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Agate recrystallisation: evidence from samples found in
Archaean and Proterozoic host rocks, Western Australia
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The crystallite size and density of agates from three Western Australian host rocks aged 1.84, 2.72 and
3.48 Ga have been determined. Infrared and Raman spectra from these ancient agates have
respectively shown minimal water and zero moganite content. Data comparison of agates from
Western Australian and younger hosts showed an advanced crystallisation in the Western Australian
samples with, in some instances, the crystallite size comparable to macrocrystalline quartz. Low-grade
metamorphism is present in the host rocks and localised heating is one possible cause of the increased
crystallite growth. Micrographs of one agate sample from the Warrawoona Group (3.48 Ga) show a
breakdown in the fibrous chalcedony; regional variations within the agate were supported by data
from infrared and X-ray diffraction. It has been shown that part of the sample had undergone a
transformation of the fibrous chalcedony to granular microcrystalline quartz. The Crystallinity Index for
microcrystalline quartz, based upon the degree of resolution of the (212) quartz reflection, offers a rapid
method to identify abnormal crystallite growth that could serve as a palaeoindicator of host-rock
metamorphism.
KEY WORDS: agate, Archaean, Crystallinity Index, infrared, moganite, Raman spectroscopy, recrystallisation, water, X-ray diffraction.

INTRODUCTION
The microcrystalline quartz minerals are commonly
divided into two groups of varieties based upon their
petrographic textural types (Graetsch 1994). Flint, chert
and jasper are typically granular, with chalcedony
showing a fibrous structure; banded or variegated
chalcedony is known as agate. Agates are found worldwide, deposited in cavities and gas vesicles in a variety
of volcanic rocks. The banding can apparently be
gravity controlled to form horizontally or in concentric
zones to generate wall-lining agate. Sedimentary agate
hosts are less abundant but include limestone of the
Minnelusa Formation, South Dakota, US (Clark 2002)
and the Dolomitic Conglomerate, Mendips, England
(Tucker 1976).
In spite of the worldwide occurrence of agate, its
genesis has proved an ongoing enigma: the silica source
and the repetitive nature of banding need explanation.
Likely origins would be either the direct precipitation of
chalcedony or the precipitation of amorphous silica,
which then evolves into chalcedony. Agates do not form
in laboratory time and the method of silica transportation, mode of deposition, temperature and mechanism of
crystallisation are all problems that have obscured agate
genesis. However, many recent workers would agree
that agates form at temperatures 51008C (Heaney 1993).

Most investigators have used a limited number of
agates in individual studies, but three new investigations have examined agates from a wide variety of
sources (Götze et al. 2001; Moxon 2002; Moxon and Rı́os
2004). Apart from the Keweenawan host rocks of North
America (1100 Ma), agates have only been characterised
in hosts of the Palaeozoic or younger (5570 Ma). The
Western Australian agates studied here come from older
host rocks.
Recent studies on agates from a variety of hosts aged
ca 400 to 38 Ma showed a decrease in moganite content
and defect-site water but an increase in density and
crystallite size with host age. The same properties of
agates age from 1100 to ca 400 Ma were approximately
constant (Moxon 2002; Moxon & Rı́os 2004).
The prime objective of the present study was to
characterise agates from three sites in Western
Australia covering a wide range of geological time:
Killara Formation (1.84 Ga), the Warrawoona Group
(3.48 Ga) and an agate from the Maddina Basalt formation (2.72 Ga). The Maddina agate, from a meteorite
impact crater, was used to compare its properties with
agates from the other two Western Australian sites.
Density, crystallite size, moganite and water content
were measured in order to check whether these ancient
agates maintained the approximate constancy of properties found in agates from 1100 to ca 400 Ma hosts.
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All references to age in this paper are those of the host
rock and, unless stated to the contrary, are regarded as
close to the age of the agate (Moxon & Rı́os 2004).
DRN found the agates and wrote the section on agate
host rocks. MZ studied the effects of infrared spectroscopy on agate and, together with TM, used Raman
spectroscopy for further investigation. TM carried out
the X-ray diffraction (XRD), scanning electron microscope (SEM) and density studies. All experimental work
was done in the Department of Earth Sciences,
Cambridge University, England.

AGATE HOST ROCKS
The Western Australian collection sites are shown in
Figure 1. Agates (GSWA sample no. 169098A – F) from
the Killara Formation came from a site (MGA Zone 50,
794422E 7147639N) located 3.5 km northwest of Corner
Well, 3.5 km east of Bulla Gum Well and 104 km northwest of the Wiluna township. The host is a tholeiitic to
calc-alkaline volcanic and subvolcanic sequence (formerly the Narracoota Volcanics of Gee 1987), in the
upper Killara Formation, Mooloogool Group of the
Yerrida Basin (Pirajno & Adamides 2000). The depositional age of the Yerrida Basin is currently poorly
constrained to between 2.2 and 1.8 Ga, with the
depositional age of the Killara Formation being ca 1840
Ma. The host dolerite is fine grained and was probably
emplaced at shallow depth as a near-horizontal sill in a
series of subaqueous and subaerial flows. At the
sampling site, very fine-grained dolerite horizons

several metres thick contain abundant vesicles and
large (15 cm diameter) amygdales that have been filled
with silica. The field relationships indicate that the
silica infilling probably derived from hydrothermal
activity associated with emplacement of the dolerite.
A single agate (GSWA 178085B) was taken from within
a *22-m-diameter, shallow impact meteorite crater.
The crater was recently discovered by I. R. Williams
during geological mapping at an isolated site (MGA Zone
51, 281663E 7623048N) about 16 km east of Carawine Pool.
The host rocks are Archaean continental flood basalts of
the Maddina Basalt in the Fortescue Group of the
Hamersley Basin and the crater lies in a flow top of
very fine-grained vesicular basalt. Abundant vesicles
and large (10 cm diameter) amygdales are infilled with
silica. Similar amygdales are common in basalt outcrops throughout the Maddina Basalt. These field
relationships suggest that the amygdales formed by
hydrothermal activity associated with basalt emplacement. Although no constraints are known on the timing
of the impact event, amygdale formation is inferred to
have considerably pre-dated the impact event. Precise
U – Pb zircon geochronology (Trendall et al. 2004) on
felsic lithologies in the Hamersley Basin indicates an
emplacement age for the Maddina Basalt formation of
2717 +2 Ma, which provides a maximum for the agate
formation.
Two agates (GSWA 168996A, B) were removed from
a prominent rocky outcrop (MGA Zone 50, 759540E
7693420N) on the western side of a small creek bed,
4 km west-southwest of Farrel Well. The host rock is an
altered, light greenish-grey, rhyolite tuff of the

Figure 1 Simplified regional geology of the Pilbara Craton, with the
numbers showing the approximate positions of the collection
sites of the Western Australian
agates.
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Warrawoona Group, East Pilbara Granite – Greenstone
Terrane (Nelson 2002). It contains feldspar, quartz and
biotite phenocrysts and lithic fragments composed of
microcrystalline to cryptocrystalline quartz with minor sericite. Small patches, rich in sericite and limonite,
occur locally, with poorly defined areas rich in
limonite apparently after carbonate. This unusual
phenocryst-rich tuff either represents a pyroclastic or
a coarse volcaniclastic rock and contains bleached
white and pink alteration zones with numerous 1 mmthick quartz veins. The petrography of the host rocks
indicates that greenschist-facies metamorphic grade
was attained. A SHRIMP U – Pb zircon date of
3477 + 5 Ma for the host tuff (Nelson 2002) provides a
maximum age for agate here, but there are no other
constraints on the timing of hydrothermal activity and
of agate formation.

AGATE SAMPLES
Nine agates were sampled from three formations:
Killara (six samples), Maddina (one sample), Warrawoona
(two samples). None were complete nodules and they have
been numbered sequentially within each region. Eight of
the nine agates contain some areas of milky quartz. Clear
macrocrystalline quartz is commonly found as the final
deposit in the centre of agate geodes, but it can occur
between layers of agate. Over 80 agates containing
macrocrystalline quartz from 24 worldwide regions were
examined for the presence of milky quartz. However, this
occurrence was limited to agates from Western Australia
and Maydena, Queensland (Precambrian host). Three of
the Western Australian agates Killara 4, Maddina 1,
Warrawoona 1 were selected for detailed examination
(Figure 2).

Killara agate (1.84 Ga host)
These six agates are characterised by grey and lightbrown areas with white bands that are occasionally
intense. Five agates include milky white macrocrystalline quartz. The paler white background in Killara 4
shows a variety of textures (Figure 3a). The micrograph
(a in Figure 3a and inset) shows the hatched texture of
the white bands. These bands appear brown in transmitted light, because the plate edge-like structure
scatters the blue end of the spectrum more than the
red (Tyndall effect) to make transmitted light red-brown
(Moxon 1991).

Maddina agate (meteorite impact agate
2.72 Ga host)
Maddina 1 is not complete, but the surface starts with
an outer layer of varying shades of banded brown agate
followed by milky quartz, brown agate and a central
region of milky quartz (Figure 2c). Apart from the
milky quartz, the only unusual features are the
straight shear fractures that are more obvious in thin
section (Figure 3b). It is common for agates that have
suffered host-rock movement or have been in late
transportation by ice or water to show irregular

Figure 2 Agate samples from the three Western Australian
regions. (a) Freshly fractured sample of Warrawoona 1
agate with regions a) macrocrystalline milky quartz,
b) multiple bands of chalcedony with two strong white
bands of milky macrocrystalline quartz, c) faint banding in
granular quartz. (b) Killara 4 agate showing white banding
a) set in a weaker white background. (c) Fresh fracture of
the Maddina 1 agate showing an unusual alternation of
brown chalcedony and milky white quartz. Scale 1 cm.

fractures, but the straight fractures in the meteorite
impact agate are unusual. The thin-section shows dusty
grains in some parts, but this also occurs in nonimpact agates. When macrocrystalline quartz is found
in agates, it can reveal feathery strain effects. However, the hatched strain effect (inset in Figure 3b) in
and between the macrocrystalline quartz crystals is
atypical and is presumed to be due to the meteorite
impact.

Warrawoona agate (3.48 Ga host)
Warrawoona 1 (Figure 2a) contains three contrasting
regions within the 7 cm agate. The outer milky white
euhedral quartz (a in Figure 2a) marks the final growth
after the crystallisation of the agate. In thin-section, this
milky macrocrystalline quartz reveals an identical
growth pattern to clear macrocrystalline quartz found
in younger agates: an initial saccharoidal deposit
followed by quartz crystals of increasing size. Then,
there is a region of banded chalcedony (b) whose
continuous growth has been stopped by two bands of
milky white macrocrystalline quartz. A third region of
weakly banded granular quartz (c) completes the agate.

Reference agates and chalcedony
(1.10 Ga to 13 Ma hosts)
Chalcedony and a variety of agates from hosts aged from
1.10 Ga to 13 Ma are used for comparison. Apart from
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Figure 3 (a) Micrograph of Killara 4 in thin-section showing
a variety of petrographic textures with the most intense
white band at a) (scale bar 4 mm, crossed polars). The inset
shows the hatched texture of the white band (scale bar
0.5 mm, crossed polars). (b) Thin section of the meteorite
impact Maddina 1 agate with the fractures a) (scale 1 cm,
crossed polars). The inset shows a further magnified image
of the shock-induced effects in the macrocrystalline quartz
(scale 0.1 mm, plane-polarised light).

Each agate powder was hand-ground and sieved to
obtain grain sizes 552 mm. A fixed mass of the sieved
powder was held in a suspension of ethanol and further
ground using a ball-mill grinder. Samples of the
powders were then examined optically and under the
SEM; grains were in the 4 – 10 mm range. All powder
samples were scanned in a Huber diffractometer in
transmission mode over the 15 – 708 2Y range at a step
scan of 0.048 2Y/min. using Ni – filtered Cu Ka radiation.
Corrections for instrument broadening were made
using added Si. All the available Western Australian
samples were examined by XRD.
A second set of XRD runs were used with the same
diffractometer over the range 66 – 698 2Y at a step scan
of 0.028 2Y/min. Microcrystalline quartz shows a
deterioration of signal over this high 2Y range and
the poor resolution is pronounced for crystallites 51
to 5 mm (Klug & Alexander 1954). However, the signal
deterioration depends upon the degree of crystallinity
and is variable. The variation was recognised by
Murata and Norman (1976) , who created a crystallinity index (CI) based upon a standard of clear
euhedral quartz. The CI concept offers a rapid method
for comparing quartz microcrystallinity in various
materials [e.g. fossil wood (Stein 1982), chert (Hesse
1988; Hattori et al. 1996) and agate (Kinnunen &
Lindqvist 1998)].
For this study, reflections from the ball-mill-ground
agate powders from younger hosts were too poorly
resolved at the high 2Y range. Improved signals were
obtained from powders sieved to 552 mm and then
lightly ground under ethanol. We have used the varied
and large number of agates available in order to
investigate the relationship between the CI and the
measured crystallite size. Over 100 samples of chalcedony and agate with a host rock age range of 3.48 Ga to
13 Ma were examined. Brazilian macrocrystalline
quartz served as a standard reference material.

Scanning electron microscopy (SEM)
two exceptions, all microcrystalline silica is wall-lining
agate. Chalcedony samples were included from Mt
Warning, Queensland and the Yucca Mountain, Nevada,
US because of the relatively young host rock ages: 23 Ma
(Webb et al. 1967) and 13 Ma (Sawyer et al. 1994),
respectively. The Queensland material was found in
the area of the Mt Warning shield volcano and although
there is weak banding, the botryoidal appearance of
some pieces suggests an origin in an open fissure. The
Yucca Mountain samples are a fissure infill and the two
sections of chalcedony (HD 2021 and HD 2257) used in
this study have been dated at 9 Ma (U – Pb: Neymark
et al. 2002).

EXPERIMENTAL METHODS
X-ray diffraction (XRD)
Measurement of accurate powder XRD intensities
requires a grain size of 510 mm (Bish & Reynolds 1989).

A standard SEM technique was used with small,
freshly fractured agate fragments being coated with
gold and examined at 20 kV. Most of the Western
Australian agate samples had clear and white chalcedony banding. The latter was pen-marked for ease of
identification. Several micrographs of selected agates
were taken at 50 to 10 0006 magnification. A number
of SEM images at 3006 magnification were taken to
produce a montage across representative sections of
the samples.

Infrared spectroscopy
A Bruker IFS 66v FT-IR spectrometer with an attached
infrared microscope was used to record absorption
spectra between 1000 and 7000 cm71. A liquid-nitrogencooled MCT detector is coupled with a KBr beam-splitter
and Globar source. The beam size was set at 80 mm and
the spectra were averaged over 150 – 300 scans. A variety
of agate sections, 50 – 200 mm thick, were polished on
both sides and examined with spectra over the range
1500 – 5000 cm71.

Agate recrystallisation
Raman spectroscopy
Conventional Raman spectra were collected with a freesample-space LabRam micro-Raman spectrometer. Spectra were excited by the 623 nm line of a Ne – He laser.
The spectra, with a resolution of 4 cm71, were recorded
in backscatter geometry. A CCD detector, grating (1800
grooves/mm), 506 and 1006 objectives were coupled to
the free-space microscope. All measurements were
taken at room temperature.
Slabs of agate, cut approximately parallel to the
fibrous growth, were ground flat using F 600 silicon
carbide grit prior to examination. The agates were
scanned for Raman shifts from 200 to 1100 cm71.
The main aim in using Raman spectroscopy was to
detect moganite, a polymorph of silica that is an
intergrowth within chalcedony and can be detected by
XRD in all but the older agates. A previous study using
XRD could only find trace moganite in agates from hosts
older than ca 300 Ma (Moxon & Rı́os 2004). Götze et al.
(1998) demonstrated that the short-range sensitivity of
Raman spectroscopy could identify variations of moganite on a band-to-band basis. There were wide variations
between the moganite composition found by XRD and
Raman. In this study, Raman spectroscopy was used to
sample 14 younger agates for comparison with a more
detailed series of runs on five Western Australian
agates. Each of the Western Australian agates was
systematically scanned in at least 10 band areas, but
only sample bands were examined in the other agates.
Brazilian macrocrystalline quartz served as a reference
for the absence of moganite at 501 cm71.

Density
This study has extended a previous investigation into
agate density (Moxon 2002) from 10 – 18 localities. The
density determinations were made by hydrostatic
weighing and, apart from the Western Australian
samples, have included at least seven samples per
region. The agate and milky quartz in the Western
Australian samples were separated for density determinations. Madagascan macrocrystalline quartz and
English quartzite pebbles were used for reference
standards.

The Western Australian agate samples show a high
crystallite size in the *800 – 1000 Å range (Table 1), a
much more advanced crystallinity compared with the
mean value of *550 Å obtained from agates in hosts
aged from 1100 to 412 Ma (Figure 4). The mean
crystallite size was also determined in four samples
of the milky white quartz (Killara 2, 3, Maddina 1,
Warrawoona 2) and was found to be 971 (+61) Å.
Similar crystallite sizes, 1040 and 1120 Å, respectively,
were shown by Brazilian and Northumbrian clear
macrocrystalline quartz found at the centre of agate
geodes.
Murata and Norman (1976) devised the CI for the
microcrystalline quartz minerals based upon the deterioration in the signal at 67.748 2Y using the strong
intensity of the (212) macrocrystalline quartz reflection
as a standard that is scaled to ¼ 10.
CI ¼

XRD
The mean crystallite size (Cs) of the nine Western
Australian agates was determined. The full width at
half maximum (FWHM in radians, bq) of diffraction
maxima within the 15852Y5658 range was measured
along with FWHM (bs) of Si for instrument-broadening
corrections. The shape factor (K) was taken as unity
(Jones 1938) and, together with the wavelength
l (CuKa), was utilized to calculate Cs in the Scherrer
equation:
Cs ¼

ðcos !Þ

Kl
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi :
bq2 $ bs2

Counts at peak ð212Þ to trough
:
Counts at peak ð212Þ to background

The agates used for CI determination are given in
Table 2 and sample individual plots are shown in
Figure 5. Reproducibility was checked using nine
duplicate runs from the original 106 samples and the
deviation from the mean was +8%. The standard
deviation of the CI for individual regions varied
from +44% to +8%. Agates from the younger aged hosts
(5180 Ma) show the greater spread of CI from the mean.
Agate hosts older than 180 Ma, with a Cl 4 5, had a
spread %+25%. The data (Table 2, Figure 6) show three
major age-related divisions of CI: 55, *5.5 and 47.5 for
agates from hosts 5180 Ma, 1100 – 180 Ma and Western
Australia, respectively. There is a strong positive
correlation of the agate CI and the crystallite size of
the same agates (data from Moxon & Rı́os 2004):
r53 ¼ 0.89, p 5 0.01.

Table 1 Crystallite size of milky quartz and agate from Western
Australia.
Sample
Killara
Killara
Killara
Killara
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Crystallite
size (Å)
1
2
2 m qza
3

855
900
970
880

Killara 3 m qza

1050

Killara 4
Killara 5

810
1160

Brazil
(macro ref)

1040

Sample
Killara 6
Maddina 1
Maddina 1 m qza
Warrawoona 1
(chalc)b
Warrawoona 1
(gran qz)b
Warrawoona 2
Warrawoona
2 m qza
Northumbria
(macro ref)

Crystallite
size
960
970
965
907
1041
725
900
1120

Clear macrocrystalline quartz (macro ref) served as reference
material.
a
Milky macrocrystalline quartz (m qz).
b
The mean of separate fractions from the chalcedony (chalc)
and granular quartz (gran qz) (Figure 2a, regions b and c,
respectively).
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Figure 4 Crystallite growth in
agate as a function of age. Data
for agate hosts 1100 – 38 Ma are
taken from Moxon and Rı́os
(2004), with added data for chalcedony from Mt Warning (23 Ma).
Evidence was offered for a late
formation of Northumbrian and
Brazilian agate, and these proposed ages are used in the figure.
Open circles are crystallite sizes
for individual agates; the solid
circles are the mean crystallite
size for that region. Numbers are
for the regions described in
Table 2.

SEM
Studies of the surface morphology of agates using the
SEM are limited in the literature, although detailed
examination of German agates showed the surface to be
globular (Lange et al. 1984; Holzhey 1999). More recent
SEM investigations (Moxon 2002) found that the white
banding in agates from hosts older than ca 100 Ma
consisted of a plate-edge-like structure that was absent
in the white bands of younger agates. It was suggested that
the white band development and the growth of surface
globulites in the non-white bands were age-related.
Killara 4 (1.84 Ga host) agate has a milky white
appearance throughout and is punctuated with strong
white banding (Figure 2b). The weak white areas have a
surface morphology of just two types mainly restricted
below and above the strong white band (a in Figure 2b).
Three sections of a montage are shown in Figure 7a
with contrasting morphologies (d and e) and the plateedge-like structure of the white band (w).
Outer sections in Warrawoona 1 showed evidence of
chemical weathering with the production of pits and
veins (Figure 7b, c). Apart from a uniformity of texture
in the Western Australian agates, there is little difference between the SEM surface morphology of these
Western Australian agates and those of pre-Devonian
agates (compare with the SEM images in Moxon 2002
figures 3f, 4f).

Infrared spectroscopy
For this study, nine younger agates were compared with
five Western Australian agates. The nine younger agates
were designated immature (Mexico, 38 Ma; Brazil, 133
Ma), middle age (Scotland, 412 Ma) and old age (Lake
Superior, 1100 Ma). Each agate was systematically
scanned across different bands. Figure 8I shows the

respective spectra of some of these younger agates. The
broad peak from 4000 to 2500 cm71 is due to fundamental
O – H stretching vibrations (Yamagishi et al. 1997) and
the shoulder at 3585 cm71 is assigned to Si – OH at
structural defect sites (Graetsch et al. 1985). This
infrared study allows a comparison between the higher
water content of the younger agates (Figure 8I) with
the water-poor Western Australian agates (Figure 8II,
III, IV).

Raman spectroscopy
Moganite was found in all of the younger agates, in
contrast with the absence of moganite in the tested
Western Australian agates (Figure 9).

Density
A plot of agate density and crystallite size is shown in
Figure 10. The mean regional density and the mean
regional crystallite size for host rocks up to a host rock
age of 1100 Ma show a high positive correlation
(r14 ¼ 0.84, p 5 0.01). The agates from Western Australia
show a large increase in crystallite size, but this is not
reflected in a continued increase in density.
An upper limit of density in a-quartz is given by the
Madagascan clear macrocrystalline quartz [2.647
(+0.007) g/cm3] but any eventual transformation of
chalcedonic fibrosity to granularity would produce a
fine grain size material. Microcrystalline quartzite
[d ¼ 2.635 (+0.015) g/cm3] provides a more realistic
upper reference. An XRD scan shows that the quartzite
has a high silica purity with a crystallite size of 894
(+54) Å. The quartz grains are shown in thin section to
have a high compaction and an average grain size
*0.1 mm. Nevertheless, the density of agate seems to
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Table 2 Agate samples used for XRD.
Region

Age of host (Ma) (Reference)
a,b

1 Yucca Mt, US
2 Mt Warning, Queensland

13 (Sawyer et al. 1994)
23a,b (Webb et al. 1967)

3 Chihuahua, Mexico
4 Khur, Iran
5 British Tertiary Volcanic
Province, Scotland

38a
50a
60a

6 Rio do Sul, Brazil
7 Semolale, Botswana

133a,c
180 (Carney et al. 1994)

8 Agate Creek, Queensland

275a

9 Rotliegend, Germany

285a

10 Derbyshire, England
11 Northumbria, England
12 Western Midland Valley,
Scotland
13 Eastern Midland Valley,
Scotland
14 Northern Territory
15 Maydena, Tasmania
16 Lake Superior, US
17 Killara, Western Australia
18 Maddina, Western Australia
19 Warrawoona, Western Australia
Brazil macrocrystalline quartz
(reference standard)

311a
391a,c
412a
412a

513a
540a
1100a
1840 (Pirajno & Adamides 2000)
2720 (Trendall et al. 2004)
3480 (Nelson 2002)

–

Site and sample numbers (collector)
HD2021, HD2257 (L. Neymark)
Oxley River 1d, 2d, 4, 5d, 6d,
7d, 12d (J. Richmond)
Laguna 3, 4, 5, 7, 8, 10, 12 (B. Cross)
3, 5, 10, 17, 22, 23, 24, 25, 49, 65 (M. Nazari)
Mull 1, 2, 4, 5, 11; Rhum 2, 4, 12, 13, 15,
17, 18, 19 (N. Crawford, B. Taylor,
R. Lacon)
Soledade Mines 9, 20, 21, 24, 25, 26, 53, 60
(purchased)
Bobonong 9, 12, 80a, 93, 110,
113 (H. Knuettel)
1, 2, 3, 5, 7, 25 (Australian
Museum, B. Leith, J. Richmond)
Thuringia 3, 5, 8, 9, 10, 11, 14;
Juchem Quarry 1; Idar Quarry 3
(G. Holzhey, T. Moxon)
Waterswallows Quarry 4, 5 (T. Moxon)
Cheviots 2, 3, 4, 5, 6, 19, 24, 25 (T. Moxon)
Dunure 14, 20; Brown Carrick Hills 2, 5;
Maidens 1 (J. Raeburn, T. Moxon)
Ethiebeaton 17; Luthrie 4;
Glenfarg 3; Barras Quarry 4;
Montrose 4 (B. Wilson, R. Lacon)
Antrim Plateau Basalts 2 (J. Richmond)
2, 3, 4, 5, 6, 8 (J. Richmond)
Lincoln 1, 3, 4, 6; Minneapolis 14
(S. Wolter, B. Cross)
1, 2, 3 (D. Nelson)
1 (D. Nelson)
1, 2 (D. Nelson)

–

Mean CI ( + SD)
1.5
1.0 (0.4)
2.4 (0.9)
4.6 (1.6)
3.8 (1.5)

1.6 (0.7)
5.0 (1.5)
4.7 (1.2)
5.3 (0.7)

5.3
5.3 (1.3)
5.2 (0.8)
5.6 (1.0)

5.3
6.6 (0.9)
6.6 (0.9)
9.0 (0.7)
9.4
7.8

10

a

Age references are given in Moxon (2002).
These are samples of banded chalcedony that formed outside the gas vesicle.
c
Moxon and Rios (2004) presented evidence for a late formation of the Northumbrian and Brazilian agates: ages of 167 and 80 Ma,
respectively, were proposed.
d
These agates were also used to determine the mean crystallite size.
The mean CI is given for the number of samples examined for each region. The standard deviation is calculated when the number of
samples is 42.
b

have reached its maximum of *2.62 g/cm3 after *400
million years (Figure 10).

DISCUSSION
Phase identification using Raman spectroscopy
Qualitative estimates (Intensity501/Intensity465) of
moganite:quartz (Figure 9) in the Yucca chalcedony
(13 Ma host), British Tertiary Volcanic Province agate
band (60 Ma host) and Lake Superior agate band
(1100 Ma host) were 18%, 20% and 2%, respectively.
The latter would not be detected by powder XRD unless
the 2% content was present throughout the tested
sample and even then, it would only be recorded as a
moganite trace. Moganite and quartz were found in all
the younger agates, but moganite was absent in the
Western Australian agates. This made these Western

Australian agates indistinguishable from Brazilian
macrocrystalline quartz (Figure 9d – f compared with
Figure 9g).
In a search for the possible development of other
silica polymorphs, particular attention was given to
the meteorite impact agate (Maddina 1). This agate was
systematically scanned in and near impact fractures
within the macrocrystalline quartz and agate. However, the Raman spectra lacked any new shifts to
distinguish it from the other Western Australian
agates. Overall, this suggests that the pressure of
the meteorite impact was limited to creating fracture
effects.

Water content
A thermogravimetric study on the water content in
agate from hosts aged 1100 to 38 Ma demonstrated that
the free water was independent of age, but water at
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Figure 5 Increasing crystallinity
of the agates with age is shown by
the sharpening of the (212) and
(203) reflections. A well-developed
(301) reflection has only been
observed in the Western Australian agate and the Brazilian
euhedral quartz standard. Locality and age of host rock: 1, Mexico
(38 Ma); 2, Brazil (133 Ma); 3,
Germany (285 Ma); 4, Scotland
(412 Ma); 5, Lake Superior (1100
Ma); 6, Killara, WA (1.84 Ga); 7,
Brazilian macrocrystalline quartz
standard.

Figure 6 Crystallinity Index as a
function of age. Numbers are for
the regions shown in Table 2.
Brazilian macrocrystalline quartz
(Mqz) has been scaled to 10 as a
reference standard.

defect sites showed a general decrease with age. After
*400 million years, the defect-site water had fallen
from *1% to become fixed at *0.4% (Moxon & Rı́os
2004).
During the present study, the white and non-white
bands in agate were examined in detail using infrared

spectroscopy (Figure 8). Figure 8I shows spectra from
three non-Western Australian regions and allows a
comparison between white and non-white bands. Ia
(white), Ib (colourless) and Ic (brown) are spectra from
the respective bands in a Lake Superior agate (1100 Ma).
Id (white) and Ie (colourless) are spectra obtained from
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Figure 7 (a) Montage showing the
two surface textures of the palewhite regions (d and e) and the
plate-edge-like structure (w); this
is the intense white band (a) in
Killara 4 (Figure 2b). (b, c) Weathered surface of Warrawoona 1
with pits and veins.

an agate from Ethiebeaton, Scotland (412 Ma). The white
bands in these two agates show a higher concentration
of water (broad peak at 2500 – 4000 cm71) and a lower
concentration of OH defect sites (shoulder at 3585 cm71)
than in their non-white bands. Figure 8If (colourless)
and Ig (white) are spectra from a Laguna, Mexico (38
Ma) agate, but both spectra are indistinguishable from
each other.
The difference or similarity of water content between
the white and non-white bands is linked to age. A
differentiation between the bands is seen in all the
agates from Lake Superior (1100 Ma) and Scotland (412
Ma) (5 samples) but not in agates from Mexico (38 Ma)
and Brazil (133 Ma) (four samples). The high water
content in all of these agates contrasts with the low water
in the Western Australian samples (Figure 8II, III, IV].
The infrared scans of the Maddina agate shown in
Figure 8III compare the free water in the milky quartz
(q1, q2, q3) and the near-zero water in the brown agate
(b1, b2, b3); some structural OH defect sites have formed
within the brown agate. Figure 8IV shows a greater
water concentration in the white band (IVa) of Killara 1
than in the white background (IV b – h). The infrared
spectra from Warrawoona 1 (Figure 8II) show differences due to the fibrosity and granularity and are
discussed later.

Advanced crystallinity of the Western Australian
agates
The growth of agate crystallites from 1100 to 38 Ma hosts
shown in Figure 4 uses data from Moxon and Rı́os (2004).
The new Mt Warning chalcedony data suggest that the
growth due to ageing during the first 400 million years is
parabolic (points 2 – 13 inclusive). After *400 million
years, the moganite is at trace levels. A further five
regional hosts aged 1.2 Ga to 412 Ma show that the agates
have achieved a constant crystallite size of 551 (+11) Å.
The eventual cessation of crystallite growth is due to the

completion of the moganite to chalcedony transformation (Moxon & Rı́os 2004).
The Western Australian agates have an advanced
crystallite size of *800 – 1000 Å (Figure 4; Table 1). This
demonstrates that further crystallite growth is possible
after the completion of the moganite to chalcedony
transformation.
Murata and Norman (1976) examined a wide variety
of microcrystalline quartz materials and concluded
that a CI 4 8 would require significant metamorphism.
Agates from the non-Western Australian hosts that
lack metamorphism produce a CI 5 6.6 (Moxon 2002;
Moxon & Rı́os 2004) while the high CI of the Western
Australian agates (7.8 – 9.4) suggests a metamorphic
host.
The Western Australian host-rock textures indicate
greenschist-facies metamorphism, but its details are
poorly understood; it is likely that much of the Pilbara
Craton underwent burial metamorphism during the
Palaeoproterozoic (Nelson et al. 1992). It is proposed that
the advanced crystallinity and the loss of all the
remaining defect-site water in these Western Australian
agates is due to the regional heating during the lowgrade metamorphism in the host rocks.

Transformation of fibrous chalcedony to
granular quartz
Increasing crystallinity with age is revealed by the
sharpening and development of the (212) reflection
(Figure 5). A further measure of this and its transformation into granularity is shown by the enlargement of the
(301) reflection at 68.328 2Y in the Western Australian
agates. This sharp (301) reflection has only been found in
the Western Australian agates and the Brazilian macrocrystalline quartz standard (Figure 5).
Further evidence of the conversion of a fibrous to
granular texture in these Western Australian agates is
seen in the optical micrograph of Warrawoona 1
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Figure 8 Infrared absorption spectra of H2O and OH in a variety of agate sections. (I) a, white band; b, clear band; c, brown
band (Lake Superior, US, 1100 Ma); d, white band; e, clear band (Ethiebeaton, Scotland, 412 Ma); f, clear band; g, white band
(Laguna, Mexico, 38 Ma). (II) a, c, d, chalcedony; b, milky quartz; e – j, granular quartz (Warrawoona 1, WA, 3.48 Ga). (III) q1,
q2, q3, milky quartz; b1, b2, b3, brown bands (Maddina 1, WA, 2.72 Ga). (IV) a, weak white band; b – h, white areas (Killara 4,
WA, 1.84 Ga).

(Figure 11) where the fibrosity changes to granularity in
regions IB to IC and shows total granularity in ID.
A thin-section cut normal to the surface in region D
shows only a granular texture in this region.
Figure 11IIB, C and D compare the same regions at a
higher magnification with a younger Mexican agate
(38 Ma host) representing low crystallinity. An even
higher magnification of these regions is shown in
Figure 11IIIB, IIIC and IIID. Fibrosity is still visible
in the Mexican agate, but only ghosts of fibrosity
remain in Warrawoona 1 (IIIB). The size of the grains

in the micrographs increases region to region with
IIID 4IIIC 4IIIB.
Figure 11IVB, D and IV Mexico demonstrate the
comparative surface morphology of these regions under
the SEM. The size and packing of the globules in the
Mexican agate typify non-white bands from agate hosts
5100 Ma. Equally, the fragmentary grains seen in IVB
and D appear in non-white bands in agates from
hosts 4400 Ma. The apparent secondary globular
growths on the angular fragments in the granular
region are minimal on the fragments in the fibrous
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Figure 9 Raman spectra of Yucca
chalcedony, five agates and
Brazilian macrocrystalline quartz
reference material. The labelled
peaks are the principal spectral
peaks of a-quartz (q) and moganite
(m). Locality and age of host rock:
a, Yucca, US (13 Ma); b, British
Tertiary
Volcanic
Province,
Scotland (60 Ma); c, Lake Superior, US (1100 Ma); d, Killara,
WA (1.84 Ga); e, Maddina, WA
(2.72 Ga); f, Warrawoona, WA
(3.48 Ga); g, Brazilian macrocrystalline quartz.

Figure 10 Mean regional density
as a function of the mean regional
crystallite size. The solid circles
are the mean agate density for
that region and open circles are
the
densities
of
individual
Western Australian agates. The
error bars are +1s of density for
that region. Qz is the mean density (13 samples) and mean
crystallite size (three samples) of
quartzite pebbles from Doncaster,
England. Numbers correspond to
those in Table 2. Additional data
(L) is for agates from the Lune
Valley, Australia. The dashed line
is for eye guidance.

region. Moreover, the high crystallite size shown by the
three sections in the fibrous region [mean 907 (+21) Å] is
comparable with, but less than, the three sections in the
granular region [mean 1041 (+108) Å]. The direction of

the original fibrous growth is shown by the arrows in
Figure 11. The later transformation decreases in the
same direction: from outer band to the macrocrystalline
quartz centre.
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Figure 11 Warrawoona agate 1. (I) Agate divided into four regions: milky quartz (A); fibrous chalcedony (B); an area of
transformation of fibrous chalcedony into granular quartz (C); and granular quartz (D). The black circles are the sites of the
infrared scans in Figure 8II. The sizes of the sections removed for crystallite size determinations are shown by the brackets
(crystallite size Å). The arrows represent the direction of the fibrous growth (scale 0.5 cm, crossed polars). (II) Micrographs
from B, C, D and a Mexican agate for reference (scale 1 mm, crossed polars). (III) Further magnification from the same areas
as (II) (scale 0.1 mm, crossed polars). (IV) Electron micrographs of the regions B, D and the same Mexican agate (scale 1 mm).

Infrared spectra (Figure 8II) also signal changes in
the granular region (D) and are shown on the thinsection in Figure 11I. Regions a, c, d within the area of
chalcedony (Figure 8II) have minimal OH defect sites,
but these have increased in the granular regions
(Figure 8II e – j). Note the near-total flatness in all
regions apart from the milky quartz band (region 8II
b). Furthermore, the infrared spectra show that all the
fibrous and granular regions in this agate are virtually
devoid of water.

Density
The mean regional density of the younger chalcedony
and agate increases with the mean crystallite size from
2.567 (+0.014) g/cm3 (Mt Warning, Queensland, 23 Ma
host) to 2.610 (+0.015) g/cm3 (East Midland Valley,
Scotland, 412 Ma host): an increase of *2% (Figure 10).
The change in density reflects the decreasing moganite
and water content during the moganite to chalcedony
transformation. Gı́slason et al. (1997) showed that the
dissolution rate of moganite is 7.4 times faster than
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that of quartz at pH 3.5 and 258C. The total water
content of pure moganite and chalcedony are *5%
(Petrovic et al. 1996) and up to 2% (Graetsch et al. 1985),
respectively. Any water mobility over the geological
time-scale would convert the lower density moganite
(2.55 g/cm3: Miehe & Graetsch 1992) into the higher
density chalcedony.
Moganite, chalcedony and agate have a variety of
crystallite defects both on the surface and within the
structure. These defects will vary between agates from
the same region and between agates from different
regions. During the ageing process, the growing crystallites reduce the surface defects and form a more
compact structure. However, neither the moganite
transformation nor the reduction in the number of
surface defect sites explains why there is a negligible
change in mean density [2.616 (+0.011) g/cm3] of the
Western Australian agates after such a large increase in
crystallite size.
Thin-section images of some of the Western
Australian agates show that the fibrosity has been
transformed into a granular structure (Figure 11IIIB).
The individual quartz crystallites within a fibrous
structure show a better mutual orientation than in a
granular structure (Flörke et al. 1982). It is proposed that
the more disordered arrangement of the crystallites,
formed after the fibrous to granular quartz transformation, has minimised the effects of increasing crystallite
size and is responsible for the minimal change in
density.

CONCLUSIONS
The Killara and Archaean agates from Western
Australia occur in host rocks that span some 1700
million years. Although the relative age of each agate
and host is unknown, thin-sections of these Western
Australian agates show sufficient similarity in development with younger agates to suggest a common
mechanism of agate growth throughout time.
Apart from the nominal change in density, the
Western Australian agates have features and properties that are not seen in any of the younger agates.
The Western Australian agates show portions of milky
quartz that are water-rich, but the free water content
in the Western Australian agates is minimal and is
generally near zero. This low water is unexpected
after an examination of the infrared spectra of the
1.10 Ga Lake Superior agates. The mean crystallite size
of *900 Å in the Western Australian samples is the
result of the fibrous to granular transformation of
a-quartz. The sharpness of high 2Y reflections
[(212), (203), (301)], high CI and zero moganite, are
characteristics of macrocrystalline quartz that are
absent from the non-Western Australian agates.
Overall, this evidence suggests that a common
regional event has affected the Western Australian
agates and it is proposed that they have retained a
heating imprint of palaeoactivity, probably linked to
regional metamorphism.
The meteorite impacted agate does not differ, apart
from straight impact fractures and strain textures, from

247

agates found in the other two Western Australian
regions.
The Archaean host rocks are frequently altered by
metamorphism and weak banding within a secondary
microcrystalline quartz infill can indicate a chalcedony
precursor. The Warrawoona 1 agate has retained partial
fibrosity as well as conversion into granularity. Thus, in
other Archaean agates, transformation could have been
complete. A small collection of weakly banded microcrystalline quartz-infill samples from the same area,
which produces a mean CI 4 7.5, reveals abnormal
crystallite growth. This can serve as a suitable indicator
of host-rock metamorphism.
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GÖTZE J., NASDALA L., KLEEBERG R. & WENZEL M. 1998. Occurrence
and distribution of ‘moganite’ in agate/chalcedony: a combined
micro-Raman, Rietveld and cathodoluminescence study.
Contributions to Mineralogy and Petrology 133, 96 – 105.
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