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Abstract The smectite-to-chlorite conversion is investi-
gated through long-duration experiments (up to 9 years)
conducted at 300 °C. The starting products were the Wyo-
ming bentonite MX80 (79 % smectite), metallic iron and
magnetite in contact with a Na—Ca chloride solution. The
predominant minerals in the run products were an iron-
rich chlorite (chamosite like) and interstratified clays inter-
preted to be chlorite/smectite and/or corrensite/smectite,
accompanied by euhedral crystals of quartz, albite and
zeolite. The formation of pure corrensite was not observed
in the long-duration experiments. The conversion of smec-
tite into chlorite over time appears to take place in several
steps and through several successive mechanisms: a solid-
state transformation, significant dissolution of the smectite
and direct precipitation from the solution, which is over-
saturated with respect to chlorite, allowing the formation
of a chamosite-like mineral. The reaction mechanisms
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are confirmed by X-ray patterns and data obtained on the
experimental solutions (pH, contents of Si, Mg, Na and
Ca). Because of the availability of some nutrients in the
solution, total dissolution of the starting smectite does not
lead to 100 % crystallization of chlorite but to a mixture
of two dominant clays: chamosite and interstratified chlo-
rite/smectite and/or corrensite/smectite poor in smectite.
The role of Fe/(Fe + Mg) in the experimental medium is
highlighted by chemical data obtained on newly formed
clay particles alongside previously published data. The
newly formed iron-rich chlorite has the same composition
as that predicted by the geothermometer for diagenetic to
low-grade metamorphic conditions, and the quartz + Fe-
chlorite + albite experimental assemblage in the 9-year
experiment is close to that fixed by water—rock equilibrium.
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Introduction and state of the art

Understanding the conditions and mechanisms of the
smectite-to-chlorite transformation is of great interest
in many geological environments as well as for study-
ing the behavior of a bentonitic barrier under the thermal
and chemical effects of nuclear waste storage (radioactive
decay of fission products and interactions between the cor-
rosion products of steel containers and bentonite). Occur-
rences of chlorite, random interstratified smectite—chlo-
rite and ordered mixed-layered clays such as corrensite,
have been described in numerous environments: hydro-
thermal altered volcanic rocks (Krismannsdottir 1979;
Alt et al. 1986; Bettison and Schiffman 1988; Shau et al.
1990; Inoue and Utada 1991; Schiffman and Fridleifsson
1991; Bevins et al. 1991; Shau and Peacor 1992; Robinson
et al. 1993; Schiffman and Staudigel 1995; Bettison-Varga
and Mackinnon 1997); diagenetic systems (Hoffman and
Hower 1979; Chang et al. 1986); geothermal fields (Inoue
1987; Liou et al. 1985; Robinson and Santana de Zamora
1999; Robinson et al. 2002); hydrothermal metamorphism
in the oceanic crust (Alt et al. 1986; Buatier et al. 1995;
Abad et al. 2003); and geological formations considered as
natural analogues of a bentonite barrier in a deep geologi-
cal repository for high-level radioactive waste (Pelayo et al.
2011). The conversion process has long been the subject of
active debate. Several authors have reported that the reac-
tion pathway for the conversion involves a disequilibrium
smectite—chlorite mixed-layering continuous sequence with
random and ordered interstratification types (Krismanns-
dottir 1979, 1983; Liou et al. 1985; Bettison and Schiffman
1988; Bevins et al. 1991; Schiffman and Fridleifsson 1991;
Robinson et al. 1993). Others have suggested that the con-
version consists of an equilibrated discontinuous sequence
with corrensite, and mixed-layered smectite—corrensite
and corrensite—chlorite all occurring as intermediate clays
before chlorite formation (Inoue et al. 1984; Inoue 1987,
Shau et al. 1990; Inoue and Utada 1991; Shau and Peacor
1992; Schiffman and Staudigel 1995; Schmidt and Rob-
inson 1997; Beaufort et al. 1997; Murakami et al. 1999;
Pelayo et al. 2011). In the second model, corrensite, which
is a regular interstratified mineral (Bailey 1982; Brigatti
and Poppi 1984), is considered a discrete phase in the ther-
modynamic sense, with a discrete stability field (Beaufort
et al. 1997). Robinson et al. (2002) proposed a third mecha-
nism consisting of a possible direct smectite-to-chlorite
transition. This last model was validated by the presence of
clay mineral assemblages composed of either smectite or
chlorite end-members with less than 15 % mixed layers, in
the altered volcanic sequence of the Chipilapa geothermal
system in El Salvador (Robinson and Santana de Zamora
1999). According to the authors, the continuous or discon-
tinuous pathways of the smectite-to-chlorite conversion are
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supported by X-ray diffraction, electron microprobe and
TEM data. For example, HR-TEM evidence for well-devel-
oped continuous sequences of smectite—chlorite has been
reported in Schiffman and Fridleifsson (1991), Robinson
et al. (1993) and Bettison-Varga and Mackinnon (1997).
In contrast, Inoue et al. (1984), Shau et al. (1990), Shau
and Peacor (1992), Jiang and Peacor (1994a, b), Beaufort
et al. (1997), Bettison-Varga and Mackinnon (1997) and
Murakami et al. (1999) have shown that smectite-to-chlo-
rite conversion series progresses in a stepwise manner from
smectite to corrensite and from corrensite to chlorite via
smectite—corrensite and corrensite—chlorite interstratified
minerals, corrensite being considering as a single phase.
Regardless of the discontinuous or continuous nature of
the reaction pathway, the mechanism of the smectite-to-
chlorite conversion is considered either to be the result of
solid-state transformation (Bettison-Varga and Mackinnon
1997; Schmidt and Robinson 1997) or to proceed through a
dissolution—crystallization process (Shau et al. 1990). Rob-
inson et al. (2002) also suggested that the crystallographic
and chemical properties of interstratified smectite/chlorite
minerals are kinetically controlled by specific factors such
as temperature, thermal gradient, whole-rock chemistry,
grain size, and fluid/rock ratio and that the rates of dissolu-
tion/nucleation/growth can control the reaction process of
the smectite-to-chlorite transition. Therefore, knowledge of
the influence of certain factors on the smectite-to-chlorite
conversion can provide valuable information regarding the
history of the weathering processes (Kameda et al. 2011;
Pelayo et al. 2011; Sone et al. 2012; Portner et al. 2015).
Temperature and fluid/rock ratio are considered to be the
main factors that control the smectite-to-chlorite transfor-
mation. Krismannsdottir (1979), Keith and Bargar (1988),
Schiffman and Fridleifsson (1991) and Robinson and San-
tana de Zamora (1999) all reported that the upper limit of
smectite stability is at 180-210 °C and that the initiation
of the smectite-to-chlorite conversion occurs between 150
and 200 °C. According to these authors, the formation of
the first chlorite layers correlates with an increase in tem-
perature from 210 to 270 °C. Chlorite is always a minor
phase at temperatures below 120 °C, but it can become
the main phase at 160 °C (e.g., Curtis et al. 1985; Robin-
son and Santana de Zamora 1999). So, in summary, while
it is assumed that the smectite transformation is initiated
from 150 °C, it is difficult to relate the reaction pathways
(continuous or discontinuous) or appearance of interstrati-
fied chlorite/smectite, corrensite and chlorite, to a precise
range of temperatures. The porosity, the permeability of the
rocks and consequently the fluid/rock ratio are also consid-
ered as important kinetic factors that affect the smectite-
to-chlorite conversion (Shau et al. 1990; Shau and Peacor
1992; Schiffman and Staudigel 1995; Schmidt and Robin-
son 1997). Discontinuous transformation would be favored
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by a high fluid/rock ratio, while continuous transformation,
characterized by the presence of randomly interlayered
chlorite/smectite, is interpreted as a metastable progres-
sion with incomplete recrystallization during low fluid/
rock alteration (Shau and Peacor 1992; Schiffman 1995;
Schiffman and Staudigel 1995). Finally, because of the
wide range of compositions of interstratified smectite—chlo-
rite minerals and corrensites reported in the literature, and
in particular their variable iron and magnesium contents
(Brigatti and Poppi 1984; Chang et al. 1986; Inoue and
Utada 1991; Meunier et al. 1991; Pelayo et al. 2011), it is
likely that these two chemical elements also play an impor-
tant role in the transformation of smectite into chlorite.

In order to confirm and accurately quantify both the
effects of different factors (temperature, fluid/rock ratio,
iron availability) and the mechanisms of the smectite-to-
chlorite conversion, experimental approaches could provide
an interesting alternative. However, experiments report-
ing the formation of chlorite under low pressure and low
temperature conditions are rare. The first hydrothermal
experiments were carried out by Roberson et al. (1999),
who studied the transformation of saponite to chlorite
at 500, 350 °C and 2 kbar in a Fe-free system. Saponite
transformed to corrensite within 6 h at 500 °C and within
22 days at 350 °C. No evidence for intermediate randomly
interstratified chlorite/smectite was found as a precur-
sor of corrensite. In an iron-poor experimental system,
Mosser-Ruck et al. (2003) also demonstrated that the Mg-
vermiculite from Santa Olalla (Spain) converts into com-
plex mixed-layered clays composed of saponite, chlorite
(£Mg-vermiculite) at 300 °C and 86 bar. The specific role
of iron was investigated at distinct temperatures (90, 150,
250 and 300 °C) in the pioneering experimental synthesis
of Guillaume et al. (2003, 2004), Wilson et al. (2006) and
Lantenois et al. (2005), in the context of studies of the sta-
bility of bentonite clay barriers in nuclear waste storage.
These studies were followed by investigations into the role
of pH on this system (Charpentier et al. 2006; Perronnet
et al. 2008; Osacky et al. 2010, Mosser-Ruck et al. 2010),
and thermal gradients (Jodin-Caumon et al. 2010). And as
part of the study of oxygen isotope fractionations between
chlorite and water, hydrothermal granite-fluid experiments
at temperature between 170 and 300 °C also demonstrated
that chlorite formed from biotite (Cole and Ripley 1999).
Most experimental studies concluded to the systematic
dissolution of the starting clay and its replacement by Fe—
phyllosilicates, mostly Fe—serpentines, appearing as small
amounts of poorly crystallized grains at temperatures lower
than 100 °C. Cronstedtite was also identified by Lanson
et al. (2012) at 80 °C and in the absence of O,. Iron-rich
di- and trioctahedral smectites have been observed above
100 °C, and chlorites have been observed at 300 °C (Guil-
laume et al. 2003, 2004; Wilson et al. 2006; Charpentier

et al. 2006; Mosser-Ruck et al. 2010), contradicting ear-
lier studies that asserted that the formation of chlorite was
impossible below 400 °C (Velde 1973; Small et al. 1992).
The rate of the reactions mostly depends on redox condi-
tions, pCO2, and iron/clay and liquid/solid ratios (see
reviews in Mosser-Ruck et al. 2010 and Lanson et al. 2012).
Thus, Mosser-Ruck et al. (2010) reported a significant rate
of conversion of smectite into Fe—phyllosilicates for high
water/rock (>5) and iron/clay (>0.5) ratios. Moreover, Lan-
tenois et al. (2005) and Lanson et al. (2012) demonstrated
that the reactivity of smectites was also a function of their
initial iron content. At temperatures equal to or higher than
150 °C, the final mineral assemblage observed experimen-
tally by Guillaume et al. (2003, 2004) and Mosser-Ruck
et al. (2010) was composed of saponite, trioctahedral chlo-
rite &+ randomly interstratified chlorite/smectite, quartz,
feldspar and zeolite.

In the work of Guillaume et al. (2003), the experi-
mental conditions were characterized by a high tempera-
ture (300 °C), a high fluid/rock ratio (10) and a high Fe/
(Fe 4+ Mg) ratio (Fe’ powder/bentonite mass ratio of 0.1
and Fe%/magnetite = 1 =+ an iron plate). After 9 months,
they observed a partial dissolution of the di-octahe-
dral smectite of the starting bentonite in favor of newly
formed clays, identified by HR-TEM to be chlorite and
saponite. The transformation of the smectite into chlorite
was incomplete in this 9-month experiment; however, the
mechanisms of the transformation, which remain poorly
understood, were not described in the paper. The authors
assumed that the scarcity of the mixed-layered chlorite/
smectite minerals in their experimental system was due to
the high temperature of their experiments (300 °C) which
would have prevented the formation of the mixed-layered
clays.

The main objective of the present paper is to answer a
number of questions, including (1) what are the transfor-
mation pathways of smectite under the experimental condi-
tions of Guillaume et al. (2003)? and (2) what is the role
of iron in the smectite-to-chlorite conversion at 300 °C?
In order to answer these questions, two longer dura-
tion experiments, of 25 months and 9 years, were carried
out at 300 °C and under the same conditions as those of
Guillaume et al. (2003). The most evolved run products
are characterized in detail by a multi-technique analysis
(XRD, TEM, SEM, FTIR, STXM-XANES and Mossbauer
spectroscopy) and are then compared to the run products
obtained in the previous study of Guillaume et al. (2003)
in order to assess the conversion rate and to try to deter-
mine whether a kinetic law can be established. Modeling
of the chlorite composition at the experimental temperature
(Inoue et al. 2009; Bourdelle et al. 2013a) is then used to
compare the nature and compositions of the experimental
and predicted chlorites.

@ Springer
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Materials and methods

The starting product belongs to a smectite group mineral.
It is the MX80 Na, Ca-bentonite (Wyoming, USA), which
is mostly composed of montmorillonite (79 %) and has
the following structural formula determined by Guillaume
et al. (2001a, b):

Nag.18Cag.10 (AILSSMgo‘steS&FeéBg) (Siz.98Al0.02)O10(OH);.

The MXS80 Na, Ca-bentonite also contains detrital
quartz (3 %), K-feldspar (2 %), plagioclase (9 %), carbon-
ates (2 %), mica (3 %) and other minerals (pyrite, phos-
phates and hematite, 2 %), all presenting alteration traces
(Guillaume 2002).

The bentonite powder (1.5 g) was mixed with metallic
iron and magnetite powders in a 0.1 weight ratio, and an
iron plate (8 x 4 x 1 mm?) was also added. The solid mix-
ture with a chlorine solution composed of NaCl (0.0207
Molal) and CaCl, (0.0038 Molal) was placed under argon
atmosphere in gold-lined warm-sealed autoclaves (liquid/
solid weight ratio of 10).

Experimental conditions: autoclaves were heated in a
furnace at 300 °C for durations of 25 months and 9 years.
The internal pressure of 86 bars is the liquid—vapor equi-
librium pressure at 300 °C. At the end of experiments, the
autoclaves were quenched at 25 °C and opened in a glove
box under argon atmosphere.

Run solutions: run samples were immediately cen-
trifuged in order to extract the solution. In a glove box,
the pH was measured and solution aliquots were filtered
through 0.025-pm filters. One aliquot of the solution was
diluted ten times in HNO; (0.5 N) to prevent the precipita-
tion of iron and aluminum compounds and used to measure
the concentrations of major cations (Al, Ca, Fe, K, Mg, Na,
Si) by induced coupled plasma optical emission spectros-
copy (ICP-OES) at the LIEC laboratory (Université de Lor-
raine, France). A second aliquot of the solution was diluted
three times in H,O in order to determine the concentrations
of SO,2~ and CI~ by ionic chromatography (IC) at the
LCPME laboratory (Université de Lorraine, France).

Characterization of run product: Powder XRD patterns
were recorded on a D8 Bruker diffractometer with a non-
monochromatic CoKa radiation (35 kV, 45 mA). Three
oriented samples were prepared: (1) air-dried samples, (2)
saturated with EG and (3) heated at 550 °C for 4 h. They
were analyzed by XRD over a 3°-75°260 (maximum) range
with a step size of 0.02°26 and 3 s per step. SEM images of
primary and newly formed minerals and semiquantitative
chemical analyses were obtained using a cold FEG Hitachi
S-4800 SEM microscope. TEM investigations were carried
out at 200 kV using a Philips CM20 microscope equipped
with a Si-Li detector. Chemical compositions were
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determined using energy-dispersive X-Ray spectroscopy
(EDX). EDX spectra were recorded by means of a PGT
spectrometer equipped with an ultrathin window X-Ray
detector. The k,p factors were determined using standards.
TEM specimens were prepared by dispersing the <2-pm
fraction powders in ethanol under ultrasound and evaporat-
ing a drop suspension on a carbon network like holey sup-
port film placed on a 200 mesh copper grid.

The FTIR spectrum was obtained in the mid-IR region
by micro-Fourier transform infrared spectroscopy using a
Bruker IFS 55 spectrometer. Measurements were taken in
reflection mode. Transmission Maossbauer spectroscopy
data were obtained from appropriate quantities (10 mg of
Fe per cm?) of solid samples. These were prepared under
N, atmosphere in a glove box and then quickly transferred
under inert He atmosphere to a cold-head cryostat manu-
factured by Advanced Research Systems, equipped with
vibration isolation stand and developed in the LCPME Lab-
oratory. Mossbauer spectra were collected in transmission
mode with a constant acceleration spectrometer and a 512
multichannel analyzer. The 50-mCi source of >’Co in Rh
matrix was maintained at room temperature and mounted
at end of a Mdssbauer velocity transducer. Data were cali-
brated with a 25-pum-thick a-iron foil at room temperature.
Measurements were taken at 8 K and with a velocity range
of =11 mm/s or an expanded velocity range of £4 mm/s.
Use of the wider range enables the possible detection of
magnetically split patterns from Fe oxides, whereas the
smaller range gives an optimum resolution for the sample.
Analysis of the Mdssbauer spectra consisted of least-square
fitting the data to a combination of two-peak quadrupole
components and, when present, six-peak magnetic hyper-
fine components. A Lorentzian-shape lines model from
Recoil software (Ottawa University) was used for the peaks
in both the quadrupole and magnetic components. The
hyperfine parameters are CS and A. In Mdssbauer spec-
troscopy, the first hyperfine interaction called the electric
monopole interaction is the perturbing effect of electrons
that find themselves inside the nuclear volume. It is char-
acterized by a shift of the complete spectrum relative to the
reference (calibration) material. This shift is known as the
isomer shift (IS). In addition, the spectrum is shifted by a
temperature- and sample-dependent quantity, the second-
order Doppler shift (SOD), resulting in a net shift relative
to a calibration material known the center shift (CS) which
measure the resonance position and CS = IS 4 SOD. The
second hyperfine interaction called electric field gradient
(EFG) interaction occurs when (1) the nucleus has a quad-
rupole moment and (2) the electronic density produces an
electric field gradient at the nucleus. This causes a splitting
of the excited (/ = 3/2) nuclear state into the m = £3/2
and m = =%1/2 branches, resulting in two distinct lines.
The I = 1/2 ground state has no quadrupole moment. The
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splitting between the two sublevels (branches) is called the
quadrupole splitting, i.e., A.

For simplicity, CS and A are measured in “mm/s” which
is conventional “energy” unit in Mossbauer spectroscopy.
X-ray absorption near-edge structure spectroscopy analy-
ses (XANES) were acquired on the PolLux beamline at
the Swiss Light Source (Paul Scherrer Institute—SLS, Vil-
ligen, Switzerland). The SLS synchrotron storage ring is
operated at 2.4 GeV and 400 mA current in a top-up mode
during data collection. The characteristics of the beamline
are detailed in Raabe et al. (2008). XANES spectroscopy is
carried out with a scanning transmission X-ray microscope
(STXM), which allows spectra to be collected on different
particles from a single stack; the variation in the Fe**/SFe
ratio through the run product can be thus qualitatively eval-
uated. Stacks were obtained over the 690-730 eV energy
range (Fe L, ; edge) using energy increments of 0.667 eV
between 690 and 700 eV, 0.20 eV in the 700-715 eV
energy range, 0.40 eV in the 715-727 eV energy range and
0.89 eV in the 727-730 eV energy range. The dwell time
per pixel and energy point was 2 ms. XANES spectra were
derived from areas of interest using the aXis2000 software
(Hitchcock 2012). The procedure for the spectrum treat-
ment and Fe**/XFe ratio determination is detailed in Bour-
delle et al. (2013b).

Results
Mineralogical composition of the run samples

Among the non-clay phases, quartz and Na—Ca feldspars
were found to be the most abundant minerals. K-feldspar
and micas, observed in the starting sample, progressively
disappeared over the duration of the experiment as shown
by XRD results (Fig. 4a). Neither iron powder nor magnet-
ite that had been added to the medium at the beginning of
the two longest experiments (25 months and 9 years) was
detected in the bulk of the run products by XRD, SEM or
TEM, suggesting that these two iron sources were entirely
dissolved between 9 months (see the previous study of
Guillaume et al. 2003) and 25 months. However, careful
examination of the iron plate from the 25-month experi-
ment, embedded in resin and cut perpendicular to its sur-
face, revealed corrosion pits filled with iron oxides which
formed a passivation layer up to ~90 pm around the plates
(Fig. 1a). These iron oxides were sometimes mixed with
iron-rich silicates and pyrite (Fig. 1b). The asymmetrical
corrosion of the iron plate shown in Fig. la is likely due
to the location of the iron plate in the starting iron—clay
mixture at the beginning of the experiment. One side of
the iron plate was set up against the gold liner at the bot-
tom of the vessel, and the opposite side was in contact with

the experimental mixture. The surface of the iron plate in
the 9-year experiment was also observed by SEM (Fig. Ic,
d). It appears to be covered by several complex corrosion
layers composed of a mixture of different minerals diffi-
cult to identify. A few cubic crystals of pyrite could some-
times be observed, but no pure iron oxides were found.
Among the newly formed minerals observed on the iron
plate of the 9-year run sample, euhedral quartz crystals
of small size (500 nm to 3 pm) and large Na-rich plagio-
clases (1-30 pm) are abundant (Fig. 2a, d), and acicular
crystals closely associated with clay particles are also often
observed (Fig. 2e, d). According to SEM and TEM analy-
sis, the composition of these elongated prisms is close to
zeolite (Na-mordenite type). However, the minerals were
not detected by XRD, most likely because they represent
less than 5 %.

Various morphologies characterize the newly formed
clays collected in the bulk of the 25-month and 9-year run
samples (Fig. 3). In the 25-month run product, we observe
spherical aggregates (Fig. 3a) composed of crystal “flakes”
(Fig. 3b). It is not possible to discriminate between the
smectite and chlorite morphologies. In the 9-year run sam-
ple, chlorite crystals are present either as aggregates of
sub-parallel stacked crystals (Fig. 3c, d) or as honeycomb
structures (Fig. 3e), easily identified in the TEM images
(Fig. 3f).

Figure 4 presents the data obtained by X-ray diffrac-
tion on the run products from the two longest experiments
(25 months and 9 years) compared with the data obtained
in the shorter experiments conducted by Guillaume et al.
(2003). A significant transformation of montmorillonite
MX80 over time is demonstrated. The starting montmoril-
lonite is sodic—calcic, with a wide 001 reflection centered
at ~12 A or 8.5 26 (sodic pole more abundant). Between
1 and 3 months into the experiment, the reaction prod-
uct appears to have still been mostly composed of swell-
ing clays, as indicated by the AD and EG X-ray patterns
(Fig. 4a, b). These clays collapsed to ~10 A (10.2 26), due
to the loss of interlayer water, after heating of the oriented
preparations at 550 °C (Fig. 4c). In the 1-month experi-
ment, the observed shift of the 00 1 reflection to higher 26
values (AD pattern in Fig. 4a) can be explained by changes
in the interlayer composition of the smectite (Na—Ca—H
exchanges). In the 3-month experiment, the shoulder
toward 14 A (7.3 20) in the AD and EG patterns of the run
product can probably be interpreted as the presence, in
small quantity, of a mineral belonging to the chlorite group.
However, after heating at 550 °C, the clay layers collapsed
at 10 A (Fig. 4c).

Notable changes occurred between 3 and 9 months of
heating. In the AD patterns of the run samples from the
9-month, 25-month and 9-year experiments, additional
reflections can be observed at ~14 A (7.3 26), ~7 A (14.6

@ Springer
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Fig. 1 SEM images of the iron plates in the 25-month (a, b) and 9-year experiments (¢, d). Black rectangle on (c) refers to image (d). Complex
corrosion layers, composed of a mixture of different minerals difficult to identify, cover the iron plate

20), ~4.7 A (21.9 26) and ~3.54 A (29.3 26), clearly indi-
cating the presence of chlorite-like minerals or interstrati-
fied minerals containing chlorite layers (Fig. 4a). Several
types of clays coexist in these samples:

1. Inherited smectites (S).

Mixed-layered clays, still rich in smectite, that can be
interpreted as interstratified smectite/chlorite (S/C)
and/or smectite/corrensite (S/Co) composed of more
than 70 % smectite layers, as the EG patterns consist-
ently show a broad reflection at ~17 A (6.0 26). Most
of these minerals collapsed after heating of the oriented
preparations at 550 °C and were still present in the run
product of the 9-month experiment.

3. Interstratified corrensite/chlorite (Co/C) and/or chlo-
rite/smectite (C/S) containing small proportions of
expandable layers (less than 10 % smectite). These
minerals are characterized by broad reflections at ~14
A (7.3 260) and ~7 A (14.6 26) on the EG patterns of
solvated preparations and preparations heated at
550 °C. These clays are abundant in the 25-month and
9-year experiments.

@ Springer

4. Chlorite (C). This chlorite is rich in iron, as indicated
by the intensities of the 001 and 002 reflections on the
AD-X-Ray patterns of the run samples and by the vari-
ation in these intensities during treatment of the ori-
ented preparations at 550 °C (a decrease in the inten-
sity of the 002 reflection). The presence of chlorite in
the 9-month experiment was previously demonstrated
by Guillaume et al. (2003) in their HR-TEM observa-
tions of run products saturated with heptylammonium.

No sharp or broad superstructure reflections around 29
A (3.5 26) and 31 A (3.3 26), characteristic of corrensite
(Beaufort et al. 1997) can be identified in the X-ray pat-
terns (Fig. 4b). However, since no experiments of 3- to
9-months duration were conducted, it is impossible to
totally exclude the possibility that corrensite may have
existed individually before the formation of chlorite and/or
interstratified C/S and Co/C. The FTIR spectrum obtained
for the clays removed from the iron plate in the 9-year
experiment shows two bands at 3566 and 3439 cm™!, typi-
cal of hydroxyl in a “brucite type” environment, support-
ing that these clays are chlorites (Fig. 5). The presence of
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Fig. 2 SEM and TEM images of minerals collected on the surface of the iron plate of the 9-year run sample: a, b euhedral quartz (Qz) and chlo-
rite (Chl); ¢, d euhedral Na-rich plagioclase (plg); e, f acicular crystal of zeolite (Zeol)

the band at 803 cm™!, assigned to H-O-Fe vibrations by
Hayashi and Oinuma (1965) and Farmer (1974), also indi-
cates that newly formed clays are Fe**-trioctahedral chlo-
rites. The other bands in the spectrum between 3800-3100
and 1800-1500 cm™' can be assigned to OH and H,O
stretching vibrations and H,O-bending vibrations, respec-
tively, and the bands at ~1000-1200 cm ™' can be attributed
to Si—O-Si stretching and bending vibrations typical of all
silicates (Farmer 1974). The band at 654 cm™! could be
due to either Si-O—Fe bending bonds (Bishop et al. 2008)
or OH-bending vibration (Farmer 1974).

Clay mineral chemistry

The Mossbauer spectrum of the 9-year run sample, recorded
in the =11 mm/s velocity range, reveals only paramagnetic
components with asymmetrical lines assigned to chlorite
and confirms the absence of metallic iron or maghemite
(Fig. 6a). The second spectrum, recorded in a relatively

narrow velocity range of £4 mm/s, provides a high spec-
tral resolution (Fig. 6b). According to structural investiga-
tions, the sample contains no known impurities and all
features of the spectrum can thus be assigned to iron pre-
sent in the chlorite structure. A small Fe’* contribution
(CS = 0.43 mm/s; A = 0.95 mm/s) is observed and is esti-
mated to represent around 5 % (£1 %) of the total iron. This
is associated with two Fe*" contributions which have similar
center shift (CS = 1.23 and 1.22 mm/s) but different values
of quadrupole splitting (A = 2.94 and 2.59 mm/s, Table 1).
These two Fe?* components represent 95 % (41 %) of the
total iron content and correspond to Fe?t in the M1, M2
and M3 sites of chlorites (Goodman 1979; de Grave et al.
1987; Rancourt 1994; Lougear et al. 2007). These propor-
tions are similar to that determined by Guillaume et al.
(2003) (i.e., a Fe’*/TFe ratio of 0.05 for the 9-month run
sample) using the same technique. In order to determine
whether the Fe*>/ZFe of 0.05 is a mean value for the bulk
clay fraction or is instead constant and characteristic of

@ Springer
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Fig.3 SEM and TEM images of clay particles collected in the bulk
of the 25-month (a, b) and the 9-year run samples (c—f). Spherical
aggregates (a) contain crystal “flakes” (b) probably composed of
smectite, chlorite and mixed-layer clays. In the 9-year run sample,

the experimental medium, XANES spectra were acquired
on several clay particles from the 9-year run product. The
results show a strong dominance of Fe?* (Fig. 7). At the L,
edge, the intensity of the L;-b peak, representing Fe’t, is
much lower than that of the L;-a peak, which has a Fe**

@ Springer

chlorite crystals (Chl) are present either as aggregates of sub-parallel
stacked crystals (c, d) or as honeycomb structures (e) and easily iden-
tified by their polygonal morphology in the TEM images (f)

contribution. At the L, edge, the Fe** contribution is also
minor compared to that of Fe>*. The Fe**/ZFe ratio of the
run product can be determined from the spectra using the
equations of Bourdelle et al. (2013b). The Fe’*/XFe ratio
ranges from 6 to 12 % (£3 %), depending on the particles
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Fig.4 XRD patterns of the starting smectite and of the run samples
of the different experiments from 1 month to 9 years. a Air-dried, b
ethylene glycol solvated, ¢ 550 °C (Chl or C chlorite, S smectite, S/C

1,4
1,2

0,8

0,6
0,4

Absorbance Units

0,2

3800

3400 3000 2600 2200 1800

Wavenumber cm-1

1400 1000 600

Fig. 5 IR spectra in reflexion mode of newly formed chlorites
removed from the surface of the iron plate in the 9-year experiment

analyzed. This heterogeneity could be due to variations in
the proportion of relict smectite present in the newly formed
clay and/or (though less likely) Fe3™/XFe ratio variations

mixed-layer smectite/chlorite rich in smectite layers, S/Co mixed-
layer smectite/corrensite, Co/C mixed-layer corrensite/chlorite, C/S
mixed-layer chlorite/smectite rich in chlorite layers)

from one particle to another. However, qualitative evalua-
tion of this heterogeneity shows that particles with a Fe**/
>Fe ratio <8 % are the most abundant, which is in agree-
ment with the Mossbauer results.

The structural formulae for the newly formed clay miner-
als in the 25-month and 9-year run samples are presented in
Table 2. These were calculated on the basis of 14 oxygens
(10 O + 8 OH™) from TEM-EDX analyses of isolated par-
ticles from the <2-um fraction powders. Iron valence was
fixed at 2.05 (Fe**/ZFe,,, = 0.05), based on the Mdssbauer
data (Table 1). A wide range of compositions (in at.%) were
determined for clay particles from the 25-month run, and
these span the smectite and chlorite (chamosite) composi-
tional domains (Table 2). Clay particles from the 9-year run
sample have a composition close to chamosite. Very small
amounts of Ca were sometimes detected by TEM-EDX in
these particles. This is likely related to the presence of relict
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Fig. 6 a Dots 8 K Mossbauer A Counts
spectrum in velocity range 7.50E+06
of £11 mm/s. b Dots 8 K Moss-
bauer spectrum in velocity 7.45E+06 -
range of +£4 mm/s, green and 7 40E+06 4
red lines decompositions of
the spectrum. Gray line sum 7.35E+06 -
of all the contributions of the
decomposition. The experimen- 7.30E+06 +
tal spectra take into account 7.25E+06 -
the second-order Doppler shift
(SOD). CS and A are specified 7.20E+06 -
on the b just for one site of Fe**
. . 7.15E+06 - -
as example of their location o experimental data
7A0E+06 - | e calculated spectra
7.05E+06 | | ——Fe2+
— Fe2+
7.00E+06 -
—Fe3+
6.95E+06 T T T T T T T T T T T T T
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B Counts
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2.64E+06 -
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2.58E+06 -
2.56E+06 - T
254406 1| ° experimental data I
—— calculated spectra cs
2.52E+06 1 | —— Fe2+ laé
2.50E+06 - Fez+
—Fe3+
2.48E+06 T T T T T T T T
-5 -4 -3 -2 -1 0 1 2 3 4 5
Velocity (mm/s)
Table 1 Mossbauer hyperfine parameters Solution chemistry
Temperature: 8 K (£4 mm/s) CS (mm/s) A (mm/s) RA (%) ) ) )
Cation and anion concentrations and pH levels for
Fe?* chlorite 1.23 2.94 53 25-month and 9-year run solutions are reported in Table 3
Fe?* chlorite 1.22 2.59 42 and are compared to those of the initial solution before and
Fe*" chlorite 0.43 0.95 5

CS center shift, A quadrupole splitting, RA relative area (measure-
ment accuracy is 1 %)

layers of smectite, interstratified with chlorite layers. These
relict layers are probably insufficient in proportion to pro-
duce a noticeable swelling effect on the EG-XRD patterns.

@ Springer

after equilibration with bentonite for 6 days at 25 °C (Guil-
laume et al. 2003). The measured pH values after cooling
(at room temperature) are close to or slightly below than
neutral pH for 25-month and 9-year experiments, respec-
tively. Results obtained on the initial solution before and
after equilibration with bentonite show that Na exchanged
with Ca from the solution at 25 °C in the starting smec-
tite. The concentrations of Si, Na, Ca and K (Mg) in the
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Fig. 7 Representative XANES spectra of two newly formed par-
ticles, showing Fe**/XFe ratio variability in the 9-year run sample.
The spectra are normalized to the integral Fe L; edge intensity and
are extracted from the STXM optical density image (708 eV) pre-
sented in inset

25-month and 9-year run solutions can be explained by
equilibration of the solution with the newly formed min-
erals of the run products at elevated temperatures. The Si
concentration is close to that fixed by the equilibrium with
quartz at 300 °C (~9.6 mM). Of note, the Al, Fe and Mg
contents in the experimental solutions are very low and
these elements have therefore been completely reincorpo-
rated into the newly formed minerals (Al into the clays and
feldspars; Fe and Mg into the chlorite and interstratified
clays). The K in solution can be attributed to the dissolution
of minor K-feldspar present in the starting bentonite. The
presence of sulfates (S +VI) in 9-year run solution might
be due to the dissolution of primary pyrites; however, evi-
dence for this type of mineralogical alteration was neither
observed in the run products nor detected by the analytical
techniques used in this study.

Discussion

Mechanisms and Kkinetics of the smectite-to-chlorite
conversion

The results of the long-duration experiments presented in
this paper, alongside those obtained by Guillaume et al.
(2003), confirm the absence of a single corrensite-type

phase at 300 °C. Several types of clay (smectite, S/C and/
or S/Co, C/S and/or Co/C, and chlorite) are shown to coex-
ist at 300 °C for up to 9 years of heating. Figure 8 shows
the X-ray patterns of oriented preparations of the start-
ing sample and run products heated at 550 °C, and their
decomposition using the DECOMPXR software of Lanson
(1997). This procedure, which involves the subtraction of
background and the decomposition of the superimposed
peaks into elementary peaks with Gaussian and Lorentz-
ian shapes, allows the percentages of the main clays in each
run product to be calculated (Fig. 9). The different clays
are interpreted to be smectite (S), interstratified S/C and/
or S/Co rich in smectite layers, interstratified Co/C and/or
C/S poor in smectite layers, and chlorite. The resulting per-
centages are shown in Fig. 9. The amount of smectite clay
in the mixture decreased gradually over time. The newly
formed mixed-layered clays appeared in several steps.
Smectite-rich interstratified clays (S/C and/or S/Co) formed
within the first 3 months of heating at 300 °C. These rep-
resented the dominant newly formed clay in the mixture.
At 9 months, the amounts of chlorite (45 wt%) and Co/C
and/or C/S poor in smectite layers (15 wt%) increased at
the expense of the first newly formed interstratified clays.
From this point onwards, chlorite was the most abundant
clay in the mixture and its concentration remained stable
for the remainder of the 9 years. Guillaume et al. (2003)
also noted the scarcity of mixed-layered chlorite/smectite
minerals in their high-resolution TEM observations of hep-
tylammonium-saturated clay fractions (<2 pm) of the start-
ing MX80 and 3- and 9-months run samples and suggested
that the high experimental temperature (300 °C) may have
prevented the formation of the mixed-layered clays. Schift-
man and Fridleifsson (1991) had previously suggested
that temperature is the primary control on the smectite-to-
chlorite transition. In their study of the NJ-15 well in the
Nesjavellir geothermal field (Iceland), discrete chlorite first
appeared at 270 °C and was seen to coexist with minor
amounts of RO chlorite/smectite at higher temperatures. In
the long-duration experiments presented here, the amount
of interstratified C/S and/or Co/S poor in smectite increased
gradually between 25 months and 9 years, reaching an
abundance close to that of chlorite in the longest experi-
ment. Under our experimental conditions, the temperature
was set to 300 °C and remained constant throughout the
experiments, and the liquid/clay mass ratio was initially
high, equal to 10. According to some authors, these condi-
tions should be favorable for a solid-state transformation of
smectite into chlorite via corrensite, involving the growth
of brucite sheets in the smectite interlayer (Bettison-Varga
and Mackinnon 1997; Robinson et al. 2002). This type of
reaction releases a small amount of silicon and consumes a
considerable amount of water (OH™) and might be invoked
for the transformation of the smectite in the first 9 months.
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Fig. 8 Decomposition of 550 °C-XRD patterns in the 6°-12° 26
CoKa region for the starting smectite and for run samples. C chlorite,
S smectite, S/C mixed-layer smectite/chlorite rich in smectite layers,
S/Co mixed-layer smectite/corrensite, Co/C mixed-layer corrensite/
chlorite, C/S mixed-layer chlorite/smectite rich in chlorite layers. Val-
ues of spacing distances in A are reported over each decomposition
peak

However, in order to explain the smectite—chlorite conver-
sion via interstratified chlorite/smectite clays and the for-
mation of discrete chlorite, a second mechanism can also
be invoked. This requires the dissolution of the tetrahedral

@ Springer
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Fig. 9 Kinetic of chlorite, smectite and mixed-layer clays forma-
tion in the experimental conditions of this study (300 °C, liquid/clay
ratio = 10 and iron (Fe powder 4+ magnetite)/clay ratio = 0.1). C
chlorite, S smectite, S/C mixed-layer smectite/chlorite rich in smec-
tite layers, S/Co mixed-layer smectite/corrensite, Co/C mixed-layer
corrensite/chlorite, C/S mixed-layer chlorite/smectite rich in chlorite
layers

sheets in the smectite layer and the conversion of remnant
octahedral sheets into a brucite layer with chemical adjust-
ments of adjacent tetrahedral sheets in the neighboring
smectite layers. This second mechanism consumes less
water but releases more silicon, magnesium and/or iron
(Robinson et al. 2002).

Our experiments at 300 °C demonstrate that several
types of clay coexist in the same reaction products. This
suggests that the transformation of smectite into chlorite
involves a number of mechanisms which operate almost
simultaneously (solid-state transformation, dissolution—
crystallization, direct precipitation) and are accompanied
by a continuous dissolution of the starting smectite. The
smectite-to-chlorite conversion is also strongly dependent
on the availability of nutrients (Si, Fe, Mg) and processes
of dissolution/nucleation/crystallization (Srodon 1999).

Data for the experimental solutions from Guillaume
et al. (2003) and from this study show that solid-state
transformation is probably the dominant mechanism oper-
ating in the short-duration experiments (1-3 months),
where the experimental solutions were seen to be slightly
acidic and poor in Si, Fe, Mg (Guillaume et al. 2003). In
contrast, in longer duration experiments (in particular over
25 months), the experimental solutions are enriched in
Si, Mg, Ca and Na, indicating a higher dissolution rate of
inherited smectite to form both chlorite and chlorite-rich
and/or corrensite-rich interstratified clays as shown by the
polygonal morphology of newly formed crystals observed
by TEM (Fig. 3f). The assumption of two successive
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mechanisms, and also the direct precipitation of chlorite,
as has already been proposed by some authors (Meunier
et al. 1991; Robinson et al. 2002), requires continuous dis-
solution of the starting smectite and metallic iron intro-
duced in the experiment. The role of the fluid composition
and the water/rock ratio in determining the stability of the
different clays has been recognized in a number of stud-
ies (Cathelineau and Nieva 1985; Shau and Peacor 1992;
Schiffman and Staudigel 1995; Robinson et al. 2002).
According to these authors, individual layer silicate phases
(as opposed to interlayered phases) can occur in samples
in contact with high fluid fluxes. For example, Cathelin-
eau and Nieva (1985) observed the coexistence of newly
formed individual smectite and chlorite, precipitated from
hydrothermal solutions at temperatures of between 250
and 300 °C in active geothermal systems. These arguments
could explain the rapid formation of discrete chlorite (after
3 months) under our experimental conditions (i.e., with a
liquid/clay ratio of 10). Nevertheless, our experiments at
300 °C demonstrate that despite a very long experimental
duration of 9 years, interstratified clays such as Co/C and/
or C/S poor in smectite layers can still coexist with Fe-rich
chlorite.

Evolution of the chemical composition of clays
over time and comparison with data from the literature

Figure 10 presents the evolution of the chemical composi-
tion of the newly formed clays in all experiments (1 month
to 9 years) from the data published by Guillaume et al.
(2003) and the new data from the present study. Also
shown for comparison are the various compositions of cor-
rensite, interstratified chlorite/smectite and corrensite/chlo-
rite found in the literature. The black crosses in Fig. 10a—
show a theoretical continuous sequence for the interstrati-
fied chlorite/smectite minerals based on the two extreme
compositions of smectite and chlorite and a progressive
increase in the proportion of chlorite in steps of 10 %.

In the shorter experiments (1 and 3 months), the
clays show a slight chemical evolution, involving cation
exchanges in interlayer position, sometimes correlated with
the decrease in Si content and a slight Fe + Mg enrich-
ment (Fig. 10a, b). This evolution can be interpreted as a
transformation of the starting montmorillonite of the MX80
bentonite into (Fe,Mg)-smectite (saponite like) and inter-
stratified S/C and/or S/Co with more than 70 % smectite
layers (Fig. 10c). The Fe/Mg of the clays in the 1- and
3-months experiments ranges between the Fe/Mg of typi-
cal smectites and chlorites (Fig. 10b) proposed by Shau
et al. (1990). In tuffaceous and volcanic rich sandstones,
saponite has already been recognized as a possible precur-
sor of chlorite and chlorite/smectite minerals (Iijima and
Utada 1971; Chang et al. 1986).

Newly formed clays in the 9-month experiment present
two kinds of chemical evolution (green data-points on the
graphs in Fig. 10). Some clays (represented by light green
points) exhibit a typical corrensite composition, with an
Fe/Mg ratio of around 0.93 (Shau et al. 1990) and an Fe/
(Fe + Mg) ratio of around 0.5, close to the composition
of clay minerals described by Meunier et al. (1991) as
corrensite and/or C/S (<20 %). Other newly formed clays
in this experiment (dark green points) are characterized
by higher Fe/Mg ratios (>2.75) and Fe/(Fe + Mg) ratios
(around 0.8) that are typical of interstratified C/S and/or
Co/C rich in Fe-chlorite layers (>70 %) or possibly also
in Fe—serpentine layers (Fig. 10d). The neoformation of
Fe—serpentine was previously mentioned by Wilson et al.
(2006) in experiments on the stability of bentonite at
250 °C in the presence of native Fe, magnetite and aque-
ous solution. The existence of two compositional trends
for clays from a single experiment can be explained by
the Fe availability in the experimental medium. At the
nearest contact with the Fe plate, the high iron concentra-
tion in solution favors the crystallization of chlorite. With
increasing distance from the Fe plate, the Fe/Mg ratio
decreases, and the formation of corrensite would be pro-
moted. Thus, the compositions of the newly formed clays
in the sample of the 9-month experiment reflect a hetero-
geneous experimental system, with different rates of dis-
solution that most likely correspond to the different ori-
gins of iron (metal powder, iron plate and magnetite). The
important role of Fe in the smectite-to-chlorite transfor-
mation was previously highlighted by Brigatti and Poppi
(1984). Although Beaufort and Meunier (1994) indicated
that the chemical composition of corrensite is poorly con-
strained because of the scarcity of pure corrensite, Brigatti
and Poppi (1984) had proposed that this mineral presents
a large compositional variability due to the composi-
tional range of both the swelling component and the non-
swelling component. According to these authors, from a
statistical analysis of chemical data of the literature, Mg
occupies 40—80 % of the octahedral sites and 15-30 % of
tetrahedral sites are filled by Al. The proportion of cor-
rensite relative to chlorite is controlled principally by the
Fe/Mg ratio of the fluids or bulk rocks (Curtis et al. 1985;
Shau et al. 1990; Inoue and Utada 1991; Pelayo et al.
2011). A ratio Fe/(Fe + Mg) < 0.5 in composition of this
kind of clays favors the formation of corrensite, whereas
at higher Fe contents, the crystallization of chlorite is pro-
moted. The chemistry of the newly formed clays in the
two long-duration experiments, characterized by Fe/Mg
ratios higher than 2.75 and Fe/(Fe + Mg) > 0.8, is typical
of chlorite and Co/C and/or C/S rich in chlorite (Fig. 10b,
c). The crystallization of chlorite is promoted by the high
iron content in solution. The magnetite and iron powders
have been completely dissolved, as demonstrated by the
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Fig. 10 Clay minerals composition of the run samples. Formulae are
recalculated on 14 oxygens in diagrams. Black crosses in graphs a—c
shows a theoretical continuous sequence for the interstratified chlo-
rite/smectite minerals, based on the two extreme compositions of
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proportion by steps of 10 %. a Si versus IC (IC = K 4+ Na 4 2Ca); b
Fe versus Mg; the values 2.75, 0.93 and 0.27 are assigned to Fe/Mg
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structural models of Shau et al. (1990); ¢ Fe/(Fe 4+ Mg) versus Si;
d A1Y'-Mg-Fe diagram. Other than for Fe/(Fe + Mg), the axis units
are atoms per formula unit (apfu). Reference minerals are: low-charge
montmorillonite: LC Mont: (Al &;R3%,)(Si,)0,0(0OH),M{35; high-

XRD results, and thus the iron plate is only remaining
source of iron in the 25-month and 9-year experiments.
Because of the crystallization of minerals on its surface,
the iron plate is almost totally passivated. The availabil-
ity of iron is thus slowed down, and the supply of iron
may even ceased. This probably explains why a complete
transformation of mixed-layer C/S and/or C/Co into chlo-
rite is not possible and why these two types of clay coex-
ist in equal relative abundances in the run product of the
9-year experiment.
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Figure 10c also highlights the existence of gaps in our
experimental sequence of smectite-to-chlorite transfor-
mation: first, between random interstratified S/C (or Co)
and corrensite, and second, between corrensite and inter-
stratified C/S (or Co) rich in chlorite. The same gaps in the
transformation sequence have also been observed in geo-
logical environments, as has the coexistence of these three
end-member minerals (Inoue et al. 1984). Kinetic factors
may also be significant in determining the structure and the
composition of the phases that form. C/S was scarce in the
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Fig. 10 continued

laboratory experiments of Guillaume et al. (2003) and Wil-
son et al. (2006), not only because the temperature of their
experiments was too high, but also because the experiments
were too short, preventing the dissolution of both the ran-
dom S/C and/or S/Co rich in smectite and limiting the cor-
rosion of iron metal for supplying Fe to the experimental

system.

If the total dissolution of iron can be expressed as
Fe’ + 2 H,0 — H, + 2 OH™ + Fe?", then the global reac-
tion of the smectite-to-chlorite conversion in the 9-year
experiment will be:

3 Smectite + 3 Fe + 4 HyO — 1 Chlorite + 3 Quartz
+2 Albite + 3 H, (+Zeolite)

@ Springer
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where N aO_18Ca0.10(A11_55Mg0_28Fe3f69Fe6f58)(Si3'98A10.02)
0,,(OH), is the formula for smectite and (Fe3%,Fel Mg oo
Al 39[J0.19)(Sip goAl 15)O;o(OH)g is the formula for chlo-
rite (“extreme” composition at 300 °C, see Table 2).

Thermodynamic approach

The crystallization of new phases is controlled by the avail-
ability of the constituent elements through the dissolution
of the starting products, the coexistence of metastable min-
erals during the evolution of the system and the P-T condi-
tions. Therefore, for the given physicochemical parameters,
the composition of newly formed chlorite in the 9-year run
product should be consistent with the temperature of the
system (300 °C) according to thermodynamic predictions.
Several thermodynamic models and semiempirical models
that take into account changes in composition with temper-
ature (geothermometers) have been proposed in the litera-
ture (e.g., Walshe 1986; Vidal et al. 2006; Inoue et al. 2009;
Bourdelle et al. 2013a; Lanari et al. 2014). Here, the Inoue
et al. (2009) thermometer was chosen because it is very
sensitive to compositional changes (Bourdelle et al. 2013c)
and because the ferric iron content is available and well
constrained in the run products (the Bourdelle et al. (2013a)
thermometer gives similar results, for a pure Fe?" system).
The results are presented in a 7-Si-R>* diagram (Wiewiora
and Weiss 1990; Bourdelle and Cathelineau 2015) in
Fig. 11, based on the estimated Fe3t content. The TEM
analyses of the 9-year run product show lower Si contents
and higher R*" contents (Fe’*+Mg) than in the 25-month
run product, giving rise to higher temperatures. From the
unrealistic, very low temperatures for the 25-month sam-
ple, which result from the presence of remaining smectite
(30 %), the data trend toward the 300 °C isoline. Therefore,
most of the 9-year compositions refer to temperatures of
between 250 and 300 °C, 300 °C being associated with the
most extreme/pure-chlorite compositions. These results are
consistent with the experimental parameters and with the
crystallization of 300 °C-Fe-chlorite. Several of the points
indicate lower temperatures, sometimes under 200 °C (gray
points in Fig. 11). These values might be explained by the
presence of a small proportion of relict smectite or a super-
imposition of chlorite and newly formed quartz (which
was abundant), implying an overestimation of Si in the
formula, and/or by the limited availability of Fe locally to
complete the smectite-to-chlorite transformation.

Thus, despite the contamination by relict smectite, the
most evolved compositions and the thermometric predic-
tions are in accordance with the expected progressive crys-
tallization of equilibrated Fe-pure-chlorite.
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Fig. 11 Chlorite chemical compositions obtained with TEM-
EDX analysis of 9-year experiment plotted in 7-R**-Si diagram
(Wiewiora and Weiss 1990; Bourdelle and Cathelineau 2015). R3*
refers to trivalent cations (Al and Fe**) and R>" to divalent cations
(Fe”* and Mg). The isolines of temperature were calculated with the
quadratic equation of Inoue et al. (2009) in the 3.5 < R* < 1.5 apfu
compositional range; Fe>* content is considered. End-members used
by the thermometer are identified; all analyses on a O;,(OH); basis.

TK and DT refer to the Tschermak (Si + R** = VAl + YIAl) and the
di-trioctahedral (2 VA1 4 VI[J = 3 R®*) exchanges, respectively

Conclusion

The transformation of smectite to chlorite via interstrati-
fied clays is usually interpreted in the literature to be a
response to a progressive increase in temperature dur-
ing diagenesis and low-grade metamorphism in different
kinds of geological environment. However, the fluid flux
(the fluid/rock ratio related to the porosity/permeability of
the rocks) is also reported to be an important factor con-
trolling the mechanism of the smectite-to-chlorite conver-
sion. In this study, the temperature was fixed at 300 °C
from the beginning of the experiment, making the differ-
ence between the experimental conditions and the natural
conditions in geological environments. After 9 years at
300 °C and in the presence of iron and a high liquid/clay
ratio (10), the smectite is almost entirely dissolved and two
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main clay phases appear (>90 %), a Fe-rich chlorite (cha-
mosite like) and a mixed-layer clay composed of mostly
chlorite layers (>70 %) interstratified with smectite and/or
corrensite. From TEM and SEM images, XRD and EDX
data obtained on solids of the run samples, and chemical
data obtained on experimental solutions, the two long-
duration experiments of this study, carried out under the
same conditions as those of Guillaume et al. (2003), allow
us to clarify our understanding of the smectite-to-chlorite
conversion. A discontinuous model is proposed, involv-
ing several steps of transformation and combined with two
mechanisms: (1) a solid-state transformation to form the
first random interstratified clays, which are rich in smec-
tite and considered as metastable phases; followed by (2)
steps of dissolution—crystallization, which increase stability
toward equilibrium states and lead to the precipitation of
chlorite-rich interstratified clays (C/S and or Co/C) and the
separate phase chlorite. Pure corrensite was not observed in
this study. If it exists, it is scarce, probably because of the
high Fe/(Fe + Mg) ratio in the experimental medium which
would have inhibited corrensite formation and favored the
crystallization of chlorite. Direct precipitation of iron-rich
chlorites from the experimental solution saturated with
respect to this mineral was also envisaged in the longer
duration experiments. For the first time, this experimental
study demonstrates that the Fe/Mg ratio is a decisive fac-
tor in controlling the formation of pure corrensite. The
thermometric model used predicts a chlorite composition
at 300° C which was obtained by experiment, showing that
the experimental and thermodynamic results are consistent
and imply that “equilibrium” (in a system with quartz) is
reached.
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