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CRYSTAL-SIZE DEPENDENCE OF ILLITE-SMECTITE
ISOTOPE EQUILIBRATION WITH CHANGING FLUIDS
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Abstract—Differences in equilibration rates among crystals of different sizes may be used to deduce
paleofluid changes over time if the crystal-growth mechanism is known. To explore isotopic equilibration
rates as a function of illite growth, we studied B-isotope changes during illitization of smectite.
Montmorillonite (<2.0 pm SWy-1, K saturated) was reacted with aqueous boric acid (1000 ppm B) at
300°C, 100 MPa in sealed Au capsules (1:1 fluid:mineral ratio). The initial fluid was 0%, (NBS 951
standard) but after R1 ordering occurred (65 days of reaction) the fluid was changed to —7%o in order to
examine the rate of isotopic re-equilibration. Samples were taken intermittently throughout the
experiment. Each aliquot was NH4 exchanged and size separated into fine (<0.2 pm), medium
(0.2—2.0 pm) and coarse (>2.0 um) fractions. The isotopic composition of B in the tetrahedral sheet
was then measured for comparison with the predicted equilibrium values.

The fine fraction showed equilibrium isotope ratios within 10 days, indicating that small, newly
nucleated crystals precipitate in equilibrium with the fluid under supersaturated, closed conditions. These
fine-fraction minerals did not re-equilibrate when the fluid was changed. The medium fraction gradually
equilibrated with the initial fluid as illite grew to values >50%, but did not re-equilibrate with the later
fluid. The coarse fraction was slow to begin recrystallization, perhaps due to dissolution kinetics of large
crystals or the presence of detrital contaminants. However, it showed the fastest rate of isotopic change
with crystal growth after R1 ordering. We conclude that at 300°C, the initial B—O bonds formed in illite are
stable, and isotopic re-equilibration only occurs on new crystal growth. Therefore, different isotope ratios
are preserved in different crystal size fractions due to different rates of crystal growth. Large crystals may
reflect equilibrium with recent fluid while smaller crystals may retain isotope compositions reflecting
equilibrium with earlier fluids.
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INTRODUCTION

The crystallization conditions of illite fundamental
particles are important for the interpretation of paleo-
fluid chemistry in sedimentary basins (Clauer et al.,
2003). In the last decade, studies of crystal-growth
mechanisms (Eberl ef al., 1998a) and dating of size-
separated illite-smectite (I-S) crystals (e.g. Pevear, 1992;
Clauer et al., 1997, Srodon and Clauer, 2001) from a
variety of sedimentary environments have shown that
both chemical and physical factors influence illite
crystallization and may affect interpretations based on
illite chemistry.

Suites of samples from sedimentary basins of
different ages and thermal exposure show chemical
variations indicating that temperature is the main kinetic
factor in illite crystallization (Elliot et al., 1991).
However, the effect of fluid and mineral chemistry
also influences the reaction kinetics and pathway (Eberl
et al., 1978; Roberson and Lahann, 1981; Giiven and
Huang, 1991). The fluid/mineral ratio and/or pore space
available for crystal growth may also influence the
crystallization mechanism (Clauer et al., 1999).
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Evidence for solid-state transformation (Drits et al.,
2002) is often found in environments of low perme-
ability (shales, bentonite), while dissolution/crystalliza-
tion mechanisms are more obvious in regions of high
permeability (sandstone, hydrothermal systems).

The reaction of smectite to illite is one of the most
common diagenetic reactions in upper crustal rocks so it
is important, although sometimes difficult, to determine
if the reaction path varies in different geological
environments. One approach is to examine the isotopic
changes that occur in B because it substitutes in only one
crystallographic site (tetrahedral) of the mineral (Palmer
and Swihart, 1996). It is commonly assumed that over
geological time, minerals approach equilibrium with the
surrounding fluids, and therefore the isotopic composi-
tion of a mineral will reflect the temperature and/or
isotopic composition of the fluid. This is commonly true
for minerals in high-temperature systems (>300°C)
where isotopic equilibration occurs in periods of <1y
(Whitney and Northrup, 1988). However, at diagenetic
temperatures (60—150°C), isotopic equilibrium may be
approached more slowly and must be evaluated in terms
of the elemental exchange mechanisms.

Misinterpretations of isotopic information from I-S
arise from either detrital impurities, contaminants
adsorbed on the high surface area of clay minerals, or
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from the non-equilibrium state of some crystals within a
bulk sample. The smectite interlayer region can hold a
variety of elements (e.g. O, H, N, B) that are adsorbed
(exchanged) from the most recent fluids in contact with
the mineral. These elements do not necessarily represent
equilibrium isotope ratios that existed when the silicate
layers were formed (Marumo et al., 1995; Williams and
Hervig, 2002; 2005). For B and Li we have found that
the isotopic composition of the bulk I-S (including
interlayer species) can be 10—15%o0 heavier than the
isotopic composition of the silicate framework
(Williams and Hervig, 2002). Therefore, depending on
which isotopic system is considered, special care must
be taken to remove exchangeable elements (ionic or
molecular) that could interfere with the silicate isotopic
composition. This has been done by dehydration and
dehydroxylation for studies of O and H isotopes (Girard
and Savin, 1996; Sheppard and Gilg, 1996; Marumo et
al., 1995) but can also be done by cation exchange for
trace elements such as B and Li (Williams and Hervig,
2005).

The more difficult factor to address when trying to
derive paleo-geochemical information from I-S is the
problem of isotopic re-equilibration. Many studies
(Eberl et al., 1998a; Srodof et al., 2000; Mystkowski
et al., 2000; Brime and Eberl, 2002; Bove et al., 2002;
Eberl er al., 2002; Kile and Eberl, 2003) have now
shown that I-S crystal growth occurs according to the
‘Law of Proportionate Effect” (Kapteyn, 1905). The
crystal-size distributions of natural I-S are most com-
monly log-normal (Eberl ez al., 1998a). This relationship
among size fractions can only be retained if crystal
growth rates are not identical for all crystals. This
important realization led to development of crystal-
growth models based on size-dependent growth rates
(Eberl et al., 2002). If crystal growth rates depend on
crystal size and isotopic exchange occurs by precipita-
tion rather than diffusion (Williams and Hervig, 2005),
then a bulk sample of I-S will include a suite of crystals
in various stages of re-equilibration with the most recent
fluid. Furthermore, it has been shown that in order to
maintain a log-normal or asymptotic crystal-size dis-
tribution, some crystals that nucleated earlier stop
growing entirely (Clauer et al., 1997; Eberl et al.,
1998a). This is extremely important for paleofluid
reconstruction because the chemistry of those crystals
may represent equilibrium with an earlier fluid or at a
lower burial temperature. Therefore, if the approach to
equilibrium can be sorted out for crystals of different
size, then chemical analyses of different sized crystals
might reveal the entire paleofluid chemical history in a
single rock sample.

In order to test the rate of isotopic equilibration as a
function of crystal growth, we conducted a hydrothermal
experiment at 300°C (100 MPa) starting with SWy-1
smectite (<2.0 um fraction) and an aqueous B solution
(1000 ppm B), similar to previous experiments where we

Williams and Hervig

Clays and Clay Minerals

determined the equilibrium isotope fractionation of B
between illite and water (Williams et al., 2001).
However, this time the B-isotope composition of the
fluid was changed after R1 ordering of I-S occurred.
This was done to examine whether or not isotopic re-
equilibration would occur as I-S became more highly
ordered (approaching R3). We then separated out
different crystal size fractions and measured their
respective approach to the equilibrium isotope ratio
predicted for 300°C. Here we present the results of this
experiment and discuss the potential for determining
paleofluid history from different crystal size fractions of
illite.

EXPERIMENTAL DETAILS

The experiment was conducted in sealed Au capsules
that were pressurized in a modified cold seal pressure
vessel (Williams et al., 2001) using water as a
pressurizing medium. The vessel is 54 cm long with a
2 cm inner diameter allowing up to 14 capsules to be
loaded within a region confined to a thermal gradient no
greater than +5°C. This was monitored by two internal
thermocouples placed at either end of the Au capsules. A
Teflon O ring that would normally fail at temperatures
above 200°C seals the pressure vessel; therefore cooling
fins were used help to cool the sealing head to no more
than 50°C. This modification was made in order to
quench the experiment more rapidly, remove a capsule,
and get the remaining capsules back to experimental
conditions as quickly as possible.

The Au capsules were annealed at 550°C overnight,
and then cooled for loading. The reaction material was
the reference mineral SWy-1 montmorillonite (from The
Clay Minerals Society’s Source Clays Repository,
Purdue, Indiana) prepared by K saturating with 1 N
KCI for 24 h, removing the Cl™ by dialysis until the
exchange water showed no precipitation when AgNO;
was added, and then separating the <2.0 pm size fraction
by centrifugation. Potassium saturation was chosen in
order to promote illitization under hydrothermal condi-
tions (Whitney and Northrup, 1988). The B-isotopic
composition of this size fraction was —3.0+0.3%o and
contained 10 ppm B after K saturation. The clay was
then dried at 60°C and an aliquot of 200 mg was placed
in each of 10 capsules. An equivalent weight of B
solution was added to the dried, weighed minerals in the
capsule. The initial solution contained 1000 ppm B from
the NIST SRM 951 boric acid standard, which is the
isotopic reference for B, therefore the 3''B was 0%o.

The closed end of the capsules was immersed in an
ice bath during arc welding to seal the capsules.
Capsules were weighed carefully before and after
welding them shut to ensure no water loss due to
evaporation. The seal was tested by heating the capsules
to 100°C for 10 min and checking for weight loss. If no
vapor had escaped, the capsules were loaded in the
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hydrothermal vessel monitored by two internal thermo-
couples and a Bourdon tube pressure gauge. The vessel
was heated in a Lindburgh clamshell furnace. During
heating, a pressure relief valve kept constant pressure at
100 MPa. It took between 1 and 2 h for the experimental
run conditions to reach steady state each time the vessel
was quenched. Capsules containing the reaction products
were removed sequentially at intervals to monitor
reaction progress.

After 65 days, all remaining capsules were removed
and cut open. The minerals were combined from all
capsules, and K exchanged again to remove any B
trapped in the interlayers, and to further promote
illitization. After dialysis, drying, and reloading of
aliquots of the clay into new Au capsules, a new
1000 ppm B solution was added with a §''B of —7%o.
We made the solution from a mixture of NBS 952 boric
acid (95% '°B enriched) and a boric acid (99% ''B
enriched) purchased from Cambridge Isotope
Laboratories Inc. The experiment was continued for a
total of 160 days with the —7%o B-solution.

One set of capsules was reacted with only 0%o boron
in water for 240 days without changing fluid, as a
control group. In earlier experiments the products
reached O-isotopic equilibrium with water at 300°C in
160 days (Williams et al., 2001). We used the O-isotope
equilibration (Savin and Lee, 1988) as an indication of
the end-point of the illitization reaction, even though
only 80% illite was produced. The reaction is limited by
supply of Al, as well as K, and therefore did not reach
the ideal end-member illite composition. Nonetheless,
B-isotope exchange in the tetrahedral sites of the silicate
sheet cannot occur without breaking Si—O bonds,
therefore when O is at equilibrium, B must be as well.

METHODS

Sample preparation

The Au capsules were re-weighed after reaction to
test for leaking after pressurizing at 100 MPa. If no
weight change had occurred, the solid products were
removed from the Au capsules using a sterile razor and
tweezers to open the capsule wall. The minerals were
washed out with 1 =2 mL of nominally ‘B-free’ distilled,
deionized water that had been filtered through Amberlite
resin (Tonarini et al., 1997). It is important to remove
adsorbed B contaminants from the clay mineral surface
before isotopic analysis (Williams er al., 2001).
Hingston (1964) showed that mannitol, a polyhydric
alcohol that strongly bonds B to the OH groups,
effectively removes adsorbed B from exterior clay
surfaces. Therefore, 10 mL of 1.82% mannitol solution
(Tonarini et al., 1997) was used to wash the clay
products. The minerals were disaggregated using a
Branson Ultrasonifier, and then shaken for two or more
hours in a wrist-action shaker. Finally, mannitol was
washed from the sample by centrifugation, in triplicate,
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using ‘B-free” water. An aliquot of this sample contain-
ing ‘Bulk-B’ was mounted for solid-state isotope
analysis. The remainder was NH, exchanged to re-
expand the smectite and remove interlayer B (Zhang et
al., 1998). This treatment has been shown to work as
well as divalent cation exchange treatments (Williams
and Hervig, 2005), and effectively removes the inter-
layer B leaving only B substituting in the tetrahedral
sheets. After NH, exchange, the samples were size
separated by centrifugation into fine (<0.2 pm), medium
(0.2—2.0 pm) and coarse (>2.0 um) fractions.

X-ray diffraction

X-ray diffraction (XRD) was used to determine the
%illite formed over time. The standard ‘glass slide’
sample preparation method (Moore and Reynolds, 1997)
was used for oriented clay mounts but as the amount of
material was small, the minerals were mounted on quartz
slides with no background diffraction peaks. Oriented
clay samples were treated with ethylene glycol to expand
smectite interlayers. A Siemens D-5000 spectrometer
with CuKa radiation was used for analysis.

For crystal-size distribution analysis, the end-pro-
ducts after 160 days of reaction, were treated with
10,000 Dalton polyvinylpyrrolidone (PVP-10) according
to the procedure described by Eberl ef al., (1998b). The
expandable smectite layers are eliminated by Na
saturating and replacing the interlayer with the high
molecular weight PVP-10. This essentially isolates the
newly crystallized illite particles so that their thickness
can be measured by XRD peak broadening. The XRD
patterns were interpreted using the Mudmaster and
Galoper programs (Eberl et al., 1996, 2000, respec-
tively) that calculate the crystal-size distribution and
growth mechanism (constant nucleation vs. surface- or
supply-controlled growth).

Secondary ion mass spectrometry

Samples were prepared for solid-state isotope ana-
lyses using a Cameca 3f Secondary lon Mass
Spectrometer (SIMS). The size-separated clay fractions
were dropped in suspension onto a B-free glass slide. A
S puL drop contains enough material (few mg) for
hundreds of analyses. The only requirement is that the
samples are flat, and because clays generally dry flat
from suspension, they are ideal for SIMS analysis.
Several samples can be mounted on a 25 mm diameter
round slide, with the standard reference material
mounted in the center. After drying at room temperature,
the samples were coated with Au to alleviate charge
build-up, and analyzed in a vacuum (<10~ Torr). For
B-isotope analysis we used an O~ primary ion beam
accelerated to 12,500 V, and focused onto the sample
held at +4500 V so that the total impact energy is
~17,000 V. The energy of primary ion impact breaks
bonds on the mineral surface releasing atoms and ions
from a crater that during the course of analysis reaches a
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depth of 2—3 pum. The diameter of the crater is
determined by the primary beam intensity and focus.
For high-resolution isotope analyses the beam can be
focused to <10 pm, but as our clay samples are already
separated and purified, the lateral resolution is unim-
portant. Therefore we defocused the beam to ~30 um to
average more clay-sized particles in the analyzed area,
and to ‘sputter’ the crater at a slower rate, yielding a
more stable secondary current.

The ions sputtered from the sample by the primary
beam bombardment are accelerated through an electro-
static analyzer, and then enter a secondary magnet where
they are separated by mass. By adjusting the entrance
and exit slits on the mass spectrometer, we can increase
the mass resolving power (M/AM) to exclude interfering
species (Figure 1). For a B-isotope ratio measurement
we count the more abundant mass ''B for 2 s and the
less abundant mass '°B for 8 s since it is four times less
abundant than ''B. The ratios are collected iteratively
for 99 cycles and averaged for the final delta value
calculation (defined below). Predicted analytical errors
(PE) are calculated from counting statistics based on
total number of counts for each mass (Long, 1995). If the
standard error (SE) of the 99 ratios is more than twice
the PE, the analysis is rejected. Typically we average
between 5 and 20 analyses on different spots of each
sample. A standard is measured in between each sample
in order to detect and correct any instrumental drift. Our
internal standard reference material is <2.0 um IMt-1
(Silver Hill illite) that was analyzed by thermal
ionization mass spectrometry (in two different labs)
and has an average value of —9.1+0.6 (n = 5) relative to
the NIST standard for B-isotope ratio measurements
NBS SRM 951 boric acid (''B/'°B = 4.0437). A typical
error in SIMS measurements on this standard is +0.8%o
over 15 analyses. Measurement of the standard allows us
to determine the instrumental mass fractionation (IMF)
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Figure 1. High-resolution mass spectrum showing clear separa-
tion of ''B from the interfering hydride. At these conditions,
10py+ : o . .
B" is also separated from potential interfering species.
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for each analytical session, which varies due to small
changes in beam alignment and instrument electronics
over time. The IMF for B isotopes does not vary by more
than a few per mil during an analytical session, and is
generally between —30 and —40%o. This correction is
applied to the delta value calculation defined by:

3" B%o = [((1lB/lOBsample/”B/lOBNBS 951) — 1)
x 1000]—IMF

The B content of clay samples is estimated using a
calibration curve determined on minerals and glasses of
known B and silica content (Hervig, 1996). The ratio of
1B*/39Si" is measured, and B content is calculated as:

B (ppm) = ""'B/*°Si x Si0, (wt. fraction) x 10,000

Multiple analyses of samples with B contents in the
range 10—100 ppm indicate that errors in concentration
are <5%.

RESULTS

Mineralogical

X-ray diffraction. The XRD patterns of representative
experimental run products demonstrate mineralogical
changes over time (Figure 2). The initial SWy-1
smectite is randomly ordered, with a peak near 5°20.
R1 ordering of I-S begins as this peak shifts to 6°26 and
this is observed in the day 37 and day 50 products,
although there appears to be unreacted smectite remain-
ing as well. Long-range ordering is indicated when there
is a shift of this peak to between 7 and 8°260 (Moore and
Reynolds, 1997). We observe a shift to 7.3°260 by day 80,
indicating R > 1 ordering. The more highly ordered
samples all contained a small amount of chlorite and
silica (qtz). The reaction progress is similar to our
previous experiments where SWy-1 (<2.0 um) starting
material was used (Williams er al., 2001). Figure 3
shows the %illite formed over time, as interpreted by the
A20 method (Moore and Reynolds, 1997). Clearly, at
300°C the most rapid illitization occurs in the first month
of reaction progress as 50—60% illite is produced.
Reaction progress slows during R1 ordering with <10%
additional illite produced. There is a jump in the
illitization coincident with addition of K" when the
samples were K saturated on day 65 coincident with the
change in fluid 8''B. The final I-S products contained
~80% illite.

Crystal-size distribution. The crystal-size distribution
(CSD) of the day 160 reaction products was analyzed
using the program Mudmaster (Eberl et al., 1996). The
results (Figure 4) show a log normal distribution with a
mean particle size of 4.2 nm. Although these small
particles could not be separated by our centrifuge
methods, this population makes up a significant portion
of the <0.2 um fraction that was isolated. The natural
logarithms of the CSD mean (o) and variance (p?) are
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Figure 2. XRD patterns of selected bulk clay products treated with ethylene glycol to demonstrate the reaction of smectite to illite
over 240 days. Ordering of I-S is indicated by shifts in the low-angle peaks between 5 and §8°26.
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Figure 4. Results of crystal-size distribution using the Mud-
master (Eberl ef al., 1996) model (line) compared with XRD
measurements (dots).
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Table 1. B content [B] (ppm) and isotope ratios (%o) of reaction products. The bulk samples were washed in mannitol,

removing exterior adsorbed B.The size-separated samples were

NH, exchanged to remove interlayer B. Size fractions studied

were <0.2 pm (fine), 0.2—2.0 pm (medium) and >2.0 pm (coarse). The starting material was <2.0 um SWy-1 smectite with

12 ppm B and 8''B of —3%0.3%o.

Day Bulk Bulk 1o »n Fine Fine Ilo n  Medium Medium 1o n Coarse  Coarse 1o n
[B] &''B error [B] &''B error [B] 8'""B error [B] 8""B error
10+ 20 1.1 1.0 4 23 —144 05 4 22 —10 1.3 5 19 =73 05 10
20+ 52 —46 04 3 27 —135 06 4 24 —84 04 3 25 —66 06 3
37+ 43 —-19 10 3 28 —174 05 4 20 —158 0.6 14 20 —-69 08 6
50+ 38 -32 08 5 24 -—-157 1.7 3 20 —135 1.1 3 20 —66 05 5
80— 44 —-159 15 5 31 —157 0.6 10 28 —16.1 1.8 3 16 -10.8 07 3
120— 29 —-156 06 3 35 —-172 03 15 32 —156 1.5 3 25 —-128 07 9
160— 42 —-11.7 05 3 27 —175 04 3 29 —-16.6 05 3 19 —-17.1 1.1 7
160+ 39 —126 04 3 23 —17.7 05 3 23 —152 06 3 24 -73 13 6
240+ 29 —12.1 05 4 32 —145 05 6 25 —13.1 05 7 25 —-64 09 19

+ denotes reaction with 0%o water only
— denotes reaction with —7%o water after 65 days of reaction
n is the number of spots analyzed on each sample

1.37 and 0.14, respectively. According to studies of
natural illite samples from shales (Brime and Eberl,
2002) these parameters indicate a growth mechanism by
surface- or supply-controlled growth. Modeling of
crystal growth using the Galoper program (Eberl,
2000) indicated that after the initial nucleation of
small crystals, growth was surface- and supply-con-
trolled (D. Eberl, pers. comm.).

Chemical

The <2.0 pm fraction of the SWy-1 starting material
contains 10 ppm B with an isotope ratio of —3+0.3%o
(Williams et al., 2001). Tests of cation exchange with
K*, NH; and Mg>" did not show any change in the

60
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@ Bulk B ppm
O Fine B ppm
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Figure 5. B content of the bulk (filled circles) and fine fraction
I-S after removal of interlayer B by NH, exchange (open
circles). The trend is similar to earlier experiments, showing an
increase in interlayer B during R1 ordering, and a decline as
long-range ordering occurs. Tetrahedral B shows a gradual
increase to steady state.

in 0%o fluid

measured B content or isotope ratio of the SWy-1
suggesting that negligible B was initially adsorbed in the
interlayer. Table 1 shows the B content and isotope
composition of the I-S reaction products before and after
removal of interlayer B by NH4 exchange.

B content. The amount of ‘Bulk B’ in the samples
(containing interlayer and tetrahedral sheet B) reaches a
maximum during R1 ordering (Figure 5, filled circles),
but declines during R > 1 ordering, as observed in
similar experiments (Williams et al., 2001). The
tetrahedral B content (NHj-exchanged samples, open
circles) of the fine fraction is plotted for comparison.
The fine fraction contains the smallest amount of detrital
contaminants and therefore best demonstrates the trend
for B substitution in the authigenic products. The
tetrahedral B content gradually increases during reaction
progress and reaches the same steady-state maximum of
~30 ppm as observed in previous experiments (Williams
et al.,2001). In general the fine fraction contains more B
than the coarser fractions (Table 1).

B isotopes. After NH, exchange removed interlayer B,
the isotopic compositions of the reaction products were
analyzed on different size fractions. Figure 6 shows the
results for all of the samples separated into fine
(<0.2 pm) medium (0.2—2.0 um) and coarse (>2.0 pm)
fractions. Results from the control samples reacted for
240 days with only 0%o water are shown (Figure 6a) for
comparison to the products from capsules where the
fluid isotope composition was changed on day 65
(Figure 6b). The experimentally derived fractionation
equation for B (Hervig et al., 2002):

100011’10(1\/,111 = 5687(12,290/]1(1())

was used to predict the equilibrium fractionation value
for tetrahedral B (IV) in the mineral, from a fluid
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containing B predominantly in trigonal (III) coordination
(e.g. boric acid). Boric acid is the dominant aqueous
species of B at low pH (<7; Palmer and Swihart, 1996;
Hemming and Hanson, 1992) and the pH of the B
solution was 6—6.5 after quench (Williams, 2000);
therefore the isotope fractionation between mineral and
water is essentially that expected for a tetrahedral—
trigonal coordination change. The predicted fractiona-
tion value (A) at 300°C is —16+2%0 (20) (Williams et
al., 2001).

The fine size fraction approached the predicted
equilibrium B-isotope composition after only 10 days
of reaction. The medium size fraction gradually
approached the predicted equilibrium value over 50
days of reaction. The coarse fraction never reached the
predicted isotopic equilibrium value with the 0%o fluid.
There is a slight increase in the fine and medium-sized
fractions in the sample from 240 days, which was re-
analyzed after an additional NH4 exchange to test for
incomplete interlayer B removal. These values were
reconfirmed.

When the fluid isotope composition was changed to a
more negative value (—7%o) after 65 days of reaction
(Figure 6b), there was no statistical deviation in the
isotope ratios of the fine and medium-sized fractions.
They retained the isotopic composition from the initial
fluid, even after nearly 100 days of exposure to the new
fluid. However, the coarse fraction began to show
progress toward re-equilibration with the new fluid as
indicated by the gradual decline in isotope composition
with reaction progress from day 80 to 160.

DISCUSSION

It is essential to recognize that bulk isotopic analyses
of B in expandable clay minerals contain a significant
component of interlayer B that must be removed. We
have used NH, exchange to achieve this, but other
preferred exchange cations or alkylammonium com-
plexes might work as well. This leaves only B bound in
tetrahedral sites of the silicate framework. The day 37
reaction products (Figure 7) ideally demonstrate this
point. The 8''B of the bulk clay is always more positive
than the isotopic composition of B substituted in the
tetrahedral sheet, due to preference of 108 for tetrahedral
coordination (Palmer and Swihart, 1996). The water in
the interlayer contains more ''B, preferred in trigonal
coordination. Our interest is in the B isotopic composi-
tion of the new illite crystals formed in equilibrium with
the water; therefore we focus on the isotopic composi-
tion of the tetrahedral sheet rather than the ‘bulk clay’
that can trap aqueous ''B. Figure 6 demonstrates that
there are significant differences in the B-isotope
composition of different crystal size fractions. Below
we discuss our interpretation of the observed B-isotope
trends as a function of crystal growth and mechanism of
isotopic equilibration.
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If illite crystals nucleate and grow at a constant rate,
then one would expect the rate of isotopic equilibration
to be the same for each crystal size fraction. However,
our isotopic data (Figure 6b) show important differences
in the rate of equilibration with crystal size. According
to the Law of Proportionate growth (Eberl et al., 1998a),
small crystals grow more slowly than large crystals,
producing the log-normal crystal-size distribution shown
for our experiment end-products (Figure 4). However,
during RO — RI1 ordering, the smallest size fraction
equilibrates most rapidly in our experiment, which
seems contradictory to proportionate growth. This can
be explained by the conditions of the experiment which,
unlike natural environments, rapidly threw the clay into
a closed system supersaturated with components that
allowed nucleation of abundant fine illite crystals during
the first 65 days of reaction (Figure 6b). These fine illite
crystals nucleated in isotopic equilibrium with the fluid.
Isotopic equilibration is different for the case of constant
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Figure 6. B isotope ratios of reaction products over time. Part a
shows the control samples reacted only with 0%o water contain-
ing 1000 ppm B. Part b shows results when water is changed to
—7%0 3''B after 65 days. The reaction products were separated
into fine (<0.2 pm), medium (0.2—2.0um) and coarse (>2.0 pum)
fractions as reported in Table 1. Error bars shown are 1c.
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day 37 sample. Bulk (interlayer + tetrahedral B) values (white
bars) are compared to tetrahedral B only (black bars).
Significant differences are observed among different size
fractions.

nucleation from a saturated solution, than it would be for
the case of surface-controlled growth, due to inherited
isotopic ratios. This is why the crystal-growth mechan-
ism must be understood for a given population of clay
crystals.

The most frequent crystal size in the <0.2 pm clay
fraction is 4.2 nm according to the X-ray peak broad-
ening (Figure 4). Although the XRD data cannot resolve
a difference in %illite among the different sized
fractions of the products, the differences in measured
isotope ratios demonstrate that the fine fraction in our
experiment is composed primarily of illite crystals
approaching equilibrium with the initial fluid.

Immediate nucleation of small illite crystals results
from the abundant supply of reactants that dissolve when
the smectite is heated to 300°C. In closed systems, the
kinetics of smectite dissolution control the rate of
illitization (Eberl et al., 1998a). It follows that the new
illite layers forming within the smectite interlayer
precipitate in equilibrium with the fluid within a matrix
of smectite that remains out of equilibrium. The rate of
whole I-S isotope equilibration therefore must depend on
the proportion of illite (by volume) within the matrix of
smectite. This includes the area (a-b dimension) of the
illite crystals as well as the %Il layers in I-S (¢
dimension).
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The medium and coarse size fractions started out as
predominantly smectite, with minor detrital phases.
Dissolution of the smectite and detrital components
provides the Al and K that produces illite by gradual
ordering (RO, R1, R > 1) as indicated by XRD patterns of
ethylene glycolated products (Figure 2). The isotopic
data show that the medium-sized I-S approached the
predicted equilibrium (within error) with the initial 0%o
water during R1 ordering (by day 50). Over this same
time interval, the coarse fraction changed by a small
amount (from —3 to —7%o), but never approached the
predicted equilibrium value. This may be due to the
slower kinetics of dissolution of coarse particles.
Alternatively it may be due to the greater amount of
detrital components in the coarse material than in the
finer sized fractions (Whitney and Northrup, 1988),
essentially diluting the isotope ratio of the coarse
fraction with non-equilibrium B.

Reaction of <2.0 pum SWy-1 at 300°C for 65 days
produced R3 ordered I-S in previous experiments
(Williams et al., 2001; Whitney and Northrup, 1988);
however R > 1 I-S was produced in this experiment by
day 80, and never progressed to R3. This might be due to
minor variation in the mineral reactants selected by size
fractionation of the bulk clay standard. Changing fluids
at day 65 might also have impeded reaction progress if
dissolved Al was removed with the initial fluid.
Nonetheless, by changing the fluid 3''B to —7%o after
65 days, we tested the potential for the R1 I-S to re-
equilibrate during long-range ordering (R > 1) in the
presence of a new fluid, just as one might encounter in
natural sedimentary basins. We observe a notable
decline in the isotope ratio of the coarse fraction toward
the predicted equilibrium isotope ratio, yet no change in
the isotope ratio of the fine and medium-sized fractions.

This trend suggests that the coarse fraction, although
slow to re-equilibrate with the first fluid, is growing at a
faster rate than the fine and medium size fractions after
day 65. The fine fraction contained newly nucleated
crystals in equilibrium with the initial fluid, and the
medium sized fraction slowly equilibrated with the
initial fluid as more illite layers formed in the smectite
matrix. The lack of re-equilibration of the fine and
medium size fractions with the new fluid indicates that
they are either no longer growing, or are growing at a
slower rate than the coarse fraction. None of the
products reached the predicted isotopic equilibrium by
day 160, after nearly 100 days of reaction with the new
fluid. We suggest that this is because illite growth was
supply limited or surface controlled, and isotopic
exchange only occurs during new illite growth.

CONCLUSIONS

The reactant supply and mineral surfaces predomi-
nantly control the rate of crystal growth and approach to
isotopic equilibration. The B-isotope trends shown for
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different size fractions, and the response of the I-S to
fluid change after R1 ordering clearly demonstrate that
the small illite crystals retain the equilibrium isotopic
composition achieved during early crystallization.
Larger size fractions equilibrate more slowly, because
they require dissolution of smectite as illite precipitates
in interlayer sites (surface- and supply-controlled). The
coarsest fraction shows progress toward re-equilibration
with the new fluid and would eventually equilibrate if
not supply limited.

The differences in growth rate of the different sized
crystals provide the potential for an I-S rich sample to
record paleofluid chemical or temperature changes over
time. If the natural system is closed (e.g. bentonite), and
changes in the fluid chemistry are unlikely, then changes
in the isotope composition might be used to deduce the
temperature of crystallization. However, because crystal
growth mechanisms depend on the saturation state of the
water (with respect to illite components), the timing of
crystal nucleation remains unknown unless the different
size fractions are dated. K-Ar dates of illite crystals in
different size fractions are a robust tool for evaluating
crystal ages and that method is supported by our
experiment indicating that illite is not prone to exchange
after precipitation at diagenetic temperatures. The
different crystals of illite within a single sample of I-S
rich clay could therefore record the history of paleofluid
changes in a sedimentary basin.
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