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SUMMARY We have investigated experimentally the effects of temperature and time on the extent of 
interstratification of illite-smectite (VS) and the crystallinity of illite using natural solutions and clay minerals from 
the Waiotapu geothermal field, New Zealand. Reactions were conducted in sealed stainless steel vessels kept in an 
oven at 270'C for 100 days. These reactions increased the illite crystallinity but decreased the expandability of US. 

INTRODUCTION 

Interstratified illite-smectite (VS) is common in many 
geothermal systems, and its expandability has been 
used as a temperature and thermal maturation 
indicator (e.g., Weaver, 1960; Pollastro, 1990). The 
inverse relationship between its formation 
temperature and the extent of illite interlayering 
cannot be quantified accurately, however, because the 
effects of other parameters are not known. Many 
experiments have been carried out to convert smectite 
to illite and I/S and these show that time, fluid 
composition, and host rock composition influence 
the course and rate of the reaction (Eberl and Hower, 
1976; Roberson and Lahann, 1981; Inoue and Utada, 
1983; Howard and Roy, 1985; Whitney and 
Northrop, 1988; Huang et al., 1993). However, all 
these experiments used as their starting material, 
laboratory prepared solutions and smectites saturated 
with either K or Na. Therefore there still remains a 
question as to what extent their experiments represent 
natural conditions. 

The crystallinity of illite (IC), measured as the width 
of the illite 001 basal reflection on glycol-treated 
and oriented clay mounts, is another widely applied 
paleothermal indicator, especially in the very low- 
grade metamorphism of sedimentary rocks. IC 
depends on several factors including temperature, 
lithology, time, instrumental conditions and sample 
preparation methods (Frey, 1987). IC studies show 
that the IC index decreases almost linearly with 
increasing grade and formation temperature. The 
influence of time on IC is not clear, since few 
experiments have addressed this factor. 

This paper reports the results of our first 
experiments designed to study the effects of several 
variables on illitization rate, the extent of I/S 
interlayering and the crystallinity of illite. We used 
natural thermal water and clay minerals from an 
active geothermal system, in this case Waiotapu, in 
the Taupo Volcanic Zone, New Zealand. 

EXPERIMENTAL MATERIALS AND 
PROCEDURES 

Startine materials 

The starting clays used were Qm fractions of cores 
WT7-834, WT7-900 and WT7-1151.4. The WT7-834 
sample was obtained from a depth of 834 feet (254 
m) in well 7, Waiotapu. The <2m fraction of this 
sample is a mixed-layer I/S with 72% illite layers 
with R=l  ordering (Figure la). Sample WT7-900 
comes from 900 feet (274 m) in well 7; it has 19% 
expandable layers (Fig. 2). Sample WT7-1151.4 is 
also fiom the same well, from 1151.4 feet (351m) 
depth. The clay here is illite with 8% expandable 
layers. 

procedures 

Each sample was washed, broken into small chips 
(QOmm) using a jaw crusher and thoroughly mixed. 
The rock material was then washed to remove the 
finest suspension, which may contain mechanically 
ground crystals produced by the initial crushing. Then 
the washed rock chips were immersed in 1 litre of 
distilled water and placed in an ultrasonic tank at low 
6equency (35 kHz) for three hours. The suspension of 
separated clay was put aside for grain- size separation. 

Grain size separation was achieved by centrifuging 
(Hathaway, 1958). An initial centrifuge separated the 
>2m fraction and a subsequent centrifuge at 4000 
r.p.m. sedimented the c2m fraction. The latter was 
run until a clear supernatant liquid was seen (ca. 
I0min). 

The <2m clay samples, weighing about O.lg, were 
then added to 9 ml of thermal water obtained from the 
Champagne Pool, Waiotapu. This is thermal water 
that derives directly from the deep reservoir 
(Hedenquist, 1983); it contains 2200 m a g  chloride. 
Reactions were conducted in sealed stainless steel 
vessels kept in an oven at 270'C. with reaction times 
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Figure 1. X-ray di fh t ion  traces of mixed-layer VS ftom WT7-834 (solid line); the calculated patterns made using 
the NEWMOD program are also shown for comparison (dashed line) (a) before reaction; (b) after reaction. 
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Figure 2. X-ray diffraction traces of mixed-layer VS from WT7-900 (solid line); the calculated patterns ma& using 
the NEWMOD program are also shown for comparison (dashed line) (a) before reaction; (b) after reaction. 
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Table 1. Results of experiments at 270°C for lo0 days 
~~~ ~ 

Starting Startine materials f lu id  Weight Run Droducts 
Sample weight of Solld Solutlon rock after Solid Solu tlon 
no. sealed weight illite % IC K ratio reaction aIlte% IC K 

vessel@) g inus mgntg mVmg g InUS O A 2 0  mgkg 

WT7-834 229.2 0.098 72 OS1** 199k10 92 229.0 85 0.78** 196f10 

- WT7-900 228.2 0.043 81 . 199k10 210 228.1 90 - 200 f10 

lasting for 100 days. Vessels were purged of air with 
N2 before being sealed. Each vessel was weighed 
before and after the experiments to detect leaks. 

The degree of fill of the vessel at room temperature 
was 70 per cent, so the pressure at 270'C. was 
determined from the P-V-T curve. Temperature, 
pressure and chemical conditions used in the 
experiments therefore reflect those within the 
reSeNOU. 

After reaction, the solid products were separated by 
centrifuging and prepared for XRD analysis by drying 
their suspensions on glass slides. These preparations 
then were glycolated overnight. The XRD patterns 
were obtained using a Phillips PW 2243/20 
diffractometer at 20 mA and 40 kv CuKa radiation. 
Each slide was scanned f h m  2 to 50' and 2 to 14' at 
a scan speed of 0.6'/min and a step width of 0.01'. 
for both air-dried and glycolated preparations. 

The identifications and inteqretations of the extent of 
illite interlayering in the I/S are based on the 
methods described by Moore and Reynolds (1989). 
The percentage of expandable layers present was 
determined by comparing the observed XRD patterns 
with computer-simulated patterns using the 
NEWMOD computer programme of R.C. Reynolds, 
Jr. 

The illite crystallinity (IC) was determined by 
measuring the half-peak-width of the 108 illite peak; 
values are expressed in 'A26. The procedures used to 
determine IC values follow the recommendations of 
the IGCP 294 IC working group (Kisch, 1991; Warr 
and Rice, 1994). Solutions were extracted from the 
reaction vessels by pipette and filtered for potassium 
analysis using an ARL Model 3410 Sequential 
Spectrometer. 

RESULTS 

The weight of each vessel was nearly the same before 
and after the experiments, indicating that no leakage 
occurred during the 100 days of the experiments 
(Table 1). 

1. Sample WT7-834 ; mixed-layer IIS 

Figure 1 shows the X-ray diffraction pattern of l/S 
from WT7-834 before and after it reacted with 
solution for 100 days at 270'C. There is a 
noticeable difference of the 0 0 1  peak position. The 
neoformed I/S contains 85% illite layers and its 
ordering is of R=3 type. 

2 .  Sample WT7-1151.4; illite 

After reaction, the crystallinity of the illite had 
changed from 0.67 to 0.48 'A26 and from 0.48 to 
0.44 'A26 as measured on air-dried and glycolated 
samples respectively (Table 1); the percentage of 
expandable layers decreased from 8% to 4%. 
Reactions at 27OC for 100 days had thus resulted in 
an increase in illite crystallinity and a decrease in the 
expandability of illite, ie, fewer smectite layers 
mained. 

DISCUSSION 

The measured well temperatures in WT-7 
approximately match the boiling point profile for 
pure water; a maximum temperature of 295'C was 
measured near the base of this well. Hedenquist 
(1983) showed that the fluid inclusion 
homogenization temperatures for samples from 
drillhole WT7 match closely with the measured well 
temperatures. 
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Table 2: IC index of illite from ignimbrite samples of WT7 

Depth Lithology Downhole Clay Minerals r u e  
(m) Temp. ("C) Present Air-dried Glycolated 

351 Ignimbrite 1 230 Illite 0.67 0.48 
451 Ignimbrite2 240 Illite 0.5 1 0.40 
655 Ignimbrite2 265 Illite +Chlorite 0.32 0.27 
716 Ignimbrite2 275 Illite +Chlorite 0.27 0.24 
777 Ignimbrite2 278 Illite +Chlorite 0.40 0.37 
945 Ignimbrite3 292 Illite +Chlorite 0.32 0.24 
1006 Ignimbrite3 295 Chlorite+Illite 0.32 0.27 _ _ _ _ _ _  ......................................................................................... 

Mixed-laver US 

The major factors controlling the progressive 
illitization of I/S include temperature, potassium 
availability, time and rock/water ratio. If ample 
potassium is available, temperature appears to be the 
main driving force for the reaction . The required 
potassium may come from the rock itself, the fluid or 
both. The destruction of K-feldspar, muscovite or 
biotite in rocks can provide potassium. However, 
because there is no major K-bearing mineral present 
in the <2m clay fractions of sample WT7-834, the 
fluid (Champagne Pool water) used for the 
experiments was thus the likely source of the required 
potassium. The K content of the fluid was 199 
m a g  (Table 1) before reaction, but it decreased to 
196 mg/kg after reaction. This change is not 
significant as this difference does not fall outside the 
error range (1Omgkg) of the analyses. The apparent 
lack of change in the potassium contents of the fluid 
before and after reaction is due to the large fluidrock 
ratio (92:l) used in the experiments which represents 
conditions in long-lived geothermal systems of high 
permeability. 

Perhaps the most uncertain factor controlling the 
illitization of smectite is the effect of time. Some 
laboratory and case history studies suggest that time 
affects the smectite-to-illite reaction (Perry and 
Hower, 1970; Eberl and Hower, 1976; McCubbin and 
Patton, 1981; Jennings and Thompson, 1986; 
Ramseyer and Boles, 1986; Pytte and Reynolds, 
1989; Freed and Peacor, 1989). By contrast, Weaver 
(1979) concluded that time had little effect on the 
smectite-to-illite reaction in samples aged between 
about 10-35Omy. Similar conclusions were made by 
Pollastro and Schmoker (1989). Velde and Iijima 
(1988) studied the compositions of I/S in several 
wells in the Nigata basin, Honshu, and northern and 
southern Hokkaido. They concluded that the 
proportion of smectite layers in I/S depended on 
temperature but was independent of time; reaction 
kinetics appears to have had little effect over the time 
scale represented by the age of the samples from 
these wells (1-15Ma). 

Our experiments used natural clay minerals and 
fluids. They demonstrated, however, that within 100 
days R=l type I/S transformed to 72% illite layers to 
R=3 I/S with 85% illite layers; this indicates that the 
conversion of smectite to illite is rapid at a 
temperature as high as 270°C. 

Crvstallinitv of illiB (Figures 3 and 4) 

The determining factors of illite crystallinity are 
temperature and availability of potassium (Le. 
permeability, water and rock composition). 
However, temperature is the most important. 

Table 2 shows the IC values of illite in samples from 
3 different ignimbrites encountered by well WT7. 
Samples saturated with ethylene glycol gave narrower 
peaks than those which were air-dried. The 
crystallinity of illite and mixed-layer I/S increases 
with increasing depth and temperature below 270'C; 
however, it seems that increasing temperature has 
little further effect above about 270°C. The 
crystallinity of illite reaches 0.32"-0.27'A28 (air- 
dried) and 0.27 -0.24OA28 (glycolated) at 270'C. 
The crystallinity of illite in sample WT7- 1 15 1.4, 
after reacting at 270'C with water from the 
Champagne Pool, is 0.48'A28 (air-dried) and 
0.44'A28 glycolated). This shows that the 
attainment of a maximum illite crystallinity value is 
temperature-dependent, but it also suggests that the 
response can be quick. 
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Figure 3. X-ray powder diffraction 
patterns of illite from well WT7-1151.4 
(glycolated). 
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