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Abstract—The clay mineral textures, assemblages, formation mechanisms, and controlling geological
parameters relating to alteration of silicic volcanic rocks by hydrothermal solutions, in core samples from
the Broadlands-Ohaaki hydrothermal system, New Zealand, were investigated using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission and analytical electron microscopy (TEM/
AEM). Mineralogical and textural relations of this active hydrothermal system, for which temperatures
and fluid relations are well known, are equivalent to those in the Golden Cross hydrothermal gold deposit
as described in Part 1.

XRD data show a sequence of clay minerals from smectite to a range of interstratified I-S to mica
with increasing depth and temperature, on average. TEM observations are in general agreement with XRD
data, especially with respect to relative proportions of illite (I)- and smectite (S)- like layers. TEM data
also show that: (1) Smectite packets contain no discrete illite-like layers in samples identified as (Reich-
weite, R = 0) I-S by XRD. They coexist with separate packets of (R = 1) I-S. (2) A continuous range
in I-S occurs from (R = 1) [-S with increasing proportion of illite-like layers, but at high illite-like layer
contents there is a gap between I-S and illite. (3) 1M and 2M, polytypes of mica coexist in separate
packets, but the rare 1M polytype has a larger YIMg content.

The data imply that clay minerals formed by dissolution and neocrystallization directly from volcanic
phases, although multiple reaction events can not be ruled out. Such “‘episodic™ alteration produces a
sequence of clay minerals identical to those of prograde diagenesis of pelitic sediments. This result implies
that the presence of a continnous sequence is not definitive proof of continuous sequences of transfor-
mation as a function of time and continuous burial. Reaction progress of the clay-mineral sequence is in
general accord with the known temperature gradient, but with significant and common exceptions. High
porosity and permeability, both inherent in rock texture and local structure, are inferred to foster local
reaction progress, as consistent with metastability of phases and the Ostwald step rule.

Key Words—Crystallization, Dioctahedral Phyllosilicates, Hydrothermal System, Illite-Smectite (I-S),
Polytypism, Transmission Electron Microscopy.

INTRODUCTION 2001). This is the second of a two-part series, the first
being a description of the clay mineral relations at the
Golden Cross mine. Because this study was integrated
with Part I, the introduction in Tillick et al. serves as
an introduction to the integrated results, and the reader
is referred to that paper for further introductory ma-
terial. We note here that although the observations and
conclusions of the two studies are similar, conclusions
by Tillick et al. emphasize formation mechanisms,
whereas the clay mineralogical relations are empha-
sized herein. The conclusions of both papers are de-
pendent on the closely related observations of both
studies, however.

The Broadlands-Ohaaki geothermal system, North
Island, New Zealand, is a currently active geothermal
system. The geological relations of this system have
been well studied (Simmons and Browne, 2000, and
references therein). In our study, X-ray diffraction
(XRD) and transmission electron microscope (TEM)
techniques were used to characterize hydrothermal
clays in the Broadlands-Ohaaki geothermal system to
determine the characteristics of interstratified illite-
smectite (I-S), the textural relationships among the
dioctahedral clay minerals, and the mechanism(s) of
clay formation. The system is hosted by volcanic rocks

and contains a dioctahedral clay-mineral series from THE BROADLANDS-OHAAKI GEOTHERMAL

smectite through I-S to muscovite, similar to that
found in sedimentary sequences such as the Texas
Gulf Coast shales. A unique opportunity exists to cor-
relate temperature, fluid composition, and other vari-
ables with the assemblages of clay minerals for com-
parison with ancient systems, such as the Golden
Cross gold-silver epithermal deposit (Tillick et al.,
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SYSTEM

The Broadlands-Ohaaki hydrothermal system is lo-
cated on the east side of the Taupo Volcanic Zone
(TVZ) and is one of ~20 known hydrothermal systems
in the region (Figure 1). It is characterized by wide-
spread volcanism and hydrothermal activity resulting
from crustal extension and anomalous heat flow in a
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Figure 1. Map showing the location of the Broadlands-
Ohaaki hydrothermal system in the Taupo Volcanic Zone
(TVZ) of the North Island, New Zealand.

complex volcanic arc setting. These systems have
large water/rock ratios and involve large-scale convec-
tion of meteoric water driven by heat flow derived
from magmatic intrusions at depth. Overviews of their
features are given by Hedenquist (1986), Henley et al.
(1986), and Simmons et al. (1992). Drilling at Broad-
lands-Ohaaki resulted in 52 vertical wells ranging in
depth from ~370 to 2600 m. The long lead-in time to
commissioning the 112-MW electrical power station
in 1989 resulted in a number of research papers on the
physical and chemical nature of the system in a nearly
undisturbed state, as summarized by Hedenquist
(1990) and Simmons and Browne (2000). Grindley
and Browne (1968) described the subsurface geology,
whereas Hedenquist (1990) described the fluid chem-
istry and hydrology.

Wells penetrated a layered sequence (Quaternary to
Recent) of rhyolitic to dacitic tuffs, tuff breccias, and
lavas (total thickness 800 to >2000 m) underlain by a
block-faulted, Mesozoic graywacke basement, with
well locations shown in Figure 2. Maximum temper-
atures within the upflow zone are controlled by the
hydrostatic boiling point for a given depth. Perme-
ability in most of the system is controlled by rock type
and fractures. Fractures are generally discontinuous
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Figure 2. Plan-view of the Broadlands-Ohaaki fields, show-
ing the locations of wells used to construct cross-sections.

and narrow (<1 c¢cm width) as documented in drill
cores and by circulation losses during drilling.
Optical microscopy and XRD were used to deter-
mine the occurrence, distribution and abundance of
dioctahedral clays in >500 core samples obtained dur-
ing exploratory drilling (Browne and Ellis, 1970;
Browne, 1971; Simmons and Browne, 2000). Inter-
stratified I-S is the most abundant clay mineral, com-
prising <70% of the altered volcanic rock. Clay-min-
eral abundance generally increases upwards and to-
wards the margin of the upflow zone, but decreases
toward the periphery of the system. Illite, 1-S, and
smectite commonly replace feldspars, ferromagnesian
minerals, and volcanic glass. Smectite is common at
shallow depths and on the periphery, occurring in
slightly altered glassy volcanic rocks, and in very fine-
grained lake sediments that occur at shallow depth
(<500 m). Smectite gives way to illite with increasing
temperature. This transition is marked in many places
by irregularly shaped zones (0 to >200 m thick) of
interstratified I-S (Figure 3). The XRD data imply that
interstratified I-S with 60-100% expandable layers
displays random interstratification (R = 0), whereas
I-S with 0-50% expandable layers has ordered inter-
stratifications (R = 1, R = 2, and R = 3). Aqueous
log ay,-/ax+ values of activities (a) range from 0.75 to
1.75, well within the stability field of potassium-bear-
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Figure 3. Cross-sections through the Broadlands-Ohaaki
geothermal system showing subsurface temperature gradients
and distribution of clays (after Simmons and Browne, 2000).

ing aluminosilicates, given values of a5i0,,,+ 1he weak-
ly acidic nature of the deeply derived and peripheral
CO,-rich thermal waters, with log ay./ay- between
2.7-4.0, favors the formation of clay minerals (i.e.,
K-rich mica) over K-rich feldspar, except in the shal-
lower parts of boiling zones.

SAMPLE DESCRIPTIONS

This study focuses on the interstratified clays that
occur in the Broadlands dacite in well Br7 (Figure 2).
This is the longest vertical interval of interstratified
1-S at Broadlands-Ohaaki, and it is restricted to a sin-
gle rock unit. There is a well-defined general trend of
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increasing temperature and increasing proportion of
non-expandable layers in clays, with increasing depth.
That general sequence is shown by well Br7, but with
reversals in the proportions of non-expandable clay
layers (Table 1; Figure 2); that is, the proportion of
illite-like layers decreases with increasing depth for
some samples. Samples were chosen in part because
such inconsistencies with the overall trend may pro-
vide insight to the parameters causing variations in
clay minerals. Subsequent scanning electron micros-
copy (SEM) and TEM observations showed that even
the deepest samples in well Br7 did not contain the
illite or muscovite typical of the highest grade and
deepest samples of other wells. Sample Br1842 from
well Brl6, which is adjacent to well Br7 (Figure 2),
was chosen to represent the higher grade material.
Broadlands dacite is an “‘informal” stratigraphic
name for the lithology encountered in 14 geothermal
wells of the Broadlands-Ohaaki geothermal system.
This unit does not crop out on the surface but was
intersected by wells in the central and southeastern
parts of the system, attaining its greatest thickness
(>450 m) in wells Br7 (142-632 m depth) and Brl6
(164—631 m depth). Petrographic descriptions of this
unit are reported by Browne and Ellis (1970) and
Browne (1973). Least-altered cores are hard, dense,
dark-gray to black; the unit is variably brecciated. Pri-
mary minerals are dominated by euhedral crystals of
zoned andesine, whereas uncommon pyroxene and
amphibole phenocrysts were replaced largely by chlo-
rite; fine-grained subparallel laths of plagioclase com-
prise the groundmass. Unaltered plagioclase and the
low abundance of clay (<10%) in Br7 between 274—
518 m correspond with poor permeability (Browne
and Ellis, 1970; Browne, 1973). Quartz, illite, 1I-S,
smectite, calcite, pyrite, and chlorite are the abundant
secondary minerals (Table 1), with the distributions of
dioctahedral clay minerals being shown in Figure 3.
The abundance of hydrothermal clay ranges from 20
to ~50% in the shallow (142-274 m depth) and deep
(518-632 m depth) samples in Br7 cores from this unit

Table 1. Summary description of six Broadlands-Ohaaki samples in this study. The data for alteration mineralogy are from
Browne (1971). Depth in feet is below Kelly Drive.

Sample ‘Well-depth? Temp. Reichweite

number (ft./m) C) %oIllite value Lithology Alteration minerals
Br533 7-533/162 150 £ 10 75 R =1 Brecciated Dacite I-S, Py!, Cal
Br693 7-693/208 165 = 10 60 R =1 Dacite Qtz, Chl, I-S, Py
Br836 7-836/254 170 £ 5 55 R=1 Brecciated Dacite Chl, I-S, Py
Br1270 7-1270/387 195 = 10 <10 R=20 Hard Dense Dacite I-S, Chl, Leu, Py, Cal, Qtz
Br1702 7-1702/517 245 £ 10 50 R=1 Dacite Cal, I-S, Qtz, Leu, Chl, Py
Br1842 16-1842/558 130 + 10 100 n.a.’? Brecciated Dacite Qtz, Ill, Py, Chl, Leu, Cal,

Ad, Sp, Gn

! Abbreviations: Ad = adularia, Cal = calcite, Chl = chlorite, Gn

galena, Il = illite, I-S = illite-smectite, Leu

leucoxene, Py = pyite, Qtz = quartz, Sp = sphalerite (Browne, 1971).
2 Depth in meters is measured from the surface, depth in feet is measured from Kelly Drive.

*n.a. = not applicable. This sample is comprised of mica.
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(Browne, 1969). Veins, which are more abundant than
in other formations, are the main host for base-metal
sulfide minerals (Browne, 1969, 1971).

Steam-heated water currently fills the pore spaces
and fractures near wells Br7 and Bri6 as determined
from the down-hole composition of fluids leaking into
the wells through casing breaks caused by corrosion
(Hedenquist and Stewart, 1985). The presence of the
water is consistent with the abundance of hydrother-
mal clay and calcite, and the isotopic compositions of
calcite in the altered rocks (Hedenquist, 1990; Sim-
mons and Christenson, 1994). Alteration mineral as-
semblages and fluid inclusion data from well Br16 in-
dicated the former existence of boiling temperatures,
however, implying that the present temperatures
caused by steam-heated water were preceded by high-
er temperatures (Simmons and Browne, 1997). Thus
sample Bri842 (well Brl6) shows a measured well
temperature of ~130°C, although the host mineral as-
semblage and stable-isotope data suggest deep for-
mation-water temperatures >200°C (Eslinger and Sav-
in, 1973; Simmons and Browne, 2000). In Br7, com-
parison of fluid inclusion data from 845 to 896 m
depth and well measurements show that temperatures
in this interval have declined from ~280-290 to 265—
270°C (Hedenquist, 1990). Despite this, there is no
mineralogical evidence of chemical or thermal over-
printing within the Broadlands Dacite (Browne and El-
lis, 1970). Accordingly, we assume that the modern
normal temperature gradient (i.e., one that increases
with depth) has existed throughout the period of hy-
drothermal activity and clay formation, but that tem-
peratures may have cooled during this period by <20—
25°C.

EXPERIMENTAL METHODS AND
NOMENCLATURE

Methods

Powder XRD data were obtained for air-dried and
ethylene-glycol treated samples of oriented clay sep-
arates and powdered bulk rock. Oriented separates
were obtained by gently crushing samples with a mor-
tar and pestle and then dispersing them in a water slur-
ry with a blender for 5 min. The <2.0-um fractions
were obtained by gravity settling and centrifuging;
they were then mounted on glass slides. Air-dried
XRD data for bulk samples were obtained with a Phil-
ips automated diffractometer with a graphite mono-
chromator and CuKa radiation (35 kV and 15 mA),
using a step size of 0.020°26, counting time of 10 s/
step and scanning range from 2 to 32°28. Data for
oriented separates were determined by using a Philips
1050/25 diffractometer with CuKa radiation (40 kV
and 20 mA) and a graphite monochromater. Methods
of preparation of samples for SEM and TEM obser-
vations, as well as conditions and methods of obser-
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vation, were described by Tillick et al. (2001). Ana-
lytical electron microscopy (AEM) analyses were ob-
tained by rastering over areas as large as possible, in
part to minimize alkali diffusion. Areas analyzed were
first characterized by TEM observations to verify that
they corresponded to single minerals or single varieties
of interstratified layers.

Nomenclature

Individual 1-S units as observed in TEM lattice-
fringe images are described following Bauluz et al.
(2000). This nomenclature is based on the Reichweite
nomenclature, but uses direct observations of specific
layers, rather than for averaged material as observed
by XRD. Thus, individual units of I-S (e.g., IS, IIS,
ITIS) observed by TEM are reported as In units, where
n is the number of illite-like layers (e.g., I1, 12, 13,
respectively). This is especially useful for large num-
bers of illite-like layers and serves to discriminate be-
tween XRD and TEM results.

A 2:1 phyllosilicate was observed by TEM in the
highest grade samples which is like muscovite and un-
like illite in having a stacking sequence of an ordered
polytype (2M, or 1M), but with some stacking disor-
der. However, the phase is deficient in interlayer cat-
ions (i.e., like illite and unlike muscovite). Because it
shares characteristics, as observed by TEM, of illite
and muscovite, and it appears to be transitional to
these phyllosilicates, we refer to it as ““mica’ for the
purposes of this paper. Lower grade samples have an
interlayer-cation deficient, non-expandable 2:1 phyl-
losilicate with 1M, stacking. These are the character-
istics, as observed by TEM, of illite, and we refer to
that material as illite.

RESULTS
XRD data

XRD patterns of all bulk samples confirmed that the
principal clay minerals are smectite, I-S, illite or mica,
and chlorite, whereas other secondary hydrothermal
minerals are K-rich feldspar, albite, pyrite, calcite, and
quartz (Table 1). XRD patterns of <2-um, ethylene-
glycol solvated, clay-separates are shown in Figure 4.
Data obtained from XRD patterns are listed in Table
1 and plotted in Figure 5. Figure 5a shows the per-
centage of illite-like layers in I-S and Reichweite (R)
values obtained from values for 001/002 and 002/003
peaks according to the method of Inoue and Utada
(1983), whereas Figure 5b is a plot of measured well
temperature versus % illite layers. Data are shown
only for samples studied by TEM, but they are rep-
resentative of a much larger set of XRD data as indi-
cated in Figure 3 (Simmons and Browne, 2000).

Petrographic and SEM observations

Observation of thin sections by petrographic micro-
scope shows that the six samples chosen for TEM ob-
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Figure 4. XRD patterns of ethylene-glycol solvated, <2-pum
separates of samples studied by TEM.

servations appear similar. They are generally homo-
geneous at the optical scale, without obvious contrast
owing to features such as phenocrysts or pores lined
with clay minerals. Back-scattered electron (BSE) im-
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ages of two samples, Br836 and Br1842, represent the
two principal textures observed by SEM (Figure 6).
These images were obtained from surfaces which were
ion-milled, as such surfaces produce images of the
highest quality. Sample Br1842 consists mostly of
small areas with light contrast, but contrast varies lo-
cally from light to dark (Figure 6a). TEM images (see
below) showed that those areas are composed mostly
of clay minerals. Energy dispersive spectrum (EDS)
analyses with the SEM did not correspond to a single
phase, but involved mixtures of clay minerals and
quartz at the level of resolution of the instrument,
~1 wm, as consistent with variable image contrast.
The other principal kind of texture, shown in the lower
right area of Figure 6a, consists of brecciated frag-
ments in a fine-grained matrix of materials which can-
not be resolved. The matrix gives EDS analyses con-
sistent with a high proportion of clay minerals. Sample
Br836 is typical of the brecciated kind (Figure 6b).
The fine-grained matrix is dominated by clay minerals;
it is the specific material studied subsequently in detail
by TEM, and described below. Minerals identified by
EDS analyses, with sizes sufficiently large to be re-
solved in the SEM, include quartz, feldspars, pyrite,
calcite, dolomite(?), and Ti and Fe-oxides; the clay
minerals were dominated by dioctahedral clays, but
trioctahedral clays also were commonly observed.

Low-resolution TEM observations

To visualize the textural relations and significance
of the clay minerals shown in high-resolution TEM
images (below), textural features are described at a
scale of low-resolution TEM here. Consistent with the
relative homogeneity of texture observed petrograph-
ically and in BSE images, low-resolution TEM images
of all samples are similar, and illustrated by Figure 7.
Figure 7a is typical of images of smectite and I-S, as

100
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Data from XRD analyses of oriented clay mounts for samples from wells Br7 and Br16 which were chosen for

TEM observation. a) Plot of A28, and A26,, following the method of Inoue and Utada (1983). Percentages refer to the amount
of smectite. b) Plot of percentage of illite in I-S vs. temperature measured in wells.
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Figure 6. Representative SEM-BSE images of samples Br1842 and Br836. (a) Br1842 consists of two kinds of texture: fine-

Yan, Tillick, Peacor, and Simmons

Clays and Clay Minerals

grained clay minerals in areas with light, but irregular contrast, and brecciated fragments in a fine-grained matrix rich in clay
minerals. (b) Br836 consists entirely of the brecciated kind, with clay minerals dominant in the fine-grained matrix.

illustrated for sample Br836, for which XRD identified
the clay as consisting of (R = 1) I-S, with 55% illite-
like layers. The I-S occurs in packets ~500 A in width
and ~5000 A in length. Although boundaries are
sharply defined along (001) surfaces, they have feath-
ery terminations. Curvature of packets is common.

i

Figure 7.

More than one packet appears to diverge from a com-
mon origin, thickening away from the common apex.
Packets are randomly oriented, as commonly observed
where crystallization occurred in a stress-free environ-
ment. Pore space is abundant. Proportion can not be
measured precisely, in part because three-dimensional

Low-resolution TEM images of samples Br836 and Br1842. (a) I-S in sample Br836. This image is typical of all

samples of smectite and I-S. Packets are randomly oriented and have curved boundaries which thicken away from apices
common to more than one packet. Pore space is abundant. (b) Mica in sample Br1842. Straight packets of mica ~300 A

thick comprise stacks or transect pore space.
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High-resolution TEM lattice-fringe image of sam-
ple Br533. Most packets are comprised of illite layers, with
straight fringes with 10-A spacing and uniform contrast I1
I-S (21-22 A periodicity) also occurs, but not as single ran-
dom layers within illite. Cross fringes with a spacing of 4.5 A
range across six to ten layers, as shown by the lower inset.
The upper, inset SAED pattern is typical of illite.

Figure 8.

relations are projected onto the image surface, but pore
spaces appear to constitute <25% of the sample vol-
ume. This material is similar to smectite which is com-
monly observed to directly replace volcanic glass
(e.g., Masuda et al., 1996), and where replacement has
been directly observed as transitional between pres-
ently existing glass and smectite.

Figure 7b is of material of higher metamorphic
grade, with packets comprised only of illite or mica.
Packets are straight, have sharp boundaries commonly
defined by a single, continuous (001) layer, and range
in thickness from 300 to 600 A. Subparallel packets
commonly form thick stacks. Some individual packets
cut across pore space, defining a texture which is in
sharp contrast to that relating to direct replacement.
Such textures, in which subhedral to euhedral crystals
occupy void space that was occupied by fluids, prob-
ably relate to direct crystallization from a pore fluid,
as in the Salton Sea area (Yau er al., 1987). There is
no apparent preferred orientation. Although pore space
is limited (Figure 7b), other images show abundant
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pore space, with a high proportion of individual crys-
tals, i.e., not occurring in stacks.

High-resolution TEM images

Sample Br533 (75% I in I-S, by XRD). Figure 8 is a
lattice-fringe image showing clay minerals occurring
in parallel to sub-parallel packets of relatively small
numbers of layers. The majority of fringes have con-
stant contrast and 10-A spacing characteristic of illite.
The illite was verified by selected area electron dif-
fraction (SAED) patterns indicating 1M, stacking, and
AEM analyses. Fringes for smectite- and illite-like
layers in interstratified I-S are characterized by: (1)
differences in contrast (Guthrie and Veblen, 1989;
Veblen et al., 1990); e.g., (R = 1) I-S (50% I) shows
fringes that are alternately light and dark, and (2) dif-
ferences in spacing. For samples treated with L.R.
White resin, Dong et al. (1997) showed that smectite
gives spacings of 12-13 A, I1 I-S has periodicity of
~21 A, 12 I-S ~31 A, etc.; the excess over values of
multiples of ten are probably related to the thicker
smectite-like interlayer. Observations of these param-
eters in images of sample Br533 (e.g., Figure 8) dem-
onstrate that most packets are comprised only of illite
layers. However, fringe contrast and spacings of some
sequences are of the Il type, where smectite-like lay-
ers occur within I1 I-S layer sequences, rather than as
layers randomly intercalated in sequences dominated
by illite-like layers (although such intercalation was
also observed). The sequences of layers thus consist
of dominant illite, but with associated thin I1 I-S
packets.

The fringes are relatively straight, in contrast to
those of smectite. Layer terminations (edge disloca-
tions) are relatively uncommon. More importantly,
cross fringes with spacings of 4.5 A were observed
ranging across as many as six to ten sequential layers,
as illustrated in Figure 8 (lower inset). They transect
smectite fringes as well as illite-like fringes. Such
cross fringes have been inferred to demonstrate co-
herency across interlayers (e.g., Peacor, 1998), al-
though Guthrie and Reynolds (1998) concluded that
they may reflect semicoherency. The inset SAED pat-
tern is typical of a relatively disordered stacking se-
quence (1M, polytypism), in that non-00! reflections
are diffuse and non-periodic.

Sample Br693 [(R = 1) I-S, 60% I]. Lattice-fringe
images show that I1 [-S is the dominant phase. Fig-
ure 9 illustrates typical material, with fringes showing
the alternating contrast with dominant spacing of 21—
22 A; the sequence of layers is almost entirely of I1
with only rare occurrences of other sequences such as
I2. Other lattice-fringe images (not shown) show small
numbers of fringes lacking alternating contrast, and
with spacings of 12-13 A. Sequences were comprised
of only three or four such adjacent layers. This ma-
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Figure 9. High-resolution TEM lattice-fringe image of sample
Br693. Il I-S units dominate the layer sequences, with fringes
altemnating in contrast and having periodicity of 21-22 A.
Two or three fringes of smectite occur together. The SAED
pattern shows rare, weak 001 reflections with 21—1} period-
icity, in addition to the strong reflections of the 10-A pattern.

terial is smectite. The collective lattice-fringe images
of this sample therefore are consistent with dominant
I1 I-S and subordinate smectite. The proportions of
illite-like and smectite-like layers are qualitatively
consistent with the XRD data, but inconsistent with
the implied interlayer relations.

The SAED patterns are unusual, in that the 003 re-
flection corresponding to 21-A 1 periodicity was ob-
served, although very weakly. Normally, only orders
of 10-A reflections are detected. In most images of
I-S, however, there are significant numbers of units
such as IIS; such units perturb the IS sequence, and
thus cause weakening of reflections such as 003. The
occurrence of 003 is thus a measure of the relative
perfection of the IS layer sequence. The non-001 re-
flections show the diffuseness and non-periodicity typ-
ical of 1M, polytypism combined with turbostratic
stacking in a given stack of layers.

Sample Br836 [(R = 1) I-S, 55% 1]. Figure 10 shows
a representative lattice fringe image. The dominant
layer sequence is 11, but units such as I2 and, less
commonly, I3 also occur, randomly interspersed with
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Figure 10.

High-resolution TEM lattice-fringe image of
sample Br836. Il units dominate the sequence, but some 12
and less-common I3 units occur randomly. The inset SAED
pattern shows the 00/ reflections with 10-A periodicity typical
of I-S.

11 units. No separate smectite or illite packets were
observed. Cross-fringes were occasionally observed,
transecting ~5 smectite-like layers, on average. The
00/ sequences of reflections in SAED patterns corre-
sponded to 10-A periodicity only.

Sample Br1270 [(R = 0) I-S, 0% I]. Figure 11 shows
a typical lattice-fringe image with layer spacings of
12-13 A, consisting of smectite treated with L.R.
White resin. Lattice fringes of smectite are anasto-
mosing, curved, have variable contrast, and common
layer terminations. The SAED pattern (inset, Figure
11) has only a small number of weak and very diffuse
001 reflections. Pore space is abundant. No illite or
1-S-like fringes were interstratified with those of
smectite. Packets with I1 lattice fringes were com-
monly observed, however, but separate from smectite
packets. The sample is thus comprised of smectite free
of illite-like layers, and separate 11 1-S.
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Figure 11.
sample Bri270. Almost all fringes correspond to smectite,
having spacings of 12-13 A, anastomosing orientations, and
variable contrast. Layer terminations are common, and pore
space is abundant. No fringes with 10-A spacing occur inter-
layered with smectite. I1 I-S lattice fringes occur in separate,
thin packets.

High-resolution TEM lattice-fringe image of

Sample Bri702 [(R = 1) I-S, 50% I]. Lattice-fringe
images (Figure 12) are dominated by Il sequences,
with some I2 units and less common I3 units. No sep-
arate packets of smectite or illite were observed.

Sample Bri842 (100% 1I). Figure 13 shows lattice
fringes occurring in well-defined individual packets.
Such straight, parallel fringes, having relatively con-
stant image contrast along layers, are typical of dioc-
tahedral phyllosilicates having no expandable layers.
Indeed, all fringe spacings are 10 A, i.e., no smectite-
like fringes were observed, and layer terminations are
rare. Individual packets are ~200-300 A thick. Cross
fringes were rarely observed, but they cut across entire
packets when detected. No smectite or I-S was ob-
served.

The SAED pattern (Figure 13, inset) shows well-
defined 10-A periodicity in non-00! reflections, cor-
responding to 1M polytypes. Some stacking disorder
occurs, as indicated by diffuseness in non-00! reflec-
tions. Other packets give SAED patterns typical of
2M, polytypism. A given packet is dominated by one
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Figure 12. High-resolution TEM lattice-fringe image of
sample Br1702. I1 I-S units dominate the sequence, with
some randomly intercalated 12 and 13 units.

or the other polytypic stacking sequence, with both
types being intergrown. Similar intergrowths were ob-
served by Lonker and Fitzgerald (1990) for samples
from the Broadlands system. Packets of both polytypes
are referred to as mica (see above).

AEM analyses

Table 2 shows average chemical formulae from
AEM data involving concentration ratios, normalized
to 22 oxygen atoms. All analyses were obtained after
verifying, by TEM imaging, the identity of the clay.
Because I-S interstratification usually involves differ-
ent In units, a given analysis of I-S is an average over
such units, a slightly different composition being in-
ferred to correspond to different values of n. The data
of Table 2 do not show a regular trend because of
reversals in the sequence of the proportions of illite-
like layers down-core. However, Figure 14 shows that
VSi decreases, when plotted against the proportion of
illite-like layers. This trend is expected for dioctahed-
ral, interstratified clays, and was also observed by Til-
lick et al. (2001) for dioctahedral clays of the Golden
Cross deposit.

To determine if compositional relations are related
to the occurrence of the 1M polytype of mica relative
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Figure 13. High-resolution TEM lattice-fringe image of
sample Br1842. Well-defined individual packets of illite oc-
cur. Fringes are straight, parallel, have spacings of 10 A, and
have relatively constant image contrast. Packets are ~200~
300_A thick. The inset SAED patterns show well-defined
10-A periodicity in Ok/ reflections (upper inset), correspond-
ing to 1M polytypism, and 2M, polytypism (20-A periodicity;
lower inset). /M = mica.

to the 2M, polytype, analyses were obtained of packets
where SAED analyses showed the dominance of one
polytype. Formulae of each polytype are listed in Ta-
ble 2. There are sharp differences in the analyses,
those for the 1M polytype having much larger concen-
trations of VMg (and Fe + Mg).

DISCUSSION
Clay-mineral sequence

The overall sequence of clay minerals observed in
the Broadlands-Ohaaki system is similar to those rec-
ognized as typical of sedimentary burial-metamorphic
sequences in which smectite transforms to interstrati-
fied I-S to illite, although small-scale reversals occur.
Several significant differences were observed in the
samples of Broadlands-Ohaaki, as well as those de-
scribed by Tillick er al. (2001). These involve (1) the
absence of interstratification of smectite and illite in
(R = 0) I-S, (2) a gap between I-S with high propor-
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Table 2. Average AEM chemical formulae? of Broadlands-
Ohaaki dioctahedral clay minerals.

Br533  Br693  Br836  Bri270 Brl1702 Bri842 Brlg42

asy (@M

Si 6.65 693 683 712 686 643 6.70
VAl 135 107 117 088 1.14 1.57 130
VIAl 333 395 381 352 381 332 3.58
Fe* 007 0.14 014 046 006 031 0.05
Mg 071 nd. 0.18 029 0.18 057 0.29
Mn nd! 007 nd n.d. n.d. 0.06 0.01
Ca 0.06 nd. 0.08 nd. 034 0.04 0.03
Na 035 nd n.d. n.d. 033 nd. 0.31
K 132 081 097 058 023 166 1.57

' n.d. = not-detected.
2 Formulae are normalized to a total of 2 oxygen atoms, and
are an average for each sample. Fe is assumed to be ferrous.

tions of illite-like layers and illite, and (3) the presence
of 1M polytypism.

Smectite-I-S relation. It is generally accepted (e.g.,
Srodori and Eberl, 1984) that there is a continuous
sequence in interstratification in pelitic sediments be-
tween pure smectite and (R = 1) I-S (50% illite), with
such intermediate materials designated as (R = 0) I-S,
with <50% illite. This sequence strongly implies that
a continuous series of transformations exists in which
the proportion of illite-layers increases continuously.
The smectite samples observed in this study were
from specimens which were identified as (R = 0) I-S
by XRD. By TEM, however, no individual illite-like
layers were identified randomly interstratified in smec-
tite, i.e., layers have spacings of 12-13 A, typical of
smectite treated with L.R. White resin. On the other
hand, lattice fringes were observed with alternating
contrast and ~21-A periodicity of alternating illite-
and smectite-like layers in (R = 1) I-S. Such units
were clustered in sequences of four or six consecutive
fringes. These data suggest that, at least for the sam-
ples of this study, there is a gap between smectite and
I1 I-S where two clay minerals coexist rather than

~N @

Atoms per formua unit
n w L w (=2}
T

.

oAt [ S S

0 20 40 60 80 100
% illite

Figure 14. Plot of atoms pfu versus % illite layers. ®: Si;
B Al AK.



https://doi.org/10.1346/CCMN.2001.0490204

Vol. 49, No. 2, 2001

occurring as random mixing of illite- and smectite-like
layers.

Our observations of smectite-rich materials are sim-
ilar to those of Dong et al. (1997) who emphasized
the dominance of smectite, (R = 1) I-S and illite in
diagenetic sequences. Those observations were of
shales, however, and included samples from the classic
Gulf Coast sequence. The Broadlands-Ohaaki data
therefore imply that the lack of a continuum in R = 0
interstratification may be a common feature. Moreover,
Dong et al. noted that such occurrences are required
and predictable by the uniqueness of the (R = 1) I-S
(50% illite) crystal structure. We caution that contin-
uous sequences, which are favored by rapid crystalli-
zation at low temperatures, may also occur. Neverthe-
less, the relations described here show that the usually
assumed, continuous sequence is absent in many se-
quences, including some where XRD data indicate a
continuum. These conclusions are in partial accord
with Bethke et al. (1986) for trends in I-S based on
XRD data for shales, bentonites, and hydrothermal
systems. They showed that although there is a contin-
uous series of (R = 0) I-S from smectite through illite
for shales, their data for hydrothermal systems implied
that smectite was not a precursor to (R = 1) I-S. Al-
though the Broadlands-Ohaaki and Golden Cross sys-
tems include smectite at lower grades, the implied gap
for those systems between smectite and (R = 1) I-S
is compatible with the data of Bethke et al

Non-occurrence of illite-rich I-S. Golden Cross and
Broadlands-Ohaaki samples identified as (R = 1) I-S
by XRD display I-S sequences in lattice fringe im-
ages. Where XRD indicates the proportion of illite-
like layers is ~50%, the layer sequences are dominat-
ed by I1 units, with random intercalation primarily of
12 units, and uncommon I3 units. As the proportion of
illite-like layers determined by XRD increases, the
proportion of In units having n > 1 increases. A sam-
ple dominated by I2 units also has substantial numbers
of Il and I3 units, for example.

SAED patterns of I-S display the usual sequence of
00! reflections with d values which are submultiples
of 10 A. Even where layer sequences are dominated
by I1 units, superperiodicity is generally not observed.
For those samples where XRD data indicate there are
~50 = 10% illite layers, however, and where TEM
displays dominance of Il units, a weak, diffuse 003
reflection (based on 20-A superperiodicity) was com-
monly observed.

Sample GX4 of Tillick et al. (2001) is typical of
illite-rich I-S. This material was expected to consist,
or have dominant units, of In with n equal to large
numbers (dominant illite-like layers with random
smectite-like layers). TEM images show that the sam-
ple is composed of packets of layers having 10-A
spacings (i.e., illite) and separate packets with se-
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quences of I-S, however. The I-S is comprised of a
variety of In units; n = 1 units are common, and se-
quences of as many as five or six 12 or I3 layers occur.
The sample consists largely of separate illite and I-S,
therefore, rather than only of illite with randomly in-
terstratified smectite-like layers.

Bauluz et al. (2000) observed similar relations for
a prograde sequence of I-S in metasediments, showing
that as grade increased, the value of n of the dominant
In unit increased. In samples where n = 3 or 4 was
dominant, discrete packets of illite with no or almost
no smectite-like layers occurred. Similarly, Dong et al.
(1997) observed, for Gulf Coast shales, I-S dominated
by 11 units which coexists with separate, discrete pack-
ets of illite.

Only a small number of samples were examined by
TEM in the Broadlands-Ohaaki and Golden Cross sys-
tems, so conclusions on the lack of completeness of a
sequence of interstratified I-S to illite are tentative.
However, observation of equivalent relations else-
where, in samples of contrasting geological types, is
supportive of such a relation. These observations im-
ply that a gap, or at least paucity of illite-rich I-S
relative to the end-members (R = 1) I-S and illite, is
common. Such relations are predicted by the unique-
ness (low free energy) of the Al-Si ordering of the R
= 1 structure, in contrast to simple interlayering of
smectite and illite layers, as reviewed by Dong et al.
(1997).

Inoue et al. (1992) and Inoue (1995) concluded,
from XRD data, that the smectite-to-illite sequence
was continuous in hydrothermal systems. Ylagan ez al.
(1996) implied the same for hydrothermal alteration of
silicic volcanic rocks, although Bauluz er al. (2000)
concluded that an incomplete series exists based on
TEM data. Christidis (1995) implied a continuous se-
ries for a hydrothermally altered bentonite, but noted
that (R = 0) I-S and (R = 1) I-S coexisted in one
sample. As noted above, Bethke er al. (1986) con-
cluded that in hydrothermal systems, the I-S series
begins with (R = 1) I-S, in contrast to shales where
a continuum from smectite was implied. Those rela-
tions suggest direct crystallization of (R = 1) I-S from
solution in hydrothermal systems. They also support
the notion of uniqueness of the (R = 1) I-S structure,
although Bethke et al. concluded that the I-S series is
continuous between (R = 1) I-S and illite in hydro-
thermal systems. XRD data generally, but not always,
imply completeness, whereas TEM data (see above)
imply two gaps. Whether the different conclusions are
both correct for different systems, is related to differ-
ences in sample preparation, or is a result of the in-
herent information acquired owing to the difference in
wavelengths of the two methods, requires additional
work.

Coexistence of more than one member of the illite-
smectite sequence, as described for smectite plus (R
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= 1) I-S, and (R = 1) I--S plus illite, may be inter-
preted, without textural information, as being related
to overprinting by an event which modified the min-
eral assemblage of an earlier event (Inoue, pers.
comm.). For TEM images obtained here and those for
the Golden Cross mine, textures imply, but do not
prove, that coexisting minerals formed at the same
time, however. The coexisting clay minerals occur as
intergrown, parallel packets, without preferential spa-
tial distributions of either. Where multiple events are
known to occur, packets of first-formed clay minerals
commonly show alteration to a second, from the rim
and proceeding inward, or along layers. We observed
no along-layer transitions, however. Textures compat-
ible with formation in the same event, and the absence
of textures which reflect multiple events, are compel-
ling evidence for simultaneous formation of the co-
existing pairs of clay minerals. These relations are ba-
sic to an understanding of the processes of formation
(below).

IM Polytypism. lllite in diagenetic environments typ-
ically displays an SAED pattern with diffuse and non-
periodic Okl reflections indicating a high degree of
stacking disorder, which is labeled 1M, (Grubb et al.,
1991). Dong and Peacor (1996) reviewed the results
of SAED patterns, concluding that the normal pro-
grade sequence of polytypes in sedimentary sequences
is 1M, to 2M,, with no intermediate 1M polytype as
commonly assumed. The 2M, stacking relations were
dominant where layers were coherently related even
in material showing 1M, SAED patterns. However, 1M
polytypism was observed in the Potsdam sandstone
(Reynolds and Thomson, 1993), in samples from the
Silverton Caldera (Eberl er al., 1987), and the Broad-
lands-Ohaaki geothermal field (Lonker and Fitzgerald,
1990).

SAED patterns of mica obtained from both Golden
Cross and Broadlands-Ohaaki systems here and in Til-
lick et al. (2001) showed 1M polytypism (Ok/ reflec-
tions with k # 3N have reflections with 10-A period-
icity). Unlike SAED patterns for mature mica, how-
ever, diffuseness also occurred parallel to ¢* along all
reciprocal lattice rows. Illite-rich I-S gave SAED pat-
terns with weak 10-A periodicity superimposed on the
typical 1M like pattern, i.e., even immature, disor-
dered material tends to the 1M-like stacking sequence.
This is in sharp contrast to the dominance of 2M,
stacking inferred for even immature Gulf Coast I-S.

Where the 1M polytype was observed in Broad-
lands-Ohaaki samples, however, it coexists with sep-
arate packets of the 2M, polytype, similar to samples
of Potsdam sandstone (Dong, pers. comm.) and sam-
ples from the Broadlands-Ohaaki geothermal system
(Lonker and Fitzgerald, 1990; Dong, pers. comm.). To
detect differences between the two types, AEM anal-
yses were obtained for packets identified as to poly-
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type. Compositions are different (Table 2). These data
show that 1M material has a large YIMg content. Al-
though Mg is often accompanied by similar concen-
trations of Fe, the Fe content is not large in this case.

Such large Mg (and Fe) content has been correlated
with formation at high pressure (Velde, 1965; Merri-
man and Peacor, 1999). It occurs in phengitic mica
which has 2M, polytypism, so there is no direct cor-
relation between composition and polytypism. On the
other hand, the 1M polytype is common to the cela-
donite group, dioctahedral micas which occur in vol-
canic rocks and whose net negative charge derives ex-
clusively from Mg and Fe substitution in octahedral
sites. The analyses of this study show that up to ~25%
of octahedral cations are comprised of Mg and Fe,
values which are large even by comparison with phen-
gite from high-pressure environments. We therefore
tentatively suggest that 1M polytypism observed in
these studies is related to ordering of Mg (and Fe) on
octahedral sites similar to celadonite. Additional com-
position data for 1M stacking sequences are necessary
to verify this relation, however.

Layer stacking relations

SAED patterns of smectite displayed only diffuse
low-order 00/ reflections, semi-arcuate Okl reflections,
and both Okl and kOl reflections in the same patterns.
The latter indicates that turbostratic stacking occurs
between most but not all layers. Limited coherency
within I-S and smectite is demonstrated by weak non-
periodic Okl reflections and by 4.5-A cross-fringes
spanning several 001 fringes. The thickness of such
coherent layer sequences increases as the proportion
of illite-like layers increases in a given sample. Guth-
rie and Reynolds (1998) noted that cross-fringes may
be visible even where there are relative layer rotations
=15° around c¢*, and thus they may indicate either co-
herent or semi-coherent layer relations. In either case,
however, the cross-fringes demonstrate that turbostrat-
ic stacking is not the only interlayer relation, and some
layers have ordered relative orientations. Such mate-
rials are three-dimensional, albeit disordered crystals,
rather than randomly interstratified, independent lay-
ers. Thus these materials are not collections of fun-
damental particles, by definition (Peacor, 1998).

Conditions of formation

Figure 3 shows that the general distribution of the
sequence smectite to I-S to illite, as determined by
XRD for the Broadlands-Ohaaki field, is generally
consistent with measured well temperatures, i.e., mica
occurs at greatest depths and temperatures, and smec-
tite at the lowest temperatures, but only for averaged
data, however. As emphasized by Simmons and
Browne (2000), there are significant exceptions to reg-
ular clay-mineral sequences as a function of temper-
ature, e.g., for samples studied herein from well Br7
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in Figure 5b. The lack of a one-to-one relation be-
tween the state of the dioctahedral clays and temper-
ature is consistent with Tillick ez al. (2001) for the
Golden Cross system, where heterogeneous clay min-
eral sequences reflect variable porosity and perme-
ability controlled by fractures and rock textures. Sim-
ilar heterogeneities were observed for the Broadlands-
Ohaaki system (Simmons and Browne, 2000). The tex-
tures as observed by TEM are remarkable when
compared to textures of clay-rich sediments, in having
interpacket porosities estimated to be =25% of the to-
tal rock volume. As demonstrated experimentally by
Whitney (1990), and as consistent with factors con-
trolling reaction kinetics (Essene and Peacor, 1995),
water/rock ratio is significant in determining reaction
progress for the sequence smectite to I-S to illite. The
distribution of clay minerals is thus seen to be pri-
marily controlled by temperature, but with variations
in the sequence mitigated by local heterogeneities in
texture and structure, and thus by porosity and per-
meability (Simmons and Browne, 2000).

In summary, the Golden Cross samples show that
crystallization occurred through a process of dissolu-
tion and crystallization (DC; Altaner and Ylagan,
1997) directly in pore space. TEM observations of Til-
lick et al. (2001) and here show homogeneous indi-
vidual packets of one clay mineral (although more
than one clay mineral may coexist as separate pack-
ets), and a very high proportion of pore space, as con-
sistent with such a mechanism. Along-layer transitions
were nearly non-existent, and larger-scale transitions
involving packets were not observed. The presence of
gaps in the series of interstratified I-S, between smec-
tite and (R = 1) I-S and for large proportions of illite-
like layers, provides compelling evidence for direct
crystallization from fluids, rather than replacement of
preexisting, lower-temperature clays.

The geothermal system was short-lived, ~150,000
to 500,000 y (Weissberg et al., 1979), such that intro-
duction of hydrothermal fluids and an elevation of the
thermal gradient occurred relatively rapidly. This is
consistent with Tillick ef al. (2001) that clay minerals
formed by direct crystallization from fluids, with re-
actants derived from original rocks, but is in contrast
to the generally accepted notion of progressive “trans-
formations” between clay minerals. All clay minerals
are thus inferred to have formed simultaneously by
crystallization from fluids as initially suggested by
Browne and Ellis (1970), with components derived
from similar original-rock reactants, the variations in
clay mineral assemblages being a direct function of
temperature as modified by the water/rock ratio.

The conditions are analogous to the Salton Sea sys-
tem, where clay minerals are forming now through
convecting hydrothermal fluids and an elevated geo-
thermal gradient (G. Giorgetti, pers. comm.). The Sal-
ton Sea system is intermediate in some ways to the
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Golden Cross and Broadlands-Ohaaki systems, which
involve hydrothermal alteration of volcanic rocks, and
sedimentary systems such as Gulf Coast pelitic sedi-
ments where conditions are commonly assumed to
correspond to burial metamorphism. In the “episodic”
Salton Sea geothermal field, all clay minerals formed
simultaneously. Dioctahedral clay minerals in Gulf
Coast shales are usually visualized as having evolved
with transformations occurring continuously as a func-
tion of time (Hower et al., 1976). Bethke et al. (1986)
noted that XRD data show that I-S sequences evolve
along different pathways in hydrothermal systems and
in shales, concluding that there was no evidence for a
smectite precursor to ordered I-S in hydrothermal sys-
tems. In the systems studied herein, however, smectite
is observed at the lowest temperatures. Whether or not
an apparent smectite precursor is observed, XRD data
imply a continuous sequence of clay minerals in both
kinds of systems, at least from (R = 1) I-S to illite.
Such a sequence is thus a necessary condition for
time-dependent, sequential transformations, but it is
not sufficient to prove they occurred. There is com-
pelling geochemical evidence for episodic formation
of clay minerals in Gulf Coast pelites (Morton, 1985;
Ohr et al, 1991), which are commonly taken as a
“type”’ example of burial metamorphism. We do not
infer that such sedimentary systems are necessarily en-
tirely episodic in nature. Pevear (pers. comm.) has sug-
gested that burial can occur so rapidly that it appears
to be episodic on a geological time scale. We do sug-
gest, however, that clay-mineral formation may not be
time-dependent. Any systems with sequences of dioc-
tahedral clay minerals may have been affected by
some degree of episodic or time-dependent burial
metamorphic processes. As noted by Inoue (pers.
comm.), there may be more than one set of episodic
changes, so that the textures of an earlier step are over-
printed later. The terms “‘transformations™ or ‘‘tran-
sitions”’ are often over-used, but non-continuous pro-
cesses should also be considered, as they may be im-
portant mechanisms by which some, if not most, clay
minerals form.
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