interstratified illite-montmorillonites in Wairakei drillhole 225

Depth Total Temperature
ft) number d(001) values range
of cC)
samples Range Frequency Predominantly
A (%)
680-1100 7 10-56-12-45 100 High 120-230
10-16-10-28 757
1255-3900 33 { 9.93-10-04 242 Low } > 230

Table 5. Variationof the average
refractive index N, of micaceous
clays with the basal spacing

d(001)

d(O0DHA N,
10:16-10-40  1-574+0-001
10-52-10-91  1-570 = 0-002
11:05-11-68  1-556 = 0-002
12-10-12-45  1-548 +=0-003

of the 10A and 15A layers in their randomly
interstratified hydrous micas is about 70:30-
80:20. Further, their regularly interstratified
hydrous micas indicate that the amount of expand-
able layers does not exceed 50 per cent. Schoen
and White (1965) have noted, similar to Wairakeli,
a limitation in interstratified montmorillonite
layers to about 45 per cent in hydrothermally
altered drill cores from Steamboat Springs, Nevada.

Chloritic clays

Two types of chloritic clays have been observed:
iron-rich chlorite is a common alteration product
whereas mixed-layer swelling chlorite has been
found only in strongly sheared breccia in drillhole
225 at 1150-1155 ft.

Fe-rich chlorite. Pumiceous, silicic glass is the
main source of iron-rich chloritic clay which occurs
also, though in lesser amounts, as an alteration
product of hypersthene and hornblende. Mica-
ceous clay and finely grained quartz are commonly
intergrown with the chlorite but the amount of the
micaceous clay mineral usually predominates.
Because of intimate intergrowth of chlorite and
micaceous clay and quartz, complete separation
was not achieved, as seen in Fig. 4 (AA'-DD’
and GG').

Optical data. Under the microscope the Fe-
rich chloritic clay is light to dark green; its grain
size is usually less than 2 w. Occasionally it occurs
in minute scales forming spherulites. The scales,
sometimes slightly pleochroic from yellow green
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Table Sa. Chemical analyses of clay minerals
Mixed-layer
illite-montmorillonite  Chloritic clay
(Drillhole 212, 1050 (Drillhole 45 at
-1055 ft) 2338 ft) See
also Table 7,
Sample No. |
Oxides (%) (%)
SiO, 50-9 377
Al O, 30-2 210
Fe,O, 1-1 1-85
FeO —* 19-6
MgO 0-05 5-8
Ca0 1-8 0-9
Na,O 1-0 0-95
K,O 52 2:5
MnO 0-02 0-77
TiO, 0-64 0-06
Li,O 0-05 0-04
P,O, 0-16 0-17
H,O0+ — 87
H,0— - 02
Losson
ignition 8-8 -
Total 99-92 100-24

*FeQ not determined, sample too small.

to green, are up to 6 u long and 2 u wide. Because
of the minute grain size, and intergrowth with
micaceous clay, only N, has usually been deter-
mined. The average N, determined on eighteen
samples is 1:639 = 0-003. Two samples gaveaverage
N, =1:633+0-002, and N, = 1-638+0-002. The
birefringence N, — N, = 0-005.

X-ray diffraction data. The air-dried, Fe-rich
chloritic clays obtained from altered pumiceous
glass give an (00/) series of reflections, usually
five, which are an integral sequence of 14-21 A.
The spacings of the basal reflections are not
affected by glycolation, and heating at 550°C modi-
fies only slightly the intensities of the basal reflec-
tions. These clays have been, therefore, identified
as chlorites. Their 060 reflection at 1-536 A
indicates a trioctahedral mineral.

With the exception of the 001 reflection, the
spacings of the (00/) reflections of the iron-rich
chloritic clays vary little. The range, and average
spacings of (00/) reflections, and average inten-
sities of 31 samples from various depths in drill
hole 71 are listed in Table 6. The average first
order spacing of 14-48 A is somewhat higher than
the value 14-21 A, calculated from the lower order
spacings. It is also higher than the values obtained
by various workers (Brindley in Brown 1961,
Fig. VI, 7, p. 270) and higher than the values of
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Table 6. Range of 00l spacings and average intensity
value for 31 chlorite samples from varying depths in

driflhole 71

00/ d(A) Average

intensity
Range  Average Calculated

001 14-02-14-73 14-48 — 15

002 7-08-7-19 7-13 14-26 100

003  4-69-4-77 474 14-22 25

004  3-53-3-59 3-54 14-16 65

005  2-82-2-85 2-84 14-20 8

Mean 14-21

Albee (1962, Fig. 5, p. 867). The excessive value
14-48 A appears to be due to instrumental error
in the low angle region. To check the accuracy
of the calculated mean value 14-21 A, the spacing
of the 005 reflection has been measured in relation
to the spacing 2-458 A of quartz, used as an internal
standard. The value 2-84 A so obtained confirms
the accuracy of the 001 spacing at 14-21 A.

The chloritic clays shown in Table 6 are Fe-rich.
The even order diffraction peaks are strong (Fig.
4, AA'-CC’ and GG'), a characteristic of iron
chlorite (Brindley in Brown, 1961, p. 265). Since
the strong d(002) and d(004) reflection of the
chloritic clay (7-13A and 3- -54 A respectively)
overlap the first order (7-16 A) and the second
order reflections of kaolinite (3-57 A) the pos-
sibility of kaolinite being admixed with the chloritic
clay has been specially examined. The absence
of kaolinite is indicated by the invariable absence
of the peak at 2-38 A due to the 003 reflection of
kaolinite. Further, the 060 reflection at 1-536 A
is characteristic of chlorites. No reflection at 1-49
A indicating kaolinite, has been recorded. Finally,
the absorption band at 3698 =2 cm™' in the in-
frared absorption spectra, characteristic of kao-
linite, is absent. This band appears even if a few
weight per cent of kaolinite are present in the total
amount of a mixture of clay minerals (Kodama and
Oinuma, 1963). However, when considering the
geochemical environment prevailing at the explored
depth at Wairakei, it seems unlikely that chloritic
clay and kaolinite would form contemporaneously.

Chemical data. The full chemical analysis of
one Fe-rich chloritic clay from drillhole 45 at
2238 ft is given in Table 5a, and partial results of
the same analysis are also shown in Table 7
(Sample No. 1). This sample has been obtained
from an ignimbrite containing numerous pumiceous
lenticules. The X-ray diffractogram of the analysed
sample indicates the presence of small amounts
of quartz and illite. These impurities account for
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the comparatively high amounts of silica and
potash, shown by the analysis. However, the
chemical analysis confirms the resuits of the X-
ray diffraction study, indicating that the chloritic
clay derived from alteration of pumice, is an iron
rich variety.

Prior to the separation of chloritic clay, a por-
tion of the material scraped out of altered pumice
lenticules (drillhole 45 at 2238 ft) was analysed
for FeO (Sample No. 2, Table 7). After separating
the clay fraction from a split sample of the whole
rock, the remaining coarse fraction was also
analysed for FeO (No. 3, Table 7). For comparison,
the amounts FeO, Fe,O; and MgO obtained by

Table 7. FeO, Fe,O; and MgO
contents of Samples Nos. 1-5.
Sample No. 1—Chloritic clay;
No. 2-—Chloritized pumice;
No. 3 —Chlorite-free fraction of
the whole rock; No. 4 —Strongly
chloritized ignimbrite; No. 5—
Weakly chloritized ignimbrite

Sample FeQO Fe,O; MgO
No.
(%) (%) (%)
i 19-60 1-85 5-8
2 7-85 - —
3 0-48 - -
4 2-60 0-80 1-50
5 1-40 0-60 0-40
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a complete analysis of the core from drillhole 223,
at 4300-4303 ft, are also listed in Table 7 (Sample
No. 4). This rock is an ignimbrite similar to and
altered comparably to the ignimbrite from which
the chloritic clay (Sample No. 1) was obtained.
Finally, in Table 7 are given the amounts of FeO,
Fe,O; and MgO found in another similar ignim-
brite (drillhole 37, 3090ft) in which however,
only a small amount of chloritic clay is present
(Sample No. 3).

Mixed-layer swelling chlorite. Long spacing,
regular mixed-layer swelling chlorite has been
noted only in the strongly sheared breccia at 1150~
1155 ft in drillhole 225. Its X-ray diffraction data,
obtained on examining monomineralic, air-dried
and glycolated samples, as well as samples heated
for 1hr at 520°C, 600°C, 620°C and 750°C, are
listed in Table 8.

The calculated mean spacing of d(001)=
29-42 A suggests an alternation of 14-2 A and 15-3
A layers while the integral series of eleven orders
is characteristic of highly regular alternation. The
spacing at 1-537 A, ascribed to the 060 reflection,
indicates a trioctahedral mineral.

When treated with ethylene glycol the spacing
of the (00!) reflection increases to 31-04 A (cal-
culated mean). On subtracting 14-2 A for chlorite,
the value 16-8 A thus obtained, fits the ethylene
glycol-montmorillonite complex. Heating for
1 hr at 520°C and 600°C gradually contracts the
d(001) spacing and the intensity of the (001)
reflection, and at 620° and 750°C, no long spacing
is recorded. The mean value calculated from two

Table 8. Observed and calculated (001) spacings for air-dried, glycolated and heat treated regular
mixed-layer swelling chlorite, Wairakei drillhole 225, 1150-1155 ft

Air-dried Glycolated Heated for 1 hr
00!
Observed Calculated Observed Calculated
N - 520°C  600°C  620°C  750°C
(A) n (A) (A)
001 30-46 90 — 31-55 - 2849 26-77 —
002 14-48 100 28-96 15:50 31-00 13-81 13-39 13-19 11-48
003 9-82 25 29-46 — - 8-84 8-84 875
004 7-37 55 29-48 7-69 30-76 7-25 7-83 —_
00S 5:86 5 29-30 6-28 31-40 527 — 5:30
006 490 90 29-40 5-18 31-08 4-84 4-74 4-48
007 4-25 5 29-75 4-46 31-22 — — —
008 3-66 65 29-28 3-86 30-80 3-67 3.95 335  3-36
009 3-26 40 29-34 3-46 31-14 333 3-38 2-96
00,10 2:93 55 29-31 3-09 30-90 2:94 2-95 -
00,11 272 5 29-92 2-82 31-02 — — —
Mean 4 Mean 3104 Mean P
doony = 224 o1y~ 31" d(001) =
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reflections obtained after heating at 750°C (Table
8) is 2492 A, equal approximately to 14- 2A+
10-7 A. The stability of the 14-2 A layers suggests
chlorite-type layers, and the spacing 10-7 A
points to a collapsing montmorillonite structure.
A complete contraction of the montmorillonite
structure seemingly requires prolonged heating
above 620°C.

Infrared absorption spectra of the regular mixed-
layer swelling chlorite have been compared with
the data of Tuddenham and Lyon (1959) on chlo-
rites and with the results of Oinuma and Hayashi
(1965) who studied various interstratified clay
minerals. The mixed-layer swelling chlorite shows
a number of infrared absorption bands (36885,
3570, 3420, 1640, 1090, 825, 762, 675, 655, 530,
460 in cm™!) comparable with absorption bands
of chlorites, as listed by Tuddenham and Lyon
(1959), the absorption bands of montmorillonite,
as given by Oinuma and Hayashi (1965) being
superimposed on the chlorite bands. However,
the infrared absorption analysis unequivocally
indicates the presence of interlayered chlorite.

On the other hand, the refractive indices N, =
1:536 = 0-002 and N, = 1543 = 0-002 conform more
to montmorillonite than to chlorite, but the com-
paratively low birefringence 0-007 is suggestive
of chlorite. From the X-ray data, including glycola-
tion and heat treatment, infrared absorption
analysis and optical data, it is inferred that the
swelling chlorite is a long spacing, regular mixed-
layer chlorite-montmorillonite.

GEOTHERMAL FLUID

The chemical composition of the geothermal
fluid and its temperature are evidently important
factors controlling hydrothermal alteration. The
geothermal fluid discharged by the wells is a mix-
ture containing 85 per cent water and 15 per cent
steam be weight at 200Ib/sq. in. well head pressure.
The typical chemical composition of hot water,
without steam, tapped in a fissure by drillhole 27,
is compared in Table 9 with that of hot water which
travelled for some distance from a fissure through
permeable rocks, and was tapped at relatively
shallow depth (1503 ft) by drillhole 41 (Mahon
and Glover, 1965). The average pH of the deep
geothermal fluid at 260°C is 6:7 (Pers. com. Dr.
A. J. Ellis).

As far as the stability of hydrothermal minerals
is concerned, the most significant characteristics
of the geothermal fluid are:

(i) Temperatures up to 265°C.

(i) Comparatively high mK*/mH* and mNa*/

mH* ratios, and low mNa*/mK* ratio.

(iii) Saturation in silica with respect to quartz.

(iv) Tendency to saturation with CaCO,.

A. STEINER

Table 9. Compositions of waters discharged from
steam wells at Wairakei: drillhole 27 taps water in a
fissure at about 2000 ft; drillhole 41 taps, at 1503 ft.
water from permeable rock at some distance from a

fissure
Drillhole Drillhole
No. 27 No. 41

pH 85 85
Li 132 ppm 12-4 ppm
Na 1200-0 1175-0

K 200-0 172-0
Rb 3.0 24
Cs 2-7 22
Ca 17-5 24-0
Mg 0-05 0-03
F 81 7-5
Cl 2156-0 21130
Br 59 5-8

I 06 0-3
SO, 250 23-0
Total HBO, 115-00 112-0
Total SiO, 660-0 540-0
As 4-7 4-5
Total NH, 0-15 0-15
Total CO, 230 20-0
Total H,S 2:0 3-0

Analyses are for waters separated at 98°C and atmo-
spheric pressure (Mahon and Glover, 1965).

The most important differences between the
waters in Table 9 are the losses of silica and K*
ions, and enrichment in Ca>* ions away from fis-
sures. This difference can be correlated with the
formation of hydrothermal minerals in various
alteration zones. Thus, potassium is fixed in K-
feldspar, illite and mixed-layer illite-montmoril-
lonites, and silica is lost by precipitation of quartz.
The enrichment in calcium is ascribed essentially
to replacement of plagioclase by K-feldspar and
albite, and to progressive alteration of Ca-mont-
morillonite to mixed-layer illite-montmorillonites
and illite. A very small amount of lithium was
probably fixed in the micaceous clay minerals.
No distinctive trend is shown by the Nation dis-
tribution. In comparison with the calcium ion,
and to a somewhat lesser degree with the potas-
sium ion, the sodium ion is a relatively inert ion
as far as its participation in the structure of hydro-
thermal minerals is concerned. Thus, sodium
occurs only in albite whereas calcium is the chief
ion in montmorillonite, laumontite, wairakite,
calcite and epidote; and potassium appears in
K-feldspar and a series of micaceous clay minerals.

Saturation of geothermal fluid in silica with
respect to quartz is reflected in the stability of
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primary quartz. Chemical analyses of altered rocks
show that the amount of SiO, has either remained
constant or has increased. This suggests that the
pore solutions are also saturated with respect to
quartz and that at Wairakei hydrothermal quartz
forms in equilibrium with the altering solutions.

GENESIS OF CLAY MINERALS
Kaolinite

The association of kaolinite with alunite and opal
suggests that kaolinite has formed from sulphuric
acid solutions, which result from oxidation of
hydrogen sulphide and/or pyrite by oxygen dis-
solved in downward percolating meteoric water
(Steiner, 1953; Steiner and Rafter, 1966). The
temperature in the kaolinite zone in drillhole 225
does not exceed 40°C, though in another drill-
hole temperatures up to 58°C were recorded.

The kaolinite zone, which is only locally de-
veloped, sometimes gives way at depth to unaltered
rock. Where the kaolinite zone is absent the rocks
at and near the surface remain unaltered. The
presence of fresh rock below the kaolinite zone
and the fact that H,S escapes at the surface, near
the area where kaolinite does form, suggests super-
gene origin of the kaolinite.

Montmorillonite

Hypogene origin of the montmorillonite is
indicated by the following evidence: (i) the mont-
morillonite zone often occurs below unaltered rock,
and the amount of montmorillonite in the rock
increases with depth; (i) the montmorillonite zone
is spatially related to fault fissures; (iii) mont-
morillonite occurs also at depth, below fault
fissures, in a zone transitional to unaltered rock.

Ca-montmorillonite seems to be derived directly
from volcanic glass and plagioclase without a
previous transitional phase. This is particularly
well demonstrated when volcanic glass and
plagioclase are partly altered to montmorillonite.
As shown in Figs. 2 and 3, montmorillonite forms
at comparatively low temperatures, up to 120°C
and 130°C respectively, though generally not
exceeding about 160°C (Steiner, 1953). The
presence of montmorillonite below fault fissures
can be correlated with an inversion of temperature.

lllite and randomly interstratified illite-miont-
morillonites

Illite and its predecessors, the mixed-layer illite-
montmorillonites, form from two parent materials:
most commonly, though indirectly, from volcanic
glass, and less commonly but directly from plagio-
clase. They seem to form in a relatively wide
temperature and pressure range.

Formation from silicic glass. The common
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genetic sequence of alteration seems to be the
conversion of volcanic glass to Ca-montmorillonite,
followed by potassium fixation and the formation
of interstratified illite-montmorillonite and finally
illite. Evidence of this sequence comes from the
following observations: (i) micaceous clay minerals
invariably occur below the zone of Ca-montmoril-
lonite (ii) mixed-layer illite-montmorillonites with
high d(001) values, indicating the presence of
considerable amounts of interstratified montmoril-
lonite, occur characteristically immediately below
this zone, and gradually give way to mixed-layer
clays deficient in interlayered montmorillonite and
finally to illite, as a fault fissure is approached;
(iii) Ca-montmorillonite is sometimes associated
with the mixed-layer illite-montmorillonites rich
in interlayered montmorillonite. Moreover, vol-
canic glass partly altered to mixed-layer illite-
montmorillonite or illite has not been noted.

This observed genetic relationship between
iilite and its main source material, i.e. volcanic
glass, is indicated in Fig. 7. Each member of the
series of micaceous clay minerals seems to be
stable under conditions prevailing at its place of
formation.

The association of illite and hydrothermal K-
feldspar in the vicinity of fissures indicates that
both derive their potassium from the geothermal
fluid ascending through the fissures. In facilitating
the flow of hydrothermal solutions, the permeability
of fissures and wall rocks seems to be an additional
factor controlling the character of the alteration
mineral assemblage and, thereby, the d(001) values.
Providing the permeability of the wall rocks is
uniform, a linear concentration gradient would
develop outward from the fault fissure. This seems

Silicic volcanic glass
i

'

Ca -Montmorrillonite

¢

Mixed-layer illite-montmorilionite
rich in interstratified montmorillonite

10-40K to-12:45 A

Mixed-layer lllite -montmorillonite
deficient in interstratified montmorillonite

1016R to 10284

O' (o]
llite , 9-93A to 10-04A

Fig. 7. Observed genetic sequence of hydrothermal
alteration of silicic glass to illite.
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to be nearly realised in drillhole 225 where the
amount of non-expandable layers increases rather
regularly towards the fissure (Table 4).

On the other hand, if the permeability varies
somewhat, it causes an uneven concentration of
K* ions in the pore solution. Therefore, the
resulting mixed-layer clays also vary in their
content of montmorillonite layers, and the dis-
tribution of the d(001) values becomes somewhat
irregular (Table 3).

The formation of illite and mixed-layer illite-
montmorillonite clays from montmorillonite, and
the limitation of interlayered montmorillonite to
about 45 per cent, may be well explained by base
exchange reaction and unmixing of interlayer ca-
tions (Glaeser and Méring, 1958). Accordingly, the
Ca?* ions in the Ca-montmorillonite would be
exchanged for K* ions in the altering solution. No
structural changes will be noted until the ionic
ratio K*/Ca?* of the interlayer cations reaches a
critical value, which seemingly approaches unity.
At this stage, the two kinds of ions wouid tend to
unmix, and two types of layers, almost equal in
numbers would result. Thus, the first mixed-layer
illite-montmorillonite would consist of almost equal
numbers of illite and montmorillonite layers, with
illite layers (about 55 per cent) slightly predomina-
ting over montmorillonite layers (about 45 per
cent). Subsequently, the base exchange reaction
would gradually convert the remaining montmoril-
lonite layers, and thus produce a series of mixed-
layer illite-montmorillonites, their d(001) values
ranging from about 12-45 to 10-28 A, until finally
pure illite (10 A) is formed. The charge difference
would be balanced by addition of H* ions or,
possibly hydronium ions.

The absence of interstratified illite-montmoril-
lonites with a greater amount of interlayered mont-
morillonite than about 45 per cent suggests that
such mixed-layer minerals are not stable under
T-P-X conditions prevailing at Wairakei. Random
interlayering of illite and montmorillonite occurs
in all possible ratios in mixed-layer illite-mont-
morillonites from shales in the U.S.A. (Weaver,
1956). Bystrom (1954) described an interstratified
illite-montmorillonite with 80 per cent of inter-
layered montmorillonite from Ordovician bentonite
beds in Sweden.

Interstratification of illite and montmorillonite
might suggest to some that illite formed first and
subsequently has been transformed into mixed-
layer illite-montmorillonites. This has been sug-
gested by Shimoda and Sudo (1960) and Sudo ef al.
(1962) for hydrothermal interstratified mica-like
minerals in Japan. It has been shown above, how-
ever, that the montmorillonite zone and the
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micaceous subzones are related to temperature,
and fissures carrying geothermal fluid, relatively
rich in K* ions and depositing K-feldspar. Under
the temperature and chemical conditions prevail-
ing at Wairakei, the transformation of illite into
mixed-layer illite-montmorillonites would repre-
sent retrograde metamorphism, and this is con-
sidered to be improbable.

Formation from plagioclase. The alteraticn of
plagioclase to micaceous clay minerals is much
less common than the formation of micaceous clays
from glass (Figs. 2 and 3). Optical study indicates
that the micaceous clay mineral resulting from
alteration of plagioclase does not differ from the
micaceous clay derived from the co-existing glass.
This study also indicates that plagioclase is some-
times partly altered directly to a micaceous clay
mineral. No transitional phase has been noted in
contrast with the alteration of pumice to micaceous
clays.

P-T conditions for micaceous clay formation.
The distribution of hydrothermal minerals and
temperature data from drillholes give excellent
evidence for pressure and temperature being con-
trolling factors in the formation of alteration zones.
The diagrams (Figs. 2,5 and 3,6) show that low
temperatures, between about 130°C and 230°C in
drillhole 71, and between 120°C and 230°C i.. drill-
hole 225, prevait at shallow levels where mixed-
layer minerals with high d(001) values are forming.
In contrast, micaceous clays with low d(001) values
form at comparatively high temperatures, i.e. above
about 230°C, measured at greater depth in and
near fault fissures. Correspondingly, mixed-layer
clays with abundant inter-stratified montmorillonite
form at low lithostatic and water vapour pressures
whereas comparatively high pressures are required
for the formation of illite and mixed-layer clays
defficient in montmorillonite. The temperature-
pressure conditions at which micaceous clay
minerals form at Wairakei are essentially similar
to the T-P conditions at which Velde (1966)
synthesized various mixed-layer illite-mont-
morillonites.

Fe-rich chloritic clay

Hydrothermal alteration of silicic glass to chlor-
ite is a comparatively recent discovery, though
such alteration of ferromagnesian minerals and
plagioclase is well known. In contrast to the
trioctahedral, iren-rich, chloritic clay resuiting
from alteration of silicic glass at Wairakei, the
chlorite described by Mueller (1961, 1963) from
the hydrothermally altered glassy groundmass of
a quartz porphyry in the Black Forest, Germany,
is aluminous and dioctahedral. It appears that the
difference in the chiorites is essentially due to
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different temperature and/or chemical composition
of the altering solutions.

The iron-rich chloritic clay results from stepwise
alteration of silicic glass which, when fresh, con-
tains up to 1-40 per cent by weight FeO and up to
0-30 per cent by weight MgO. Moreover, the
geothermal fluid contains only minute amounts of
Fe, commonly varying between 0-03 and 0-17
p.p-m. (Koga, 1965), and Mg, usually ranging from
0-03 to 0-06 p.p.m. (Mahon, 1965).

The evidence as to whether chloritic clay forms
directly from glass or is derived from a transitional
mineral is not so definite as for the micaceous clay
minerals. However, the following evidence appears
to be significant: (i) Chloritic clay like the mica-
ceous clay minerals occurs below the montmoril-
lonite zone: (i) chloritic clay is commonly
associated and intergrown with micaceous clays
over a wide range of temperatures and pressures.
Thus, the chloritic and micaceous clays replacing
silicic glass, may have a common origin, i.e. both
clays are derived from earlier-formed mont-
morillonite. However, the mechanics of formation
of chloritic clay from transitional montmorillonite
would differ from those of micaceous clays. The
chemical data in Table 7 suggest that the iron. and
probably also the mangesium, fixed originally in
the glassy groundmass, is preferentially concen-
trated in the chloritic clay. A minute amount of
iron, freed during the alteration of magnetite into
pyrite or epidote may be also fixed in the chloritic
clay. Further, minute amounts of Fe and Mg may
be introduced also by prolonged interaction
between the rocks, particularly the pumice, and
the aitering solution. Thus, the transformation of
montmorillonite into micaceous clay minerals
by fixation of K* ions takes place at the same time
as iron is preferentially concentrated in the
chloritic clay, and the freed silica crystallizes as
quartz. The widely spread association and inter-
growth of chloritic and micaceous clay minerals
which is also characteristic of low grade meta-
morphic rocks, suggests equilibrium conditions.

COMPARISON WITH EXPERIMENTAL RESULTS

The hydrothermal minerals at Wairakei, and
specifically the occurrence of K-feldspar near
fissures, compare very favourably with experi-
mentally determined stabilities for these phases;
however, some deviations exist. An important
observation is that K-feldspar but not albite is
deposited on fissure walls, and that K-feldspar
replaces plagioclase in wall rocks adjacent to
fissures. The stability fields of both alkali feldspars
were determined experimentally by Hemley and
Jones (1964). The ratios mK*/mH* (1:75 x 10%)
and mNa*/mH* (1-8x10°) of the Wairakei
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geothermal fluid and its maximum temperature,
265°C, are plotted on the diagrams of Hemley
and Jones (1964) reproduced in Figs. 8 and 9.
Both values 1-75 X 10* and 1-8 X 10° refer to the
total discharge, i.e. water plus steam (pers. comm.
Dr. A. J. Ellis). Thus, the points A and B (Figs.
8 and 9) should represent the stability conditions
of K-feldspar and albite, respectively, in fault
fissures at Wairakei. The occurrence of K-feldspar
near fissures is in agreement with the location of
the point A within the stability field of K-feldspar
(Fig. 8). But it contrasts with considerably higher
concentrations of Nations than Ktions in the
geothermal fluid tapped in fissures (Table 9) and
with the location of the point B within the stability
field of albite (Fig. 9).

Lithostatic pressures prevailing at depths where
fissures were intersected vary between 75 and
130 bars. These pressures are considerably lower
than the experimental pressure of 1000 bars
(Hemley and Jones, 1964). Because the geothermal
fluid ascending through fissures is a watery phase,
the effect of lower pressures on the boundary of
the stability fields should be much less pronounced
than under experimental conditions. It can be
expected therefore, that the stability field of
K-feldspar will be only slightly extended into the
region of lower mK*/mH™* ratios. However, the
high aqueous silica activity characteristic of the
geothermal fluid will stabilise K-feldspar at lower
mK*/mH?* values than those existing under stable
equilibrium conditions (Hemley, 1959). Thus the
position of point A (Fig. 8) suggests that K-feldspar
is a stable phase.

Since the aqueous alkali cation/H* ratios are
comparatively high, the absence of albite on fissure
walls appears to be due to a somewhat low aqueous
mNat/mK* ratio, about 10 (Hemley and Jones,
1964). The replacement of plagioclase concurrently
by K-feldspar and albite further away from
fissures, and replacement of plagioclase by albite
only at still greater distance from fissures suggests
that as the pore solution is progressively depleted
in K* ions, the aqueous mNat/mK* ratio increases
until it first reaches the equilibrium value required
for the formation of both alkali feldspars. Finally,
the ratio mNat/mK* reaches a value at which
only albite is the stable phase. Thus, the aqueous
ratio mNa™/mK* appears to be an important factor
controlling the stability relation between K-
feldspar and albite at Wairakei.

It is significant that the values for the aqueous
ratios mK*/mH* and mNa*/mH* are compara-
tively high, and that in either system, K,O-
AL O;-Si0,-H,0 and Na,0-Al,0,;-Si0,~-H,0,
the corresponding ratio falls well outside the
stability field of kaolinite, requiring low alkali/H*
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ratio. Thus, the high alkali/H* ratios of the geo-
thermal fluid appear to ensure that hypogene
kaolinite does not form at Wairakei.
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Résumé — Le fluide géothermique d’echargé par les puits de vapeur forés jusqu'a des profondeurs
de 1500 m & Wairakei, en Nouvelle-Zélande, a modifié les roches volcaniques siliciques et en grande
partie vitreuses du Pliocéne a u Pleistocene, ainsi que les tufs et bréches aquos apparentés. Les
températures mesurées (mz. 265°C) démontrent que les conditions sont entre épi — et mésothermiques
dans les fissures de failles enfouies, lieu géométrique du fluide hydrothermique et de I’altération ia
plus intense.

On peut distinguer la zone d’altération de kaolin supergéne des zones de Ca-montmorillonite hy-
pogéne ainsi que des zones micacé et chloritiques associées. Les zones hypogénes sont généralement
larges et influencées par la température, et sont situées le long des fissures de failles.Les autres
minéraux hypogénes courants sont les feldspaths alkalis, la wairakite, I'’épidote, le quartz, la laumon-
tite, la ptllonte la pyrite et la pyrrhotlte mais la prehnite est rare.

Les minéraux d’argile micacé comprennent de lillite (environ 10 A) et une série dlillitemont-
morillonites variées dans des couches mixtes aux valeurs d(001) comprises entre 10,28 Aet 12,45 A.
La quantité de montmorillonite interstratifiée est en rapport avec la température et les fissures de
failles. A part les rares exemples de chlorite gonflante en couches mixtes, I'argile chloritique riche
en fer montre peu ou pas de variations dans sa composition. Les argiles micacées aussi bien que les
argiles chloritiques résultent de I'altération de Ca-montmorillonite formée antérieurement.

La stabilité des minéraux hydrothermiques est contrdlée par la température et par la composition
chimique de fluide géothermique qui monte la long des fissures de failles. Il se fait des dépots de
feldspath-K mais non d'albit le long des parois des failles, mais les deux feldspaths alkalis remplacent
la plagio-clase soude-chaux primaire sur la roche pariétale. L'absence d’albite sur les parois de failles
s’explique par le coefficient mNa*/mK* d"humidité peu é1évé. La solution altérante n’a pas d'effect sur
le quartz primaire. mais le quartz hydrothermique se dépose sur les parois de failles et sur la roche
pariétale.

Kurzreferat— Die geothermische Fliissigkeit, die von den Dampfbohrléchern abgegeben wird, welche
in Wairaki. Neuseeland, bis zu Tiefen von 1500 m abgeteuft wurden, hat das Pliozin in Pleistozén,
kieselsaures. kauptsichlich glasartiges Vulkangestein und dhnliche wissrige Tuffe und Breksien
umgewandelt. Die gemessenen Temperaturen (265°C) weisen auf epithermische bis mesothermische
Zustinde in unterirdischen Verwerfungsbriichen hin, wo die hydrothermische Fliissigkeit und die
ausgeprigte Umwandlung zu finden ist.

Es wird eine supragene Kaolinit-Umwandlungszone von den hypogenen Ca-Montmorillonit-
und kombinierten glimmerartigen und chloritischen Zonen unterschieden. Die hypogenen Zonen
sind meist breit und temperaturabhingig und verlaufen an den Verwerfungsbriichen entlang. Andere
allgemein verbreitete hypogene Minerale sind Alkalifeldspate, Wairakit, Epidot, Quarz, Calcit,
Schaumspat, Ptilotit, Pyrit und Magnetkies. Prehnit ist selten.

Die glimmerartigen Tongesteine enthalten 1llit (etwa 10 A) und eine Reihe von unregelméssigen
Mischlagen von [llit-Montmorilionit mit d(001) Werten zwischen 10.28 A und 12,45 A. Die Menge
des zwischengeschichteten Montmorillonits hdangt von der Temperatur und den Verwerfungsbriichen
ab. Abgesehen von selten auftretendem Quellchlorit in den Zwischenschichten zeigt der eisenreiche
chloritische Ton wenig oder keine Anderung in seiner Zusammensetzung. Die glimmerartigen Tone,
sowie der chloritische Ton verdanken ihre Entstehung der Umwandlung von frither gebildetem Ca-
Montmorillonit.

Die Bestandigkeit hydrothermaler Minerale wird durch die Temperatur und die chemische Zusam-
mensetzung der entlang der Verwerfungsbriiche aufsteigenden geothermischen Fliissigkeit bestimmt.
K-Feldspat, aber kein Na-Feldspat, wird an den Bruchwinden abgelagert, doch ersetzen beide Alkali-
feldspate die primdren NaCa Feldspate im Wandgestein. Die Abwesenheit von Natronfeldspat an
den Bruchwinden wird dem niedrigen wassrigen mNat/mK* Verhaltnis zugeschrieben. Der primire
Quarz wird durch die Umwandlungslosung nicht beeinflusst, aber es wird hydrothermischer Quarz
an den Bruchwiinden und im Wandgestein abgelagert.
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Pestome—I eoTepMHUYECKas KHAKOCTb BbITYCKAETCs NAPOBbIMH CKBAXHHAMH, KOTOPbIE ObiNM KOMOH-
KOBO NpoBypeHbl 10 Tako# 0osbIoN ritybunbl, kak 1371 (4500 dyT.) B Beiipaxeii, B HoBo# 3enanaun;
OHa M3MEHH/Ia TUTHOLUEHOBbIE OCAIKK HA MJIEHCTOLEHOBbIE, KPEMHHUEBBIE, TIaBHbBIM 00pa3oM BY/IKaH-
HYECKOE CTEK/IO M CBA3AHHBIE C HUMH BOJHbIE TY(b! U Opexunu. VIzamepeHuble TeMiepaTypbl (Makc.
265°C) yka3blBalOT Ha JMMTEPMAasibHblE N0 ME30TEPMAJIbHbIX YCIOBHA B COPOCOBBIX TpELMHAX—
B y4aCTKE KaK THAPOTEPMHUYECKOM KHUAKOCTH, TaK H Haubonee MHTEHCHBHOTO W3MEHCHHA.

CymnepreHHas 30Ha H3MEHEHHS KAOJMHHTA OTJIHYaeTCsl OT THIOMEHHOH 30Hbl KalbLHEBOTO
MOHTMOPHJUIOHATA M 0OOGIIEHHbIX CIIIOAAHBIX M XJOPHTOBBIX 30H. I'MHOreHHbIE 30HBI OOBIYHO
IHUPOKHE, 3ABHCAT OT TEMIIEPATYPHl U COCPENOTOYEHbI BIoJb COpocoBbIX TpewuH. [dpyrue yacro
BCTpEYaeMble THTIOTE€HHbIE MHUHEPAIb—ITo LleJIo4HblH Nonesof 1INAT, BalpakuT, INKIOT, KBapU,
KaJILUHUT, IOMOHTHT, MOPAEHUT, NUPAT U NUppoTHH. [IpeHNT BCTpeyaeTcs penxo.

CroasHble TITMHHCTbIE MHHEPANBl BKIOYaroT WIHT (pubit. 10 A) U pAR WIMTOMOHTMOpPHI
JIOHHTOB ¢ GECIOPAAOYHO CMEIIAHHBIMHU CJIOAMH M 3HaYeHusMH 6 (001) ot 10,28A no 12,45A. Konu
4ECTBO MEPECIAHBAIOLIErOC MOHTMOPHIIOHHTA 3aBHCHT OT TEMIEPATYPbI M OT COPOCOBBIX TPELLHMH.
Kpome penkoro BCnyqMBaHKs XJIOPHTA CO CMeIllaHHbiM CjioeM, OoraTas >KeNne3oM XJIOpUTHAs
[IMHA NOKa3biBaeT MaJIo M3IMEHEHHI MM BOOOLIe He UMeeT M3MeHeHHi B cocTase. Kak crronsubie
FJIHHBI, TAaK M XJIODUTHAA TJIMHA SBIAIOTCS CIIEACTBUEM M3MEHEHMA paxee oOpa3oBaBILErocs
KAJIbUMEBOrO MOHTMOPHJLJIOHHTA.

VCTOHYMBOCTE THAPOTEPMUYECKUX MHHEDAJIOB PETY/IMPYETCA TeMNepaTypoil M XUMHMYECKHM
€OC1aBOM TEOTEPMHYECKON XUAKOCTH, BocxOoAswiel BAoNb cOpocoBkix Tpeminu. Kanuesbiit unar,
HO He aNsBUT OTK/IABIBAETCH HA CTEHKAX TPELUMHB], HO 004 LLEIOYHBIX 1IaTa 3aMeIaloTC NepBU-
YHBIM HATPOBLIM H3BECTKOBBIM IJIATHOK/IA30M B 60k0BOI nopoze. OTcyTcTBHE anbbuTa Ha CTEHKAxX
TPEILMHB! NPHIIMCHIBAETCA HM3KOMY COOTHOuweHHto Boxsoro mNa+/mK+, lMepsuyHbiii kBapu He
MOIBEPraeTcs BO3ICHCTBHIO H3MEHAIOUIErO PacTBOPa, HO THAPOTEPMUYECKHIl KBapL OTjaraeTcs Ha
CTEHKAX TpelWHBl U B GokoBOit nopose.
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