
Cla}tj: and Clay Minerals, Vol. 49. No. 2. 126---140,2001. 

GENESIS OF DIOCTAHEDRAL PHYLLOSILICATES DURING 
HYDROTHERMAL ALTERATION OF VOLCANIC ROCKS: I. THE GOLDEN 

CROSS EPITHERMAL ORE DEPOSIT, NEW ZEALAND 

DAVID A. TILLICK,l DONALD R. PEACOR,2 AND JEFFREY L. MAUK l 

'Department of Geology, The University of Auckland, Private Bag 92019, Auckland, New Zealand 
2Department of Geological Sciences, The University of Michigan, Ann Arbor, Michigan 48109-1063, USA 

Abstract-To characterize the evolution of dioctahedral interstratified clay minerals in the Golden Cross 
epithermal deposit, New Zealand, hydrothermally altered volcanic rocks containing the sequence smectite 
through illite-smectite (I-S) to muscovite were examined by optical microscopy, X-ray diffraction (XRD), 
scanning electron microscopy (SEM), and transmission and analytical electron microscopies (TEM/AEM). 

XRD analyses of 30 oriented clay samples show a broad deposit-wide trend of increasing illite content 
in I-S with increasing depth and proximity to the central vein system. Six representative samples were 
selected for SEMITEM study on the basis of petrographic observations and XRD estimates of I-S inter
stratification. Ca and Na are the dominant interlayer cations in smectite, but as the proportion of illite 
layers in I-S increases, so does the K content and (Tv Al + VIAl)/Si ratio. Layers and packets tend to flatten 
and form larger arrays, reducing the amount of pore space. Smectite coexists with (R = 1) I-S, rather 
than being (R = 0) I-S where R is the Reichweite parameter. The highest alteration rank samples contain 
discrete packets of mica to -300 A thick, but a limited chemical and structural gap exists between illite, 
which is intermediate in composition between common illite and muscovite, and illite-rich I-S. Selected
area electron diffraction (SAED) patterns of mica show that the 1M polytype dominates, rather than the 
common 2M, polytype. 

Petrographic, SEM, and TEM data imply that all phyllosilicates formed via neoformation directly from 
fluids. Relatively mature I-S and micas form simultaneously, without progressing through the series of 
transformations that are commonly assumed to characterize diagenetic sequences during burial metamor
phism in mud-dominated basins. Although the overall distribution of clay minerals is consistent with 
temperature as a controlling variable, local heterogeneities in the distribution of clay minerals were con
trolled by water/rock ratio, which varied widely owing to different rock types and fracture control. 

Key Words-1M polytype, Dioctahedral Clay Minerals, Epithermal, Hydrothermal Alteration, Illite
Smectite (I-S), Neoformation, Smectite, Transmission Electron Microscopy (TEM), Volcanic Rocks. 

INTRODUCTION 

The transition from smectite to illite was inferred by 
many studies to be a continuous one, e.g., Hower et 
al. (1976) implied that the sequence includes all inter
mediate I-S structures, with the proportion of illite in 
interstratified I-S increasing as a function of increas
ing temperature, time, and burial depth. That view was 
recently questioned, however, by Dong et al. (1997). 
Based on transmission electron microscope (TEM) 
data, they inferred that at least for some environments, 
including the Gulf Coast sequence studied by Hower 
et al. (1976), the sequence is in part discontinuous, 
with smectite, (Reichweite, R = 1) I-S (50% illite), 
and illite being the dominant and most stable phases. 

Much evidence suggests that the reaction from 
smectite to illite in diagenetic environments proceeds 
through a series of Ostwald steps (e.g., reviews of 
Morse and Casey, 1988; Essene and Peacor, 1995), 
involving metastable intermediates that result in an 
end-member mineral assemblage containing muscovite 
as the dioctahedral phyllosilicate under epizonal 
(greenschist facies) conditions. The series of steps thus 
represents a natural progression from metastable phas
es to an assemblage of thermodynamically stable phas-
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es. The theory implies that the number of intermediate 
states is determined by kinetic factors, as elegantly de
scribed by Morse and Casey (1988). Reaction rates 
may be very different for different rock types; e.g., 
Niu et al. (2000) studied coexisting mudstones and 
sandstones undergoing burial diagenesis in the Niigata 
Basin, Japan, and found that reaction progress for 
smectite illitization proceeded more quickly in the 
mudstones than the sandstones. 

Hydrothermal systems are distinct geologic environ
ments where interstratified clay minerals can form dur
ing hydrothermal alteration. Such systems are open to 
components where convecting fluids produce maxi
mum water/rock ratios, and depths may be shallow 
(Henley, 1985). More importantly, clays representing 
the full spectrum of dioctahedral minerals may form 
at the same time, but at different temperatures. Thus, 
rather than proceeding through the entire sequence of 
smectite to I-S to illite and through muscovite, a phase 
such as illite may crystallize directly from fluids fol
lowing the dissolution of the original phases such as 
volcanic glass, as has been proposed for the Salton Sea 
geothermal system (G. Giorgetti, pers. comm.). Such 
"episodic" changes in hydrothermal systems may then 
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have implications for the timing and formation of clay
mineral sequences in basin sediments. It is now rec
ognized, from a large base of geological and geochem
ical data, that epithermal ore deposits form in the up
per < 1-2 kIn of geothermal systems where predomi
nantly meteoric fluids convect and interact with the 
host rocks at temperatures of -200-300°C (e.g .• Hen
ley and Ellis, 1983; Henley, 1985; Hayba et ai.. 1985) . 
As consistent with episodic events, geothermal sys
tems are generally relatively short-lived, remaining ac
tive over periods of hundreds of thousands of years or 
less (Henley and Ellis, 1983), though some, such as 
Steamboat Springs in Nevada, may persist for nearly 
a million years (Schoen et al .• 1974). 

X-ray diffraction (XRD) is used extensively to char
acterize phyllosilicates in hydrothermal systems and to 
describe interstratification (e.g .• Reyes, 1990; Harvey 
and Browne, 1991; Patrier et al., 1996), stacking order 
(e.g., Inoue and Utada, 1983), and polytypism (e.g .• 
Inoue et ai., 1987). Interstratified dioctahedral phyllo
silicates commonly show sequences that reflect hydro
thermal zoning. Inoue et al. (1978) and Inoue and Uta
da (1983) studied a complete smectite-to-illite conver
sion series from the Shinzan hydrothermal alteration 
area, Japan, in which estimates of percent expandabil
ity in I-S, based on XRD data, decreased with depth 
and increased laterally away from the center of the 
hydrothermal system. Continuous chemical changes 
and a systematic increase in the degree of ordering of 
I-S with decreasing expandability were also reported 
(Inoue and Utada, 1983). 

XRD and TEM are complementary methods in that 
XRD gives data averaged over relatively large vol
umes of separated clay fractions, whereas TEM can 
give local, high-resolution images of specific in situ 
textural relations. Implications for a continuous inter
stratified sequence from smectite to illite come largely 
from XRD data, but those for discontinuities are de
rived from TEM data. Sequences of I-S derived 
through hydrothermal alteration of volcanic rocks have 
not been studied by TEM, and therefore textural re
lations have not been defined. Thus, the nature of clay
mineral transitions is uncertain. Therefore, we have 
studied here a classic epithermal ore deposit that con
tains a complete dioctahedral clay-mineral series from 
smectite through I-S to muscovite, similar to that 
found in much larger sedimentary sequences such as 
Texas Gulf Coast shales. Complimentary to this work 
is a study of the Broadlands-Ohaaki geothermal sys
tem (Yan et al., 2001), an active analogue of the Gold
en Cross ore deposit, in which hydrothermal clay min
erals , including smectite, I-S, and illite, are actively 
forming under hydrothermal conditions. The purpose 
of the present study is to determine the characteristics 
of interstratification of I-S using a variety of experi
mental methods, including petrography, XRD, scan
ning electron microscopy (SEM), and TEMIAEM (an-

alytical electron microscopy), and the textural rela
tionships among the dioctahedral clay minerals, to 
characterize the mechanism(s) of formation. Results of 
various methods, including TEM and XRD, are inte
grated, and the results compared with clay-mineral se
quences in pelitic sedimentary sequences from diage
netic and low-grade metamorphic environments. 

GEOLOGIC SETTING AND SAMPLES 

Golden Cross epithermal Au-Ag deposit 

The Golden Cross low-sulfidation epithermal Au
Ag deposit is located -8 kIn northwest of Waihi, New 
Zealand, in the southern part of the Coromandel Pen
insula (Figure la). The Coromandel Peninsula consists 
of Jurassic greywacke basement, overlain by Miocene 
to early Quaternary calc-alkaline volcanic and volcan
iclastic rocks produced by continental arc-type volca
nism along a convergent plate margin (Skinner, 1986; 
Adams et aI.. 1994). Andesite and subordinate dacite 
constitute much of the volcanic sequence, with minor 
rhyolite and ignimbrite occurring along the eastern 
side of the peninsula (Skinner, 1986). The regional 
structure is dominated by north-northwesterly and 
northeasterly trending normal faults, which have 
block-faulted the graywacke basement (Brathwaite et 
al., 1989). The peninsula contains mines from the last 
century of over 50 epithermal Au-Ag deposits. 

The Golden Cross deposit is hosted by Coromandel 
Group andesitic and dacitic lava flows , minor lithic
crystal tuffs, and tuff breccias (Brathwaite and Chris
tie, 1996). Except for a shallow post-ore andesite se
quence (Whakamoehau Andesite), the rocks within the 
deposit have experienced varying degrees of hydro
thermal alteration and contain secondary mineral as
semblages that include quartz (ubiquitous), adularia 
(K-rich feldspar), calcite, clay minerals (chlorite, illite 
or muscovite, kaolinite, interstratified I-S, smectite), 
pyrite, and minor siderite, apatite, and titanite (de Ron
de and Blattner, 1988; Simpson et al. , 1998). Hydro
thermal alteration, and gold-silver mineralization oc
curring in fault-controlled banded quartz-veins, is in
ferred to have occurred between 7.2-6.7 Ma, based on 
stratigraphic relations (Brathwaite et ai. , 1989; Brath
waite and Christie, 1996). 

Samples 

The samples studied consist of 156 hydrothermally
altered volcanic rocks taken from drillcores along 
three parallel cross-sections through the deposit (4650, 
4850, and 5050 m N) and a recently excavated drain
age-drive that is beyond the extent of mining. Figure 
Ib shows the location of the cross-sections relative to 
the open-pit and the Empire vein. Locations of the 
samples studied by XRD, SEM, and TEM are shown 
in Figure 2. Samples are variably altered andesite and 
dacite lavas and minor tuff breccias, most of which 
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Figure 1. (a) Map showing the location of the Golden Cross 
deposit, Waihi District, New Zealand (after Skinner, 1986). 
Inset shows the position of this area in the North Island of 
New Zealand. (b) Plan view map of the Golden Cross mine 
area showing the relationship between the open-pit, cross
sections, and Empire vein (modified from Simpson et al., 
1998). 

are intensely and pervasively altered (95-99% second
ary minerals; Simpson et al., 1995, 1998) with an es
timated 20-40% clay minerals, although rare tuffs 
may contain >90% clays. The least altered samples 
generally occur on the periphery of the system and are 
moderately altered (estimated 10-20% clays). The 
samples were previously characterized by petrography 
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Figure 2. Sample locations along the (a) 5050-m N, (b) 
4850-m N, and (c) 4650-m N cross-sections (modified from 
Simpson et ai., 1998). 

and XRD analyses in studies that focused on the hy
drothermal alteration mineralogy of the deposit (de 
Ronde and Blattner, 1988; Simpson et al., 1995, 1998). 
These studies showed that fluid temperatures ranged 
from -140°C to >220°C, based on fluid inclusion 
studies (-220°C dominated), and there is a broad clay
mineral zonation, with illite occurring at depth and 
surrounding the Empire Vein system, and interstrati
lied I-S (± smectite) occurring in a carapace above, 
and on the flanks of, the system. 

In this study, the samples were thoroughly exam
ined by thin-section petrography to obtain an overview 
of the mineralogy (i.e., dioctahedral vs. trioctahedral), 
occurrences, and abundance of the clays, based pri
marily on color and morphology. For XRD analysis, 
30 samples were chosen to be representative of the 
clay minerals and rock types, and to provide lateral 
and vertical coverage of the varying degrees of alter-
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Table 1. Sample names and XRD estimates of I-S interstratification. 

Depth XRD 
along 
hole Percent TEM 

Section AU#' Drillhole (m) Clay minerals2 I-S °1l.29' illite4 sample 

4650 46537 DDH021 119.8 Sm, I, ChllK 100 GX6 
46540 DDH031 49.2 I-S, ChllK, Co 7.16 <70 GX3 
46551 DDH052 322.0 I, ChllK 8.51 >90 GX5 
46553 DDH073 72.0 Sm, ChllK 
46560 DDH076 122.0 ChIlK 
46571 GWD31 58.6 I-S, ChllK 7.60 <80 
48601 DR. DRIVEs 102.0 I-S, ChllK 7.06 60 
48607 DR. DRIVE 109.0 Sm, ChllK 
48612 DR. DRIVE 114.0 I-S, ChllK 7.16 <70 
48615 DR. DRIVE 123.0 Sm, Ch1/K GX1 

4850 46581 DDH033 23.3 
46587 DDH034 195.9 I-S, Ch1/K 5.96 30 GX2 
46590 DDH035 211.6 I, ChllK 100 
46605 DWD50a 48.2 Sm, I-S, ChllK 8.00 <90 
46605 DWD50b 48.2 I-S, Ch1/K 8.02 <90 
46609 GWHOOS 80.1 I, Chl/K 100 
46611 GWIOl 6.3 I-S, K 8.04 <90 
48579 E475ED08 36.0 I-S, ChllK 7.96 <90 
48582 E475ED08 97.0 I-S, Ch1/K <90 
48590 E475ED08 225.0 I, ChllK 100 
48597 E475ED08 309.0 ChllK 

5050 46616 DDH023 140.4 I-S, ChllK 7.92 <90 
46621 DDH026 280.2 I, K 8.46 >90 
46635 DDH060 368.0 I, Chl/K 100 
46639 DDH065 158.0 I-S 8.33 90 GX4 
46649 GWD15 87.6 I-S, ChllK 7.90 80 
48564 E51OEIl5 28.0 I, ChllK 100 
48570 E51OEIl5 135.0 I-S, Chl/K 90 
48574 E51OEIl5 214.0 I-S, ChllK 8.24 <90 
48631 D435 269.0 I-S, ChllK 8.32 90 

I AU#: Auckland University sample number. 
2 ChI: chlorite; Co: corrensite; I: illite; I-S: illite-smectite; K: kaolinite; Sm: smectite. 
3 I-S peak separation: o~2e = °2e difference between the 001 and 002 peaks of I-S. 
4 Estimates of I-S interstratification using experimental o~2e values and the data of Moore and Reynolds (1997). 
S DR. DRIVE: Drainage Drive. 

ation. A maximum depth of -430 m below the present 
land surface was sampled. However, the sample cor
responding to this depth (AU46635; Table 1) has ex
perienced an unknown, but likely significant, amount 
of displacement along the Western Boundary Fault 
(Figure 2a). The next deepest sample (GX5), from 
285 m below the present land surface and - 340-
375 m below the inferred paleo-water table (M.P. 
Simpson, pers. comm.), was not affected by this fault 
and was therefore chosen as the deepest reliable sam
ple for observations (Figure 2c). 

Six samples, GXl through GX6 (Table I), were 
chosen for TEM study to span the range of interstrat
ified I-S compositions as determined by XRD and are 
numerically ordered, as such, to represent increasing 
proportions of illite in I-So 

METHODS 

XRD data were obtained for oriented clay separates 
using a Philips PW 1050125 diffractometer with CuKa 
radiation (40 kV and 20 rnA) and a graphite mono-

chromator. Separates were prepared by gently crushing 
1-2 g of rock and dispersing the powder in distilled 
water containing a diluted deflocculant. Following 
timed centrifugation, the s2-fLm fraction of the sus
pension was transferred with a pipette onto glass 
slides. Separates were analyzed after air-drying, eth
ylene glycolation by vapor diffusion, and heating to a 
maximum temperature of 590°C for 1 h. Proportions 
of illite and smectite layers in I-S were determined by 
measuring the separation between the 002 and 003 re
flections (Moore and Reynolds, 1997) and were con
sistent with estimates based on models of several dif
fraction patterns using the computer program NEW
MOD (Reynolds, 1985). 

TEM samples were treated with L.R. White resin, 
following the technique described by Kim et al. 
(1995), to prevent collapse of the expandable layers in 
the high vacuum of the TEM. Expandable smectite
like layers consequently retain layer spacings of 12-
13 A, allowing them to be distinguished from non
expandable illite-like layers with spacings of 10 A. 
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Figure 3. (a) SEM-BSE image of an altered dacite lava sam
ple (GX6) showing the three types of occurrence of clay min
erals observed in the samples: 1) The large feldspar pheno
cryst at the top center has been replaced (i.e., now a pseu
domorph) by mica (M), and calcite (Cc), dolomite (Dol), and 
kaolinite (K); 2) chlorite (bright) and mica (dull) fill cavities 
(C); and 3) fine clays including smectite and kaolinite occur 
in the silicified groundmass (G). (b) SEM-BSE image of a 
partially altered plagioclase feldspar phenocryst in sample 
GXl with smectite replacement occurring along microfrac
tures (arrows). Sm: smectite; Plag: plagioclase feldspar. (c) 
Photomicrograph of cavity-filling chlorite in sample 
AU46560 (Table 1), illustrating a fabric perpendicular to the 
cavity walls. 

Petrographic and SEM observations were used to se
lect representative areas of thin sections of the treated 
samples, to which 3-mm diameter aluminum washers 
were attached. Washer-mounted samples were subse
quently removed from the sections and thinned with 
an argon ion mill. Following carbon coating, back
scattered electron (BSE) images and energy dispersive 
spectral (EDS) analyses of the washer-mounted sam
ples and additional petrographic thin sections were ob
tained with a Hitachi S-3200N SEM operated at 20 kV. 
Through-focus TEM observations, from 1000 A un
derfocus to 1000 A overfocus, and AEM analyses of 
the washer-mounted samples were made mostly at 
1 00,000 X magnification on a Philips CM 12 transmis
sion electron microscope equipped with a Kevex 
Quantum solid-state detector and scanning system. A 
window size of 200 x 200 nm was used for AEM 
analyses, and an operating beam current of 10 f.LA and 
an accelerating voltage of 120 kV was used for all 
TEM work. 

EXPERIMENTAL RESULTS 

Petrographic and SEM observations 

Clay minerals display a highly heterogeneous tex
ture at the hand-specimen and microscopic scales. Pet
rographic and SEM-BSE observations of the clay min
erals show that there are three main types of occur
rence (Tillick et at., 1999): 1) replacements of mafic 
and felsic phenocrysts, 2) open-space filling in veins 
and cavities, and 3) material occurring in the ground
mass (,groundmass' being originally comprised of 
fine-grained igneous minerals and volcanic glass sur
rounding phenocrysts). Figure 3a illustrates the typical 
relations between these in a single specimen (GX6). 
Abundances of these occurrences vary from sample to 
sample and a given occurrence (generally open-space 
filling) may be absent from a given sample. Neverthe
less, all are present in most samples. Primary volcanic 
rock textures and structural features such as fractures 
appear to strongly influence the spatial distribution of 
the clays in a given sample (Tillick et al., 1999). De
spite the common occurrence of these three types of 
occurrence, no paragenetic sequence could be estab
lished. We are not absolutely certain that these three 
occurrences formed simultaneously, although there is 
no textural or chemical evidence indicating otherwise. 
On this basis, the three occurrences probably formed 
contemporaneously or at nearly identical times. The 
principal cause for differences in the textures of the 
clays is decreasing porosity (and therefore water/rock 
ratio), in the order: open-space filling, granular matrix, 
and phenocrysts. In such a dynamic system, there were 
undoubtedly differences in water/rock ratio (among 
other variables) across the system at a given point in 
time that have a strong local influence on alteration 
and clay formation. 
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Figure 4. Plot of XRD patterns of ethylene-glycolated 
:52-lLm fractions of samples GXl to GX6. showing clay-min
eral peak positions between 2-32°2e. Vertical scales for each 
pattern were adjusted to fit. Patterns of samples GXl and 
GX4 have lower peak intensities relative to the background 
than the other samples because suspensions of the clay frac
tion were more dilute. ChI: chlorite; Co: corrensite; I: illite; 
K: kaolinite; I-S: illite-smectite; Sm: smectite; Q: quartz. 

Phenocryst-replacement material (Figure 3a) is 
commonly relatively coarse (~5-15 ILm clusters in 
SEM-BSE images) and confined to regions defined by 
the original outlines of the precursor primary minerals 
(e.g., plagioclase feldspar, pyroxene, and oxides). Fi
brous, optically continuous masses of green to brown 
chloritic material have directly replaced primary ferro
magnesian phenocrysts, whereas some chloritic ma
terial with a rosette-like habit presumably crystallized 
in open cavities formed by dissolution of the pheno
crysts. Illitic material replacing phenocrysts displays 
elongate flame-like or equant platy textures and com
monly coexists with secondary calcite, kaolinite, ad
ularia, or quartz. Unlike chlorite, the textural distinc
tion between illitic material directly replacing pheno
crysts and illitic material in dissolution cavities is un
clear. Illite may replace adularia which formed at the 
expense of plagioclase feldspar (Simpson et ai., 1998). 

Smectite directly replaced plagioclase phenocrysts in 
sample GXl. Figure 3b is an SEM-BSE image of 
smectite occurring along thin microfractures in plagio
clase. EDS analyses of this smectite indicate that Ca2+ 
and Na+ are the dominant interlayer cations. 

Irregularly shaped cavities and veins contain a range 
of grain sizes, from fine-grained «2 ILm) to coarse
grained (~30 ILm) illitic or chloritic clays, typically 
with flame-like (Figure 3a) or rosette-like textures 
(Figure 3c). Textures, in many cases, clearly show 
growth perpendicular to cavity walls or inward coars
ening of grain sizes. Several samples contain zoned 
cavities with alternating bands of clay and non-clay 
minerals (generally quartz). Kaolinite commonly con
sists of many juxtaposed crystals comprising stacked 
hexagonal plates, indicating formation from fluids in 
open spaces, including phenocryst dissolution cavities. 
Distinctive vermicular kaolinite was rarely observed. 

SEM-BSE observations of fine clays occurring in 
the groundmass «2 ILm) show small clusters of plate
like grains that are usually associated with fine-grained 
oxides, quartz, K-rich feldspar, or calcite. EDS anal
yses of such materials are invariably contaminated 
with non-clay minerals, but indicate the widespread 
presence of trioctahedral and dioctahedral clay min
erals. Groundmass material always gave compositions 
with (IvAI + VIAI)/Si ratios that were smaller than, or 
equivalent to, the coarser phenocryst-replacement and 
cavity-filling clays. 

X-ray diffraction analyses 

The XRD results of this study verify those obtained 
previously for the same samples (Simpson et ai., 1995, 
1998). XRD patterns of glycolated oriented separates 
show evidence for pure smectite, I-S with a wide 
range of proportions of illite from I-S having ~30% 
illite to I-S having >95% illite, and illite (Table 1). 
Figure 4 shows XRD patterns for the samples studied 
by TEM. There are few samples that have illite pro
portions in I-S below 50% and the majority that do 
mainly contain smectite. Above 50% illite content, 
there is a more continuous, but not complete, range of 
I-S interstratifications. Interestingly, XRD patterns of 
sample GX6 have both smectite and illite peaks, con
sistent with SEM-BSE observations that showed mica 
in cavities and replacing phenocrysts, and smectite
like minerals confined solely to the groundmass. This 
indicates that XRD analyses included both ground
mass and replacement/cavity-filling clays for at least 
some of the samples. However, this effect was not ex
amined quantitatively. Kaolinite and chlorite were also 
present in many of the samples, but the latter had no 
significant expandable component as it showed no 
peak shifts with glycolation. 

Only one sample, GX3, displays (R = 1) I-S, with 
a diffraction peak at ~6.6°29 (13.4 A) and a superlat
tice peak at ~3°29 (30.9 A). Figure 5 shows a plot of 
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shown (modified from Inoue and Utada, 1983). 

Ll29 j and Ll292 for I-S in all samples analyzed for 
which the appropriate peak positions could be mea
sured. The Ll29 j value refers to the difference (in °29) 
between the 001 and 002 peaks of I-S, and the Ll292 

value refers to the difference (in 029) between the 002 
and 003 peaks of I--S. The diagram shows an uneven, 
discontinuous distribution of I-S interstratification 
with relatively few samples in the smectite-rich region 
and near the 50%-expandable region. Many samples 
plot near the upper extension of the R = 2 curve. 
Long-range ordering (R > 1), as described by Moore 
and Reynolds (1997), was apparent for some of the 
illite-rich samples, where a broad hump was observed 
on the high-angle side of the 002 peak of I-S at ~8°29 
(11.1 A; Moore and Reynolds, 1997). 

The deposit-wide distribution of interstratified clay 
minerals shows a general increase in the proportion of 
illite with increasing depth and proximity to the main 
vein system (Simpson et ai., 1998; Tillick et al., 1999). 
This increase coincides with an expected thermal gra
dient caused by rising hot fluids. Several samples do 
not appear to fit the general trends. For example, sam
ple AU46649 (Table 1) has a lower illite content 
(~80% illite) than the surrounding samples, although 
it is much closer «20 m) to the Empire Vein system 
where water/rock ratios were high. Likewise, sample 
GX3 has a lower illite content (~30%) than expected 
based on its proximity to the vein system. Simpson et 
al. (1998) noted that this sample occurs in a lower
permeability volcanic breccia unit. Thus, variations in 
permeability (e.g., fracturing) and water/rock ratio 
probably affect mineral distribution significantly (Til
lick et al., 1999). 

TEM observations 

TEM observations of samples GXI to GX6 are de
scribed in order of increasing illite content. 

Figure 6. High-magnification TEM lattice-fringe image of 
smectite in sample GXI, showing typical wavy, anastomosing 
layers with spacings of 12-13 A. Inset SAED pattern shows very 
weak 001 diffraction spots that are diffuse in directions nor
mal and parallel to c*, and extremely diffuse Okl reflections. 

GXI: Smectite. Smectite replacing phenocrysts forms 
packets comprised of typically curved or wav~ arrays 
of parallel to sub-parallel layers, ~50-300 A thick 
(Figure 6). Image contrast varies as a result of layer 
orientation. Fringe spacings are 12-13 A, which is 
consistent with the 001 values in XRD patterns of air
dried material, and this implies a lack of change during 
sample preparation and observation in the TEM. Only 
weak, diffuse, low-order 001 reflections were observed 
in selected-area electron diffraction (SAED) patterns 
(inset, Figure 6). 

Minor chlorite and/or limited corrensite-like units 
(24-26 A) are present that have ill-defined boundaries 
and are commonly 40-70 A thick. Such heterogeneity 
at the TEM scale was commonly observed in replace
ment and groundmass material. Rare 10-A layers oc
cur in units to 50 A thick, but they are more commonly 
adjacent to smectite-like layers; indicating the pres
ence of local (R = 1) I-S units. 

GX2 and GX3: I-S. Figure 7a is a TEM image of I-S 
in sample GX2, showing an open-space filling within 
an irregularly shaped cavity. Curved packets or arrays 
of packets of I-S are shown in sub-parallel orienta
tions that range from ~20 to >500 A thick. This tex
ture is typical of most material shown by XRD data 
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Figure 7. (a) Low-magnification TEM image of sample GX2, showing the typical texture of smectite-rich I-S that has 
formed in open cavities. Lenticular pores within and between curved packets and arrays of packets are abundant. (b) High
magnification TEM lattice-fringe image of smectite-rich I-S demonstrating the presence of short sequences of one to several 
IS units. (c) High-magnification TEM fringe image of (R = 1) I-S in sample GX3, showing stacks comprised of several 
uninterrupted IS units. Inset SAED pattern shows non-periodic Okl reflections with moderate streaking in direction parallel 
to c*' 

to have <50% smectite layers. As there are for smec
tite in GXl (low magnification not shown), there are 
lenticular pores between and within packets. The I-S 
is a mixture of dominant (R = 1) I-S and separate 
smectite, distinguished on the basis of both fringe con
trast and fringe spacings, as shown in Figure 7b. 
Fringe periodicities of smectite and (R = 1) I-S units 
are typically 12-13 and 21-22 A, respectively. Some 
areas show limited sequences of :55 uninterrupted 

(R = 1) I-S units associated with packets of several 
smectite layers. The inset in Figure 7b is a typical 
selected area electron diffraction (SAED) pattern in 
which only low-order, diffuse 001 reflections are visi
ble. 

Sample GX3 is dominated by (R = 1) I-S and sub
ordinate illite, but lacks discrete smectite. Minor cor
rensite was observed in TEM images, consistent with 
the XRD data (Figure 4). Two different textures of 

https://doi.org/10.1346/CCMN.2001.0490203 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2001.0490203


134 Tillick, Peacor, and Mauk Clays and Clay Minerals 

(R = 1) I-S were observed in low-magnification TEM 
images. The first is more prevalent in clasts and re
sembles those in sample GX2, with nearly random ori
entation of thin packets of (R = 1) I-S and minor illite 
(S;100-A thick packets). However, packets are more 
sharply defined than in sample GX2 and often end 
abruptly, suggesting that they consist of discrete crys
tallites of I-S and illite. The second texture is more 
common in the silicified matrix and consists of larger 
arrays of (R = 1) I-S (Figure 7c). The arrays are com
prised of many sub-parallel to parallel packets of 
(R = 1) I-S (50% I) with minor interstratification of 
lIS, IIIS, and other units. SAED patterns of (R = 1) 
I-S (inset, Figure 7c) show several orders of 001 re
flections that are only weakly diffuse, but non-periodic 
diffuse Okl reflections are present, indicating local in
terlayer coherency. 

GX4: Illite-rich /-5. Sample GX4 contains large com
posite arrays of I-S and illite (s;200 A thick) consist
ing of many parallel to sub-parallel packets (Figure 
Sa). I-S is comprised largely of units with one ilIite
like and one smectite-like layer (i.e., R = 1), but in
terstratifications with more illite-like units (e.g., six il
lite units with a smectite unit) occur randomly. How
ever, short stacks of s;5 lIS units (31 A) and s;3 IllS 
(41 A) units in large arrays of R = 1 were apparent. 
Little pore space is observed between packets, and 
packets are generally larger and better aligned than 
those of more smectite-rich materials. 

SAED patterns display several orders of 001 reflec
tions that are only weakly diffuse (inset, Figure Sa). 
Weak IO-A periodicity of the Okl reflections indicates 
a high proportion of layers that are coherently or semi
coherently related to 1M polytypes. 

GX5 and GX6: Mica. Sample GX5 contains composite 
arrays of illite-rich I-S with larger mica packets, 
which show sub-parallel to parallel orientations. Pack
ets of mica were common in these arrays (Figure Sb). 
Mica packets averaged - 130 A in thickness, but may 
be to 300 A. 

SAED patterns (inset, Figure Sb) have Okl reflec
tions that display IO-A periodicity superimposed on 
weak streaks, indicating coherent domains (i.e. , pack
ets of predominantly 1M polytypes), but with some 
stacking disorder. Several packets show two-layer pe
riodicity in images (e.g., 2M, or 2M2), but SAED pat
terns of these areas show numerous low-intensity dif
fraction spots lacking 20-A periodicity, even when the 
sample was tilted to improve orientation. 

Figure Sc is a TEM image of mica filling a cavity 
in sample GX6, illustrating a large array comprised of 
many parallel or nearly parallel packets with thick
nesses of 20-320 A. Packets consist of straight, rela
tively defect-free mica layers that display even con
trast and layer spacings of 10 A (Figure Sd). The pro
portion of natural porosity appears to be small. Sharp, 

high-order 001 reflections are observed in SAED pat
terns, with no significant streaking or diffuseness, and 
Okl reflections display IO-A periodicity that corre
sponds to 1M polytypes (inset, Figure Sd). 

AEM analyses 

Table 2 shows representative AEM structural for
mulae of the dioctahedral clay minerals in samples 
GX 1 to GX6. Analyses were obtained from areas that 
were characterized by lattice-fringe images and elec
tron-diffraction patterns to ensure that material was as 
homogeneous as possible and free from contaminants. 
However, owing to the small size of the packets, a 
small amount of contamination was sometimes inevi
table. Data were normalized to 22 oxygen atoms. 

AEM analyses show that (IvAI + VIAI)/Si ratios in
crease regularly from samples GXl to GX6, as illus
trated in Figure 9. The data plot near a linear trend 
consistent with an approach towards the composition 
of muscovite as indicated also by XRD and TEM data. 
Smectite has an average (Iv Al + VI Al)/Si ratio of 0.37, 
(R = 1) I-S of 0.64, and mica of 0.S7. Analyses of 
mica in samples GX5 and GX6 are close to ideal end
member muscovite (Figure 9). Such material in both 
samples GX5 and GX6 has an average net negative 
charge (nnc) of 1.73 per 22 oxygen atoms. 

Figure 10 is a plot of average atoms per formula 
unit of (a) AI, K, and Si, and (b) Ca, total Fe, Mg, 
and Na, vs. the percentage of illite as determined by 
XRD. As the percentage of illite increases, K, IV AI, 
and VIAl contents increase and Si content decreases. 
Smectite contains Ca2+ and Na+ as dominant interlayer 
cations (Table 2). Smectite-rich I-S in GX2 contains 
minimal Na but considerable Ca, suggesting that 
smectite in smectite-rich I-S also contains interlayer 
Ca, rather than K. Ca and total Fe generally decrease 
as the percentage of illite increases, whereas Na and 
Mg show erratic trends. Sample GX4 has a high Mg 
value and an anomalously low average total-AI value 
relative to the other samples, suggesting that I-S may 
have increased phengitic substitution of Mg2+ for AP+ 
in octahedral sites (the 'v AIISi ratio is more consistent 
with the general trends). 

DISCUSSION 

Summary of observations 

The hydrothermally-altered volcanic rocks from the 
Golden Cross deposit showed that dioctahedral clay 
minerals of variable crystal size formed in situ as 
open-space filling, replacements of primary pheno
crysts, and groundmass replacement. Heterogeneity in 
the occurrence and distribution of the clay minerals is 
observed over a range of scales, from the mine face 
to the TEM scale. XRD data indicate a deposit-wide 
distribution of interstratified clays broadly consistent 
with the inferred thermal gradient that prevailed during 
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250A 

Figure 8. High-magnification TEM lattice-fringe image of illite-rich I-S in sample GX4. Inset SAED pattern shows weak 
10-A periodicity of the Okl reflections. (b) High-magnification TEM lattice-fringe image of mica in GX5. Inset shows SAED 
pattern of the mica. (c) Low-magnification TEM image of cavity-filling mica in GX6, showing a large array of parallel to 
sub-parallel packets. The mottled contrast is typical of mica. (d) TEM lattice-fringe image of mica in sample GX6. Inset 
SAED pattern shows distinct 10-A periodicity of the Okl reflections. M = mica. 
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Table 2. Average AEM structural formulae of smectite, I-S, 
and illite (muscovite).1 

GXI GX2 GX3 GX4 GX5 GX6 

Si 7.48 7.28 6.90 6.81 6.43 6.16 
IVAI 0.52 0.72 1.10 1.19 1.57 1.84 
VIAl 2.26 3.16 3.33 3.19 3.48 3.53 
FelT 0.93 0.32 0.30 0.17 0.12 0.16 
Mg 0.77 0.44 0.34 0.65 0.40 0.27 
Mn 0.03 0.03 0.02 n.d. n.d. 0.02 
Ca 0.29 0.25 0.11 n.d. 0.08 0.02 
Na 0.47 0.04 n.d.2 0.13 0.25 0.12 
K 0.06 0.30 0.85 1.25 1.31 1.55 
(IV Al + VIAl)/Si 0.37 0.53 0.64 0.64 0.79 0.87 

I Each formula is an average of at least five representative 
analyses from that sample and is normalized to 22 oxygen 
atoms. Analyses that showed anomalously high Mg and Fe 
owing to contamination with chlorite were not included. All 
Fe is assumed to be ferrous. 

2 n.d.: not detected. 

hydrothermal-ore deposition. However, some samples 
do not fit the deposit-wide trend, suggesting that var
iables other than temperature are responsible for con
trolling reaction progress, as discussed in more detail 
below. SEM and TEM observations of the clay min
erals show distinct textural differences with increasing 
illite content; packets become flatter and more parallel, 
arrays of packets increase in size, natural pore space 
decreases, layer contrast becomes more even, and 
SAED patterns show increasing coherency in layer 
stacking. These textural changes parallel the AEM 
data with increasing AllSi ratios and interlayer K, and 
decreasing total Fe and interlayer Ca. 

Clay mineralogical relations and polytypism 

The clay mineralogical relations observed in this 
study were also observed, with no significant differ
ences, in a parallel study (Yan et aI., 2001) of the 
Broadlands-Ohaaki geothennal system. In brief sum
mary, the combined results include: (1) The observed 
clay minerals are: (a) smectite, with coexisting (R = 1) 
I-S. (b) (R = 1) I-S, beginning with near-ideal IS ... 
layer sequences, but with increasing proportions of 
units with larger proportions of illite-like layers, lIS 
... , IllS ... , etc. (c) illite and mica, with 1M poly
types, and nnc intennediate to those of illite typical of 
sedimentary diagenetic sequences, and muscovite. (2) 
There is a lack of interstratification of illite-like layers 
in smectite, and a lack of smectite-like layers in illite
rich material; i.e., there is a nearly complete chemical 
and structural gap between smectite and (R = 1) I-S, 
and a more limited gap between (R = 1) I-S and illite. 
(3) SAED patterns indicate that stacking is largely tur
bostratic in smectite, with limited coherency in (R = 1) 
I-S, as indicated by the presence of both hOI and Okl 
streaked reflections in SAED patterns. I-S with high 
proportions of illite-like layers displays 1M polytyp
ism (combined with turbostratic stacking), where-
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as illite/muscovite packets are largely 1M. (4) Inter
pretations of interstratification based on XRD data are 
largely confirmed by TEM observations, especially in 
the approximate proportions of illite-like and smectite
like layers, with the exception of a lack of illite-like 
layers in smectite, and coexistence of smectite with 
(R = 1) I-S rather than (R = 0) I-S. 

Mechanism of formation 

Altaner and Ylagan (1997) reviewed structural mod
els and reaction mechanisms for the smectite-to-illite 
transition. They described two categories of reaction 
mechanism; solid-state transformation (SST) and dis
solution-crystallization (DC). An SST mechanism in
volves layer-by-Iayer replacement of smectite by illite 
across a reaction front between reactant (smectite) and 
product (illite), typically via a fluid medium and al
ways accompanied by gradual changes in chemical 
composition, structure, and texture. The packet-for
mation mechanism of Ahn and Peacor (1986) is equiv
alent, except in the simultaneous growth of all packet 
dimensions, rather than single layers. Hower et al. 
(1976) implied that an SST process occurs in Gulf 
Coast shale sequences. A DC mechanism, in contrast, 
proceeds by complete dissolution of the reactant, 
transport of chemical components in a fluid, and sub
sequent crystallization of a new phase (I-S) as an ep
itaxial growth or a separate grain. such that abrupt 
changes in mineralogy. polytype. and texture are pos
sible. Yau et al. (1987) and Altaner and Ylagan 
(1997). for example. emphasized that SST and DC 
mechanisms may favor different geologic environ
ments, with SST mechanisms dominating in low-per
meability systems, where closed systems are ap
proached (e.g., shales and bentonites), and DC mech
anisms in open systems with high water/rock ratios 
(e.g., hydrothermal systems and sandstones). SST 
mechanisms are often defined as those where the re
actant and product structures are closely related (D. R. 
Veblen, pers. comm.). as are smectite and illite. As 
demonstrated by Ahn and Peacor (1986), for example, 
layer replacement must involve a fluid, albeit at the 
atomic scale. Thus the SST and DC mechanisms op
erate via the same process, but at different scales of 
mineral/fluid interaction. 

Collective observations of phyllosilicates at Golden 
Cross indicate that a neoformation mechanism best de
scribes clay-mineral formation. We emphasize that a 
general DC mechanism is where mineral components 
are not necessarily derived by dissolution of preexist
ing phyllosilicates. More likely. a DC mechanism in
volves dissolution of primary (or secondary) silicate 
minerals such as feldspar and pyroxene. The DC 
mechanism of Altaner and Ylagan (1997) involves es
sentially the same process but it is applied to a se
quence of smectite-to-illite transformations, for which 
the mineral components forming I-S are probably de-

rived by dissolution of smectite. As we apply the con
cept, a DC mechanism is not linked to a 'transfor
mation' as normally implied from one clay mineral to 
another, but to any reactant with a clay mineral as a 
reaction product. 

Our observations indicate that the DC mechanism 
operated at a variety of scales. even within individual 
samples. On one hand, petrographic and SEM-BSE 
images show irregularly shaped cavities and veins, 
partially or completely filled by clay minerals such as 
mica (or I-S) and chlorite. Optically, these clays ap
pear as solid radial masses converging towards the 
centers of cavities or as masses of small equant crys
tals. Crystal growth in cavities has clearly occurred 
perpendicular to cavity walls. in a fluid-dominated en
vironment (high fluid/rock ratio) in which the neces
sary chemical components may have come from be
yond the cavity area and were introduced as solutes in 
a fluid. Similar textures are sometimes apparent in eu
hedral cavities where clays have crystallized inwards 
following complete dissolution of the precursor phe
nocryst. A DC mechanism. probably involving mini
mal transport of solutes. most appropriately describes 
these textures and is consistent with the compositional 
relationship between the precursor mineral (pyroxene 
or feldspar) and the 'neoformed' clay mineral (chlorite 
or illite, respectively). 

On the other hand, a DC process also appears to 
have controlled the replacement of phenocrysts by 
phyllosilicates. SEM-BSE images strongly suggest 
that the reaction from phenocrysts to phyllosilicates 
occurred across an extremely small interface between 
the two. Smectite in sample GX 1 (Figure 3b) forms 
as a replacement product of partially altered plagio
clase phenocrysts. Because the structures of the reac
tant and the product are incompatible, replacement 
must proceed via a DC mechanism with a fluid at the 
interface between smectite and plagioclase to facilitate 
dissolution. transfer/mobilization, and crystallization. 

In the partially altered phenocrysts shown in Figure 
3b, smectite occurs along permeable microfractures 
where fluids could reasonably have been able to move 
and interact with the surrounding crystal. Several stud
ies have proposed K-fixation in smectite prior to I-S 
formation (Ahn and Peacor. 1986; Inoue et al., 1987; 
Li et al., 1997). Masuda et ai. (1996) reported K-rich 
smectite forming directly as an alteration product of 
volcanic glass in silicic ash of the Nankai Trough. 
However, EDS and AEM analyses of the fine smectite 
in this study indicate that it contains considerable in
terlayer Na and Ca, but little or no K. Compositions 
are consistent with the proposed small-scale DC mech
anism, whereby Na and Ca cations have been mobi
lized and incorporated into the forming smectite. Larg
er areas of smectite in such plagioclase sites generally 
have exceptionally high Mg and Fe components that 
reflect TEM observations of thin intergrown packets 
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of chlorite. Presumably, fluids continued to introduce 
these elements for chlorite growth as the smectite 
formed. 

The above observations strongly suggest that the 
same DC mechanism is responsible for both open
space filling and phenocryst replacement, but that the 
scale differs vastly. 

TEM data in support of neoformation 

Of hundreds of TEM images examined in this study, 
none show unambiguous layer-by-layer replacement of 
smectite-like layers by illite-like layers, regardless of 
interstratified compositions. Some images are ambig
uous in that focus or layer orientation did not allow 
proper resolution of lattice fringes; these areas were 
no used to determine layer sequences because of the 
uncertainty involved in measuring layer spacings. If a 
layer-by-Iayer SST mechanism operated, one would 
expect along-layer transitions to be relatively common 
in TEM images. Along-layer transitions have been 
commonly observed by TEM where one phyllosilicate 
replaced another (Ahn and Peacor, 1987; Jiang et aI., 
1992) and indeed, provided the most direct evidence 
for layer-by-layer transformations. We are not aware 
of any studies that show clear evidence of along-layer 
transitions from smectite to illite. Ahn and Peacor 
(1987) noted two-layer units of kaolinite (14 A) ter
minating at single biotite layers (10 A) in partially 
kaolinitized biotite from schist in Brighton, New Zea
land, and showed that it is indeed possible to observe 
results of fine-scale reactions along layers where they 
occur. 

Although we find no direct evidence for layer-by
layer replacement in the present study, the occurrence 
of such a process cannot be disproved based only on 
TEM observations of layer sequences. The relatively 
common presence of I-S units with R = 2, R = 4, 
and R = 6 implies that these sequences were not gen
erated by replacement of pure (R = 1) I-S, however, 
or from short sequences of uninterrupted (R = 1) I-S 
as observed in sample GX3, as this would result in a 
mixture of I-S units with R = 1, R = 3, and R = 5. 
To do so, would involve simultaneous replacement of 
some smectite layers by illite layers and some illite 
layers by smectite layers, which is improbable. How
ever, complex sequences of Reichweite ordering such 
as those in samples GX4 and GX5 (Figure 8a and 8b) 
could theoretically have formed by replacement of in
dividual smectite-like layers in preexisting mixtures of 
(R = 1) I-S and smectite (as in sample GX2). Nev
ertheless, the lack of observation of along-layer tran
sitions is compelling evidence for the lack of such 
transitions. 

Transformation versus simultaneous formation 

Many previous studies in diagenetic, low-grade 
metamorphic, and hydrothermal systems have implied 

a reaction sequence for the dioctahedral clay minerals 
involving progressive transformation from smectite to 
illite over long periods of time. Burial depth, K-avail
ability, temperature, time, and fluid/rock ratio were 
recognized as the main variables controlling the re
action sequence (e.g., Hower et al., 1976; Whitney, 
1990; Christidis, 1995). However, from observations 
in this study, we propose that clay minerals in hydro
thermal systems may form over geologically short pe
riods of time and thus effectively form simultaneously 
rather than through a series of slow, sequential trans
formation reactions. Smectite, I-S, and illite are meta
stable phases and thus are intermediates in a series of 
reactions that appear to be consistent with the Ostwald 
step rule (Morse and Casey, 1988; Peacor, 1992; Es
sene and Peacor, 1995). The degree of local reaction 
progress via this step rule depends on kinetic factors 
that control reaction rates (Essene and Peacor, 1995). 
Thus, I-S, illite, or muscovite could potentially neo
form directly from fluids where local kinetic factors 
such as temperature and fluid/rock ratio provide suf
ficient 'driving force' to permit activation energies to 
be partially or completely overcome in the approach 
to a stable phase, i.e., muscovite. Pathways of smectite 
illitization in shales, bentonites, and hydrothermal 
samples were examined by Bethke et al. (1986) who 
showed through junction probability diagrams that the 
process in hydrothermal samples differed from that in 
shales and bentonites. Hydrothermal samples showed 
no mineralogical evidence for a smectite precursor and 
showed a strong tendency towards maximum ordering, 
i.e., along a line between rectorite (ordered 50:50 I
S) and illite, not smectite and illite. The data of Bethke 
et al. (1986) imply that (R = 1) I-S (rectorite) may 
form directly from hydrothermal fluids, rather than 
through a sequence of transformations beginning with 
smectite. Their observations are also consistent with 
the Ostwald step rule and the metastability of smectite, 
I-S, and illite. 

Hydrothermal systems differ from most diagenetic 
systems insofar as they generally have much higher 
fluid/rock ratios and greater heat flow concentrated 
along structural pathways (e.g., faults, fractures). Har
vey and Browne (1991) found that fluid-flow type 
(channel flow and diffuse flow) was the dominant con
trol on the formation of interstratified clay minerals in 
the active Wairakei geothermal field, New Zealand, 
noting that a traditional I-S sequence was present in 
low-permeability lacustrine sediments and breccias, 
whereas illite and chlorite precipitated directly in fluid
dominated zones. Their observations demonstrate the 
strong link between fluid/rock ratio and clay-mineral 
formation in geothermal systems. 

Thus, the Golden Cross hydrothermal system rep
resents a distinct geologic environment where clay 
minerals neoform simultaneously from volcanic ma
terials. Nevertheless, the same overall clay-mineral se-
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quence is achieved, and the same stable end-state 
(muscovite) is approached, as for pelitic sequences in 
diagenetic low-grade metamorphic environments. As 
discussed by Yan et al. (2001), observation of such a 
dioctahedral clay-mineral sequence does not therefore 
provide unequivocal evidence of a continuum of trans
formations of clay minerals from smectite through il
lite to muscovite. Rather, as in hydrothermal systems 
such as Salton Sea or Golden Cross, such sequences 
may have formed during a single event, as was sug
gested for the "type" sedimentary diagenetic system 
of the Gulf Coast (Morton, 1985; Ohr et ai., 1991). 
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