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ABSTRACT

The Oligo-Miocene Torquay Group at Bird Rock in south-eastern Australia

comprises a sequence of ®ne-grained skeletal carbonates and argillaceous and

glauconitic sandstones, deposited in a cool-water, mid-shelf environment. The

Bird Rock glaucony is autochthonous and consists predominantly of randomly

interstrati®ed glauconitic smectite, which constitutes bioclast in®lls and faecal

pellet replacements. The results of Rb±Sr and oxygen isotopic analysis of

samples taken from a single glauconitic horizon (the BW horizon) indicate that

the glaucony developed through a series of simultaneous dissolution±

crystallization reactions, which occurred during very early diagenesis in a

closed or isochemical system, isolated from the ambient marine environment.

The constituent ions of the glaucony were derived primarily from terrigenous

clay minerals, but considerable potassium may have been sourced indirectly

from sea water, through potassium enrichment of clay precursors. The pore

¯uids associated with glauconitization were marine derived, but progressively

modi®ed by the dissolution±crystallization of detrital clay minerals and

autochthonous glaucony. Rb±Sr data for the BW horizon indicate that dating

glauconies may be somewhat problematic, as co-genetic glauconitic minerals

can show a range of initial strontium compositions, which re¯ect the

incorporation of strontium derived from mineralogical precursors and/or

contemporaneous sea water. Rb±Sr isochrons indicate that the glaucony of

the BW horizon formed at 23 � 3 Ma. This age is in good agreement with both

the established biostratigraphy and a 87Sr/86Sr age for the horizon (23 � 1 Ma),

but could only be determined using the independent age constraint and the

estimate of the 87Sr/86Sr ratio of contemporaneous sea water provided by

analysis of associated biogenic carbonate.

Keywords Diagenesis, geochemistry, geochronology, glaucony, oxygen
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INTRODUCTION

The term glaucony refers to the petrographic
facies in which glauconitic minerals are abundant
(Odin & Matter, 1981; Odin & Dodson, 1982).

Glauconitic minerals are iron- and potassium-rich
aluminophyllosilicates and typically constitute
sand-sized, ellipsoidal green pellets that have an
earthy or lustrous appearance (Triplehorn, 1966;
McRae, 1972; Odin & Matter, 1981; Odin &
Fullagar, 1988). Glaucony occurs in the sur®cial
sediments of every ocean and in marine sedimen-
tary rocks from all parts of the geological column
(Galliher, 1935; McRae, 1972; Odin & Fullagar,
1988).

1Present address: Woodside Energy Ltd, 1 Adelaide
Tce., Perth, Western Australia, Australia 6000 (E-mail:
Jon.Kelly@woodside.com.au)

Sedimentology (2001) 48, 325±338

Ó 2001 International Association of Sedimentologists 325



Radiometric dates of glauconies have been used
widely to determine the depositional age of
sedimentary rocks and have provided numerous
age constraints for the calibration of the relative
time scale (Odin et al., 1978; Odin, 1982; Craig
et al., 1989). Yet the reliability of isotopic dates
from glaucony has often been questioned, in part
due to problems that can be attributed to an
incomplete understanding of the glauconitization
process (Odin et al., 1978; Odin & Dodson, 1982;
Craig et al., 1989; Clauer et al., 1992a; Stille &
Clauer, 1994).

Glaucony is generally regarded as an halmyro-
lytic phenomenon, which develops in response to
chemical interactions between sea water and
sediments during periods of slow sedimentation
(Odin & Matter, 1981; Fairbridge, 1983). Never-
theless, several different mechanisms of glaucon-
itization have been postulated, including the
layer lattice theory of Burst (1958a,b) and Hower
(1961), the verdissement theory of Odin & Matter
(1981) and the two-stage evolutionary model of
Clauer et al. (1992a,b).

The layer lattice theory invokes solid-state
transformation of degraded clay precursors to
glauconitic minerals through ionic exchange with
the marine environment (Burst, 1958a,b; Hower,
1961). The verdissement theory suggests that
glaucony is the product of neoformation (i.e.
precipitation from a ¯uid phase), with constitu-
ent ions being derived from both the enclosing
sediment and sea water (Odin & Matter, 1981).
The two-stage glauconitization model is a re®ne-
ment of the verdissement theory and involves
initial dissolution of clay precursors with con-
comitant crystallization of a glauconitic phase in
the precursor-dominated environment, followed
by second-stage maturation and potassium
enrichment in equilibrium with sea water (Clauer
et al., 1992a,b).

In contrast to these theories, in a recent
investigation of glaucony in the Torquay Group
of south-eastern Australia, Kelly & Webb (1999)
suggested that it is unnecessary to invoke ionic
exchange with sea water to explain the develop-
ment of glaucony; the chemical constituents of
glauconitic minerals may be derived primarily
from argillaceous matrix material.

Kelly & Webb (1999) concluded that the glau-
conitization of the Torquay Group sediments
occurred in isolation from the open-marine envi-
ronment under very shallow burial conditions,
and involved ions derived largely from argilla-
ceous matrix material. They also provided evi-
dence that glauconitization must involve local

iron and potassium enrichment, but did not
identify the actual mechanism of glauconitic
mineral formation.

The aim of this study is to elucidate further the
genesis of glaucony in the Oligo-Miocene Tor-
quay Group of the Torquay Basin, south-eastern
Australia, using a combination of oxygen and Rb±
Sr isotopic techniques. This research attempts to
identify the mechanism of formation of glaucon-
itic minerals in the Torquay Group and tests the
theory that glauconitization occurs in isolation
from the open-marine environment.

In addition, this study employs Rb±Sr isotopic
data from the glauconitic minerals and associated
clay fraction, together with Sr isotope data from
associated biogenic carbonate, in an attempt to
determine the age of formation of the glaucony
and to identify potential problems with existing
dating methods.

GEOLOGICAL SETTING, PETROLOGY
AND BULK CHEMISTRY

The Torquay Basin lies on Australia's south-
eastern margin, in southern Victoria, and contains
a Tertiary stratigraphy of terrestrial and marine
siliciclastics and marine carbonates (Reeckmann,
1981; Abele, 1988; Webb et al., 1995). At Bird
Rock, south-west of Torquay, the Oligo-Miocene
Torquay Group is exposed in coastal cliffs
(Fig. 1).

The Torquay Group at Bird Rock consists of the
Jan Juc and overlying Puebla Formations and
comprises a sequence of ®ne-grained skeletal
carbonates and argillaceous and glauconitic sand-
stones (Fig. 2), which were deposited in a cool-
water, mid-shelf environment (Abele, 1979;
Boreen & James, 1995; Kelly & Webb, 1999). Kelly
& Webb (1999) gave full petrological descriptions
of the Bird Rock lithologies; however, the pertin-
ent features of the glauconitic sediments are
summarized below.

The glauconitic Bird Rock lithologies are mid-
to dark-grey/green, very poorly lithi®ed and
intensely bioturbated. They are poorly sorted
and contain abundant and diverse skeletal grains,
and minor quartz and feldspar, in a brown to
dark-brown organic-rich matrix of smectite and
lesser kaolinite.

Glauconitic minerals constitute 10±20% of the
glauconitic lithologies and consist predominantly
of randomly interstrati®ed glauconitic smectite,
which forms bioclast in®lls and faecal pellet
replacements. The carbonate bioclasts that host
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glauconitic minerals are commonly partially or
completely dissolved to form mouldic porosity.

Textural features, such as patches of diffuse
glaucony in the matrix and gradational boundar-
ies between pelletal glaucony and surrounding
matrix, clearly show that the glaucony is autoc-
hthonous. The poorly sorted character of the
glauconitic Bird Rock sediments veri®es this; if
the glauconitic grains had been transported, they
would have been concentrated in texturally
mature sediments by hydraulic sorting.

Other authigenic components are very minor
and include pyrite, siderite, phosphate and iron
oxides. Pyrite commonly occurs as cubic and
framboidal grains rimming and in partial replace-
ment of glauconitic pellets; these textures suggest
that pyrite post-dates the development of glau-
cony in the Bird Rock lithologies.

Textural features show that glaucony has
replaced argillaceous matrix; together with bulk
chemical data (Kelly & Webb, 1999), this indi-
cates that the elemental constituents of the Bird
Rock glaucony were derived largely, if not
entirely, from primary detrital clay. However,
the Bird Rock glaucony contains more iron (up to
15 wt% Fe2O3) and more potassium (up to 2á6
wt% K2O) than the argillaceous matrix (Kelly &
Webb, 1999), so glauconitization must have
involved iron and potassium enrichment.

The glauconitic sediments are intensely biotur-
bated and contain a diverse benthic fauna, indi-
cating that oxic bottom-water conditions prevailed

during their accumulation. In oxic sea water, iron
has a very low solubility, whereas under reducing
conditions, it is soluble as ferrous iron (Garrels &
Christ, 1965; James, 1966; Harder, 1980; Drever,
1988). Thus, the inferred iron enrichment during
the development of the Bird Rock glaucony
indicates that glauconitization occurred in isola-
tion from the oxic waters of the open ocean, under
relatively low Eh conditions in the very shallow
burial environment (Kelly & Webb, 1999).

METHODS

Prominent glauconitic strata in the Bird Rock
section include an »40-cm-thick bed, here called
the burrow or BW horizon, which lies at the
boundary between the Jan Juc and Puebla Forma-
tions (Fig. 2). Glaucony from this layer in®lls
numerous olive-grey burrows in the underlying
Jan Juc Formation. Kelly & Webb (1999) sampled
several intervals of the Bird Rock section, but the
current study focuses entirely on samples taken
from the BW horizon.

Aliquots of the <2-lm clay and glauconitic
fractions from the BW horizon were analysed
using the Rb±Sr and oxygen isotopic techniques.
The <2-lm clay fraction consists largely of smec-
tite, with lesser kaolinite, and so will subsequently
be identi®ed as the smectitic component.

Before isotopic analysis, the samples were
leached in a 1 N HCl ultrasonic bath for 10 min
at room temperature to remove potential contam-
inants such as carbonate and adsorbed Rb and Sr
(Kralik, 1984; Clauer et al., 1992a; Stille & Clauer,
1994). Each leached sample (residue) was repeat-
edly rinsed with Milli-Q water to remove salts
(Clauer et al., 1992a; Stille & Clauer, 1994). The
residues were then split into aliquots for oxygen
and Rb±Sr isotopic determinations. The HCl
leachates were also preserved for Rb±Sr isotopic
analysis.

Oxygen isotope analytical methods

Oxygen isotope analysis was conducted accord-
ing to the methods of Clayton & Mayeda (1963),
using ClF3 as the oxidizing reagent. These meth-
ods involve a 1-hour pre-analytical heating step at
400 °C under vacuum, which effectively removes
interlayer and adsorbed air and water from the
clay samples, such that only the oxygen of the
silicate framework is analysed (Clayton & May-
eda, 1963; Savin & Epstein, 1970; O'Neil &
Kharaka, 1976; Pokrovskii & Golovin, 1989).

Fig. 1. Map showing the location of the Bird Rock
study area.
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Oxygen isotopic ratios were measured on a
Finnigan MAT 252 mass spectrometer. Values of
d18O are reported in parts per thousand (&)
relative to V-SMOW. The precision of this analy-
sis was better than �0á2&.

Rb±Sr analytical methods

The sample residues were dissolved in Te¯on
beakers by HF±HNO3±HCl digestion at 100 °C.
The dissolved samples were then aliquoted for
potassium and Rb±Sr determinations.

Potassium determinations were made by
inductively coupled plasma±atomic emission
spectrometry (ICP±AES) on a GBC Integra XM,
using potassium chloride standard solutions. The
precision of this analysis was better than 2%
relative.

The Rb±Sr aliquots and HCl leachates of the
various samples were spiked with a 87Rb/84Sr
tracer, dried down and then redissolved in 1 N
HCl. Refractory ®nes were removed by centrifu-
gation before column chemistry. Rb and Sr
fractions were separated by standard cation
exchange chromatography using HCl eluants. Sr
was loaded on single Ta ®laments with dilute
phosphoric acid. Rb was loaded on double Re
®laments using HCl.

Isotopic analyses were made on a Finnigan
MAT 262 multicollector mass spectrometer. Sr
isotopic ratios were normalized to
86Sr/88Sr � 0á1194. Results for the SRM 987
standard (�2SD) are: 87Sr/86Sr � 0á71022 � 6.
Typical within-run precision (�2rmean) for
87Sr/86Sr is £ � 0á00004 and the reproducibility
for 87Rb/86Sr is �0á5%.

Fig. 2. The stratigraphic succession
at Bird Rock (modi®ed after Van Der
Linden, 1997).
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Sr analysis

A mixture of planktonic foraminiferal taxa, hand
picked from the disaggregated whole-rock sam-
ple, was analysed for Sr using the technique
described above. Before analysis, the foraminifera
were cleaned ultrasonically in Milli-Q water and
then dissolved with 1 N HCl. Insoluble residue
was removed by centrifugation.

OXYGEN ISOTOPE GEOCHEMISTRY

Glauconitic pellets separated from the BW hori-
zon were subdivided into a number of different
paramagnetic fractions using a Frantz magnetic
separator (Kelly & Webb, 1999). Each fraction has
a different potassium content (Table 1) and rep-
resents a particular stage in the progressive
chemical evolution of the glaucony; glauconitic
minerals evolve through the gradual incorpor-
ation of potassium (Cimbalnikova, 1971; Thomp-
son & Hower, 1975; Odin & Matter, 1981). Thus,
isotopic analysis of the different fractions should
provide constraints on the mechanism of glau-
conitization in the Bird Rock sediments.

The oxygen isotope data for the smectitic and
glauconitic fractions display signi®cant variation
(Table 1). The smectitic fraction has the highest
d18O value (26á41&), the most evolved glaucony
has the lowest d18O value (20á27&), and the less
evolved glauconitic fractions display a fairly
narrow range of intermediate values (23á39±
22á30&).

The oxygen isotopic composition of clay min-
erals is controlled by two factors: the isotopic
character of the water in contact with the clays at
the time of formation; and the temperature of the

environment during their growth (Savin &
Epstein, 1970; Faure, 1986; Hoefs, 1987). The
isotopic fractionation factors for clay±water sys-
tems approach unity with increasing temperature
(Savin & Epstein, 1970; Faure, 1986; Hoefs, 1987).

Clay minerals that form in terrestrial environ-
ments usually develop at higher temperatures and
in waters with lower 18O contents than those that
form in the marine environment (Yeh & Savin,
1976; Clauer et al., 1990). Consequently, terrig-
enous clays usually display comparatively low
d18O values, typically in the 15±20& range,
whereas authigenic marine clays are character-
ized by markedly higher values of around 26±
31& (Savin & Epstein, 1970; Yeh & Savin, 1977;
Clauer et al., 1990).

The smectitic fraction of the BW horizon is
thought to be of continental origin, as it has a non-
marine initial 87Sr/86Sr ratio (see below). How-
ever, its d18O value (26á41&) is very high in
relation to typical terrigenous clay minerals and
is consistent with isotopic equilibration with
oceanic waters.

Post-formational oxygen isotopic exchange
between clay minerals and water only occurs
when cation±oxygen bonds are broken and
reformed and is generally very slow at sedimen-
tary temperatures (Savin & Epstein, 1970; James &
Baker, 1976; O'Neil & Kharaka, 1976; Yeh &
Savin, 1976). Exchange of this type is controlled
by the accessibility of water to the interlayer
cation region and can therefore be signi®cant in
clays with a large proportion of expandable layers
(James & Baker, 1976; O'Neil & Kharaka, 1976).
However, the exchange is unlikely to achieve
equilibrium at sedimentary temperatures unless
considerable chemical or mineralogical alteration

Table 1. Oxygen isotope data for
the smectitic and glauconitic
fractions of the BW horizon.

K2O d18O (mineral) d18O (H2O) T Equil

Sample (wt%) (&SMOW) (&SMOW) (°C)

Smectitic fraction 2á30 26á41 )0á47 17á2
Glaucony (0á55) 3á46 23á39 )3á49 32á7
Glaucony (0á5) 3á84 22á30 )4á58 38á9
Glaucony (0á45) 4á31 23á25 )3á63 33á5
Glaucony (0á4) 4á90 20á27 )6á61 51á6

d18O (mineral) is the measured isotopic composition of the mineral fraction.
d18O (H2O) is the calculated isotopic composition of the water associated
with mineral formation, assuming a formation temperature of 15 °C.
T Equil is the calculated temperature of oxygen equilibration assuming marine
formation waters (d18O = &).
The numbers in brackets denote the current (amps) required to attract the
glaucony on a magnetic separator set with a lateral inclination of 15° and a
longitudinal inclination of 20°; the more evolved/potassic glaucony shows a
greater paramagnetic susceptibility, i.e. a lower current is required.
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occurs (James & Baker, 1976; Yeh & Savin, 1976).
Thus, the marine oxygen signature displayed by
the smectitic fraction of the BW sediment prob-
ably re¯ects extensive alteration of terrigenous
clay minerals subsequent to deposition in the
marine environment.

The glauconitization of the Bird Rock sediments
occurred under suboxic, partially reducing condi-
tions in the very shallow burial environment,
probably at a depth of centimetres to metres below
the sediment±water interface (Kelly & Webb,
1999). Therefore, it is likely that the glaucony
developed at a temperature around that of the
ambient marine environment; palaeowater tem-
perature estimates for the Torquay Group of
between 12 and 17 °C have been made on the basis
of oxygen isotopes and calcareous nannofossil
assemblages (Dorman & Gill, 1959; Siesser, 1979).

Using the measured oxygen isotopic composi-
tions of the glauconitic samples (Table 1), an
assumed formation temperature of 15 °C and the
fractionation equation for smectitic minerals
(Eq. 1), the isotopic character of the waters
associated with the formation of the Bird Rock
glaucony (dH2O) may be estimated (Fig. 3). The
Bird Rock glaucony comprises glauconitic smec-
tite; therefore, the fractionation equation for
smectitic minerals has been used.

dsmectite ÿ dH2O � �2�58�106 �T2� ÿ 4:19�T in �K�
�1�

(O'Neil, 1979; Faure, 1986; Savin & Lee, 1988;
Kharaka & Thordsen, 1992).

The estimated dH2O-values for the various
glauconitic fractions (Table 1) suggest that the
glauconitic minerals formed in equilibrium with
waters that were depleted by 3á5±6á6 ml±1 d18O
relative to typical ocean water; open marine waters
have an oxygen isotope composition of 0 � 1&
(Savin & Epstein, 1970; Faure, 1986; Hoefs, 1987;
Pokrovskii & Golovin, 1989). The fact that the
glaucony appears to have formed in contact with
waters that were isotopically distinct from typical
oceanic water indicates that the glauconitization
process occurred in isolation from the open-
marine environment. Petrographic and geochem-
ical evidence also suggests this (see above).

Clay minerals forming at sedimentary tempera-
tures are preferentially enriched in 18O compared
with the waters with which they equilibrate
(O'Neil, 1979; Faure, 1986; Hoefs, 1987; Pokrov-
skii & Golovin, 1989). Thus, continuing clay
formation in a closed sediment system will result
in the gradual depletion of 18O in the interstitial
waters and will produce clay minerals with
progressively more depleted oxygen isotopic
signatures. The magnitude of such depletion will
depend largely on the sediment±water ratio in the
system and the amount of clay formed, and will
be greatest in sediments with low porosity and
permeability, e.g. compacted shale (Lawrence
et al., 1975; Faure, 1986; Kharaka & Thordsen,
1992; Mozley & Carothers, 1992). Porewater 18O
depletion as a consequence of clay authigenesis
has been reported by several previous workers
(e.g. Lawrence et al., 1975; Perry et al., 1976;
Pokrovskii & Golovin, 1989).

The Bird Rock glaucony represents a clear
example of such progressive 18O depletion, as it
shows a general trend of decreasing d18O with
increasing potassium content (Fig. 4), i.e. the
d18O decreases as the glaucony becomes more
evolved. This trend is consistent with the devel-
opment of glaucony through a series of dissolu-
tion±crystallization reactions in a closed or iso-
chemical system. The potassium±d18O trend
displayed by the glauconitic fractions can be
extended through to the low-potassium smectitic
fraction (Fig. 4), which has a marine oxygen
signature, providing strong evidence that the
smectitic fraction is the genetic precursor of
glaucony in the Bird Rock sediments and that
the porewaters involved in the glauconitization
process were marine derived.

One sample does not plot directly on the
potassium±oxygen isotope trend of the Bird Rock
clay minerals (Fig. 4); this may re¯ect a transient
perturbation of the clay±water system as a result

Fig. 3. Oxygen isotope fractionation between water
and smectite as a function of temperature. The oxygen
isotope compositions of the smectitic and glauconitic
fractions of the BW horizon; the d18O of sea water and
the 15 °C isotherm (dashed) are shown for reference
purposes.
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of the in¯ux of marine-derived oxygen through
bioturbation.

Low d18O values in the authigenic components
of marine sediments have previously been attrib-
uted to three other possible mechanisms: preci-
pitation from marine-derived waters with oxygen
compositions modi®ed by intense sulphate
reduction; precipitation from ¯uids containing
signi®cant amounts of isotopically light fresh
water; and equilibration or re-equilibration at
elevated temperatures during burial (Savin &
Epstein, 1970; Pokrovskii & Golovin, 1989; Sass
et al., 1991; Mozley & Carothers, 1992; Mozley &
Burns, 1993; Ayalon & Longstaffe, 1995).

The ®rst of these mechanisms, intense sulphate
reduction, cannot be responsible for the depleted
oxygen composition of the Bird Rock glaucony
because pyrite, the principal product of sulphate
reduction, is only a very minor component of the
sediments, and petrographic evidence indicates
that it post-dates the development of glaucony
(see above).

The second mechanism, precipitation under
the in¯uence of fresh water, is very unlikely
because the glauconitic sediments were deposited
in a mid-shelf environment and contain a diverse
benthic fauna characteristic of normal sea-water
salinity (Abele, 1979; Webb et al., 1995; Kelly &
Webb, 1999). The potassium±d18O trend dis-
played by the smectitic and glauconitic fractions
(Fig. 4) also indicates that the sediments were
deposited in normal marine waters (see above).
Furthermore, it is unlikely that the glauconitic
strata were affected by circulating meteoric ¯uids
during burial, as they are likely to have had low
permeability in the burial environment, being

relatively ®ne grained, clay rich and poorly sorted
(Kelly & Webb, 1999). The preservation of the
metastable carbonate minerals aragonite and
Mg-calcite (Reeckmann, 1981) and signi®cant
amounts of organic matter (Kelly & Webb, 1999)
in the sediments attests to restricted groundwater
circulation.

In addition, geochronological evidence sug-
gests that the glauconitization of the BW horizon
occurred at »23 Ma, in the Early Miocene, during
early diagenesis (see below). A relative sea-level
fall of suf®cient magnitude to increase the
hydraulic gradient and drive meteoric waters
through the Bird Rock sequence did not occur
until the Late Miocene±Pliocene, when the region
was uplifted as a result of the Australian contin-
ent being placed into compression following arc
collision to the north (Hill et al., 1995). Thus, the
low d18O of the glauconitic minerals cannot relate
to precipitation from ¯uids with a signi®cant
fresh water component.

The third explanation of the depleted d18O
signatures of the glaucony, equilibration or
re-equilibration at elevated temperatures during
burial, is also unlikely. Assuming normal marine
formation waters, the most evolved glauconitic
fraction of the BW horizon has an oxygen isotopic
composition that equates to an equilibration
temperature of 52 °C (Eq 1; Fig. 3; Table 1),
»35 °C higher than the temperature of the depo-
sitional environment. Using the present-day geo-
thermal gradient for the Torquay area,
»40 °C km)1 (Mehin & Link, 1994), this tempera-
ture corresponds to a burial depth of »900 m. The
Bird Rock sediments were overlain by a maxi-
mum of only 350 m of sediment by the early
Middle Miocene; subsequent sediment accumu-
lation in the Torquay region has been restricted to
thin ¯uvial sequences (Abele, 1979, 1988; Webb
et al., 1995). Consequently, the depleted oxygen
composition of the Bird Rock glaucony cannot
relate to equilibration at elevated temperature in
the burial environment.

Furthermore, the smectitic fraction of the glau-
conitic BW sediment preserves a pristine low-
temperature marine oxygen signature (Table 1); it
is very unlikely that the glauconitic minerals
were selectively affected by isotopic resetting at
elevated temperature, while the co-existing
smectitic fraction remained undisturbed.

Depleted oxygen isotopic compositions, similar
to those of the Bird Rock glaucony, are commonly
reported for glauconies from Recent sea-¯oor
sediments (Friedrichsen, 1984; Keppens &
O'Neil, 1984; Clauer et al., 1992b). This also

Fig. 4. Variation in the potassium content and oxygen
isotope composition of the glauconitic and smectitic
fractions of the BW horizon.
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indicates that low d18O values in glauconitic
minerals are not necessarily a product of isotopic
exchange with meteoric ¯uids or at elevated
temperature and suggests that the mechanism
and conditions of glauconitization are quite
uniform, i.e. glauconitization always involves
dissolution±crystallization reactions in a closed
or isochemical system.

RUBIDIUM±STRONTIUM ISOTOPE
GEOCHEMISTRY

Compared with the smectitic fraction of the BW
sediment, the glauconitic fractions contain more
Rb (135±202 p.p.m. vs. 89 p.p.m.) and consider-
ably less Sr (6±10 p.p.m. vs. 98 p.p.m.; Table 2).
These relative proportions appear to be closely
related to potassium content; the Rb/Sr ratios
display an excellent positive correlation with
potassium (Fig. 5). Given the geochemical simi-
larity of potassium and rubidium (Faure & Pow-
ell, 1972; Faure, 1986) and the knowledge that
potassium occupies interlayer sites within glau-
conitic structures (Hower, 1961; Odin & Matter,
1981), the correlation between the Rb/Sr ratio and
the K content indicates that Rb and Sr are also
interlayer cations and suggests that the glaucon-
itization process involves the progressive incor-
poration of K and Rb and concomitant expulsion
or exclusion of Sr. These hypotheses are in
agreement with the conclusions of Hower
(1961), Clauer et al. (1992a) and Stille & Clauer
(1994).

The Rb±Sr isotopic composition of the smect-
itic and glauconitic fractions (Table 2) can be
used to constrain the process of glauconitization

further. The Rb±Sr data show considerable devi-
ation from a single line of best ®t on a standard
isochron plot (Fig. 6A). The close correlation
between the Rb/Sr ratio and the potassium
content of the samples (Fig. 5) suggests that the
scatter on the isochron plot is a primary feature of
the smectite±glaucony system. If the scatter rela-
ted to secondary processes, involving the differ-
ential movement of Rb and/or Sr, it is unlikely
that the Rb/Sr ratio would show such a good
correlation with potassium, which is a primary
constituent of glauconitic minerals.

Biogenic marine carbonate incorporates stron-
tium from sea water without isotopic fraction-
ation and very ef®ciently excludes rubidium
(Faure & Powell, 1972; Hurst, 1986; Hess et al.,
1989). Therefore, the 87Sr/86Sr ratio of planktonic
foraminifera extracted from the glauconitic BW

Table 2. Rb±Sr isotopic data for the BW horizon.

Sample Rb (p.p.m.) Sr (p.p.m.) Rb/Sr 87Rb/86Sr 87Sr/86Sr Initial 87Sr/86Sr

Smectitic fraction 89á13 98á18 0á91 2á622 0á71322 0á7124
Smectitic leachate 0á70887
Glaucony (0á55) 134á60 10á16 13á25 38á305 0á72205 0á7095
Glaucony (0á55) leachate 0á70840
Glaucony (0á5) 166á40 7á54 22á07 63á844 0á72897 0á7081
Glaucony (0á5) leachate 0á70867
Glaucony (0á45) 182á90 7á38 24á78 71á779 0á73674 0á7133
Glaucony (0á45) leachate 0á70843
Glaucony (0á4) 201á90 6á44 31á35 90á818 0á74183 0á7122
Glaucony (0á4) leachate 0á70857
Planktonic forams 0á70829

The leachate samples are the 1 N HCl leachates of the smectitic and glauconitic fractions.
The initial 87Sr/86Sr ratios were calculated using the 23 Ma Sr age of the BW horizon.
For explanation of the numbers in brackets, refer to Table 1.

Fig. 5. Variation in the potassium content and Rb/Sr
ratio of the glauconitic and smectitic fractions of the
BW horizon.
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horizon (Table 2) provides a measure of the
marine Sr composition at the time of deposition.
Correlation of this value (0á70829) with the
established marine Sr isotope curves (Hess et al.,
1989; Hodell et al., 1991; Miller et al., 1991) gives
a sedimentary age of 23 � 1 Ma (Fig. 7). This date
is in agreement with biostratigraphic evidence
that indicates that the Oligo-Miocene boundary
(23á8 Ma; Young & Laurie, 1996) lies just above or
below the BW horizon and the stratigraphic
boundary between the Jan Juc and Puebla Forma-
tions (Siesser, 1979; Carter, 1990; Chaproniere,
1992; Fig. 2).

The HCl leachates of the smectitic and glau-
conitic fractions have Sr isotope compositions
(Table 2) that are very close to the sea-water
value. This indicates that the leaching process

removed extraneous marine-derived Sr, which
may occur adsorbed to the clay minerals or in
mineral impurities (e.g. salts, phosphate and
carbonate; Clauer, 1982; Clauer et al., 1990,
1992a), but removed little or no Sr from the clay
mineral lattices. If the leaching process removed
structural Sr from the clay minerals, the leachates
would have more radiogenic 87Sr/86Sr ratios,
given the initial Sr ratios of the clay minerals
(see below) and their signi®cant Rb content
(Table 2). In addition, the correlation between
the Rb/Sr ratio and the potassium content (Fig. 5)
would probably be destroyed by the removal of
clay-lattice Sr.

The 87Sr/86Sr age of the BW sediment can be
used to calculate the initial Sr ratios of the
smectitic and glauconitic fractions (using stand-
ard methods, e.g. Faure, 1986). The smectitic
fraction has an initial Sr ratio (0á7124) that is
signi®cantly higher than that of contemporaneous
sea water (Table 2; Fig. 8). The relatively radio-
genic Sr signature of the smectitic fraction indi-
cates that it retained considerable detrital Sr
despite the intense halmyrolitic alteration evi-
dent from its oxygen isotope composition (see
above). Clay minerals that form in continental soil
pro®les display analogous decoupled Rb±Sr and

Fig. 6. Rb±Sr isochron diagrams for the smectitic and
glauconitic fractions of the BW horizon. (A) A single
line of best ®t. (B) Two 23 Ma isochrons. The value for
23 Ma sea water was plotted using Rb/Sr � 0á12/
8 p.p.m. (Drever, 1988) and 87Sr/86Sr � 0á70829 (from
analysis of planktonic foraminifera).

Fig. 7. Correlation of the 87Sr/86Sr ratio of planktonic
foraminifera from the BW horizon with a composite
marine Sr evolution curve for the 0±40 Ma period
(timescale after Young & Laurie, 1996). The curve
comprises linear regression segments from: (A) Miller
et al. (1988); (B) Hess et al. (1989); (C) Hodell et al.
(1991); (D) Miller et al. (1991). The line segments have
been normalized on the basis of an SRM 987 value of
0á71022.
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oxygen isotopic behaviour; the Sr composition of
pedogenic clay usually resembles that of the
parent rock or mineral (Dasch, 1969; Clauer,
1979b), whereas the oxygen composition of such
clay generally re¯ects the composition of the
environmental water (Savin & Epstein, 1970;
Lawrence & Taylor, 1971; O'Neil, 1987).

The two least evolved glauconitic fractions have
initial Sr ratios that are close to the marine value
(Fig. 8; Table 2); this is also true of their oxygen
isotope values, as discussed previously (Table 1).
Thus, the least evolved glauconitic fractions
appear to record the Sr and oxygen isotope
composition of the porewaters of formation. This
demonstrates the importance of the ¯uid phase to
the glauconitization process and suggests that
the formation of glauconitic minerals in the Bird
Rock sediments involved dissolution±recrystalli-
zation, rather than solid-state transformation. If
glauconitization involved the solid-state transfor-
mation of precursor clays, the initial Sr isotope
composition of the ®rst formed glaucony would
be close to that of the smectitic fraction as a
result of isotopic inheritance (Clauer, 1979a).

The initial Sr compositions of the two most
evolved glauconitic fractions are comparatively
radiogenic and are very similar to that of the
smectitic fraction (Fig. 8; Table 2). These Sr ratios
con®rm the genetic link between the smectitic
fraction and the authigenic glaucony and provide
evidence for the progressive evolution of the
pore ¯uids associated with glauconitization. The

attendant pore ¯uids were initially dominated by
sea water, but gradually evolved towards the
composition of the smectitic fraction. The smect-
itic fraction has a high Sr content (98 p.p.m)
relative to sea water (8 p.p.m.; Drever, 1988).
Therefore, the dissolution of the smectitic frac-
tion in a closed system containing marine-derived
pore ¯uids would progressively change the com-
position of the ¯uid phase until the original
marine Sr signature was completely over-
whelmed by the terrigenous Sr signature of the
smectitic fraction.

The smectitic fraction and the two most
evolved glauconitic fractions had approximately
the same Sr ratios during the time of glauconitic
mineral formation (Fig. 8) and appear to have
remained closed with respect to Rb and Sr since
that time (see above). Therefore, Rb±Sr isotopic
data for these fractions can be used to determine
the age of glaucony formation in the BW sediment
(Faure & Powell, 1972; Faure, 1986). The smect-
itic and most evolved glauconitic samples de®ne
a linear array on a Rb±Sr isochron diagram
(Fig. 6B). The gradient of this line indicates that
the most evolved glauconitic fractions formed at
23 � 3 Ma, which is in close agreement with the
87Sr/86Sr age for the BW horizon (23 � 1 Ma). In
addition, the two least evolved glauconitic frac-
tions de®ne a 23 � 3 Ma isochron that has a
marine initial Sr ratio (Fig. 6B). The age uncer-
tainties for the isochron dates were calculated
using methods similar to those of Kalsbeek &
Hansen (1989).

The age of glaucony formation for both early
formed and relatively evolved fractions is indis-
tinguishable from the depositional age of the BW
horizon (»23 Ma; see previous discussion), so it
can be concluded that glauconitization occurred
early in the diagenetic history of the Bird Rock
sediments.

Implications for Rb±Sr dating of glaucony

The conventional Rb±Sr method of dating glau-
conies can be used to date a single glauconitic
fraction, but it relies on the assumption that the
initial 87Sr/86Sr ratio of the glaucony is identical
to that of contemporaneous sea water (Harris,
1982; Keppens & Pasteels, 1982; Clauer et al.,
1992a). The results of the current study, along
with those of Clauer (1979a), Clauer et al. (1992a)
and Stille & Clauer (1994), demonstrate that this
assumption may often be invalid, as glauconies
do not necessarily form in isotopic equilibrium
with sea water.

Fig. 8. Variation of the 87Rb/86Sr ratio and initial
87Sr/86Sr ratio (t � 23 Ma) for the smectitic and glau-
conitic fractions of the BW horizon. The initial Sr ratio
of the smectitic fraction and the Sr composition of
contemporaneous sea water (from analysis of plank-
tonic foraminifera) are shown as dashed lines for
reference.
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The Rb±Sr isochron technique of dating glauco-
nies does not rely upon presumed equilibration
with sea water, but is based on an assumption of
homogeneous initial 87Sr/86Sr ratios in genetically
related glauconitic fractions (Clauer, 1982; Harris,
1982). The results of the current investigation show
that this assumption may also be invalid, as the
different glauconitic fractions of a single horizon
do not always have the same initial Sr ratios. The
Rb±Sr isochron dates for the glaucony of the BW
horizon agree with both 87Sr/86Sr chronostratigra-
phy and the established biostratigraphy (see
above), but could only be determined using the
independent age constraint and the estimate of the
87Sr/86Sr ratio of contemporaneous sea water pro-
vided by analysis of associated biogenic carbonate.

GLAUCONITIZATION UNDER
CLOSED-SYSTEM CONDITIONS

Rb±Sr and oxygen isotopic data indicate that the
Bird Rock glaucony formed in a closed chemical
system isolated from the marine depositional
environment. The inference of closed-system
conditions contrasts sharply with the open-sys-
tem layer lattice and verdissement models of
glauconitization, which involve ionic exchange
between precursor sediments and the marine
macroenvironment (Burst, 1958a,b; Hower, 1961;
Odin & Matter, 1981). Nevertheless, Pokrovskii &
Golovin (1989) and Stille & Clauer (1994) provi-
ded independent isotopic evidence con®rming
that glauconitization occurs in a con®ned mic-
roenvironment, isotopically closed to external
supply. The two-stage glauconitization model of
Clauer et al. (1992a,b) also invokes closed-system
conditions for the neoformation of glaucony
before subsequent maturation and potassium
enrichment in equilibrium with sea water. The
results of the present study, along with those of
Stille & Clauer (1994) and Kelly & Webb (1999),
suggest that the second stage of the model of
Clauer et al. (1992a,b) is unnecessary to explain
the genesis of glaucony.

Chemical isolation may be a common prere-
quisite for the formation or alteration of authi-
genic silicates and has been inferred for the
neoformation of pedogenic kaolinite, the dissolu-
tion±recrystallization of sedimentary smectites in
black shales and the diagenetic conversion of
smectite to illite (Perry & Hower, 1970; Yeh &
Savin, 1977; Clauer et al., 1990).

Kelly & Webb (1999) showed that the glaucon-
itization of the Bird Rock sediments involved iron

and potassium enrichment. Consequently, the
con®ned chemical environment in which glau-
conitization occurs must be suf®ciently per-
meable to allow short-distance mobility of these
cations on the scale of millimetres to centimetres.

The closed-system conditions necessary for
glauconitization probably occur only in imper-
meable sediments; the high permeability of
coarse-grained, texturally mature sediments
would inhibit the development of chemically
isolated microenvironments.

SOURCE OF THE CHEMICAL
CONSTITUENTS OF GLAUCONY

The evidence presented here indicates that the
Bird Rock glaucony precipitated from marine-
derived pore ¯uids. However, aluminium, silica
and iron, three of the principal chemical compo-
nents of glaucony, have very low concentrations
in normal sea water (Drever, 1988). Chemical,
petrographic and isotopic data indicate that these
ions were derived primarily from dissolution of
detrital argillaceous matrix (as discussed previ-
ously). Dissolution of primary clay minerals
occurs during early diagenesis in all types of
marine sediments (Mackin & Aller, 1984a,b;
Aplin, 1993) and produces concentrated pore
¯uids that can precipitate authigenic aluminosi-
licates (Hurd, 1973; Froelich et al., 1979; Mackin
& Aller, 1984a,b; Aplin, 1993).

Pro®les of dissolved silica in the pore ¯uids of
marine sediments usually show low silica con-
centrations in surface sediments increasing down-
wards to constant values within a metre of the
sediment±water interface (Hurd, 1973; Mackin &
Aller, 1984a,b). The activity of silica is not
buffered by quartz or amorphous silica, but more
likely by clay mineral dissolution and precipita-
tion reactions (Hurd, 1973; Mackin & Aller,
1984a,b).

The behaviour of aluminium during early
diagenesis is very poorly understood, and pore-
water aluminium data are scant (Mackin & Aller,
1984a; Aplin, 1993). However, in the East China
Sea, Mackin & Aller (1984b) found relatively high
aluminium concentrations in the water immedi-
ately overlying the sediment±water interface,
declining downwards into the porewaters. Sim-
ilar bottom-water aluminium enrichment was
recorded in the Paci®c Ocean by Orians &
Bruland (1986). Mackin & Aller (1984b) attributed
the elevated aluminium concentrations in the
vicinity of the sediment±water interface to the
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dissolution of detrital clays and suggested that
aluminium is buffered to low levels in the
porewaters by the formation of authigenic clays.

The activity of iron in the pore ¯uids of marine
sediments is largely controlled by redox. In oxic
conditions, iron has a very low solubility and
forms minerals such as haematite, goethite and
smectite; under reducing conditions, iron is
soluble, and the dissolution of iron-bearing min-
erals is possible (Carroll, 1958; Garrels & Christ,
1965; James, 1966; Harder, 1980; Drever, 1988).
Thus, relatively high concentrations of iron com-
monly occur at a depth of millimetres to metres
below the sediment±water interface as a result of
reductive dissolution following oxygen depletion
(Froelich et al., 1979; Mackin & Aller, 1984a,b;
Van Der Loeff, 1990; Can®eld et al., 1993).

Potassium, another essential constituent of
glaucony, is relatively abundant in ocean water
(399 p.p.m.; Drever, 1988), but experimental evi-
dence suggests that glauconitic minerals only
form in solutions with much higher potassium
contents (Harder, 1980; Murav'yev et al., 1985).
Potassium enrichment of porewaters will occur
during dissolution of detrital clays that contain
potassium as the dominant interlayer cation.
Terrestrial clay minerals have their exchange
sites occupied chie¯y by calcium, but this is
commonly replaced by potassium when such
clays encounter sea water (Carroll, 1958; Drever,
1988). Ionic exchange of this type may have
produced signi®cant potassium enrichment in
the terrigenous clays of the Bird Rock sediments.
Thus, the potassium in the Bird Rock glaucony
was probably sourced both directly and indirectly
from sea water.

CONCLUSIONS

1 The Bird Rock glaucony is autochthonous and
developed through a series of simultaneous dis-
solution±crystallization reactions, which oc-
curred during very early diagenesis, probably at
a depth of centimetres to metres below the
sediment±water interface.
2 The glauconitization process occurred in chem-
ical isolation from the ambient marine environ-
ment in a closed or isochemical system.
3 The constituent ions of the glaucony were
derived primarily from terrigenous clay. How-
ever, the potassium may have been directly and
indirectly sourced from sea water, the latter
through potassium enrichment of clay precursors.

4 The pore ¯uids associated with glauconitiza-
tion were marine derived, but progressively
modi®ed by the dissolution±crystallization of de-
trital clay minerals and autochthonous glaucony.
5 Rb±Sr dating of glauconies may be problematic
as co-genetic glauconitic minerals can incorpor-
ate strontium derived from mineralogical precur-
sors and/or contemporaneous sea water, and thus
show a range of initial strontium compositions.
6 Rb±Sr isochrons indicate that the glaucony of
the BW horizon formed at 23 � 3 Ma. This age is
in good agreement with both the established
biostratigraphy and a 87Sr/86Sr age for the horizon
(23 � 1 Ma), but could only be determined using
the independent age constraint and the estimate
of the 87Sr/86Sr ratio of contemporaneous sea
water provided by analysis of associated biogenic
carbonate.
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