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Abstract

H,O storage and release in deep subducting lithosphere is controlled by complex reaction suites involving a variety of
hydrous phases. As a result of its relatively large thermal stability and intermediate composition, the 10A phase
(Mg3Siz010(OH),-nH,0) has been regarded as a relevant H>O reservoir in a wide range of rock compositions and
mineral assemblages. High-pressure syntheses of the 10A phase were carried out at 6.7 GPa and 650°C under fluid-
saturated conditions in a Walker-type multi-anvil apparatus, from 5 min to 430 h. X-ray powder diffraction of large
platy hexagonal crystals of the 10A phase (up to 100 um) were indexed on the basis of a trioctahedral-type structure.
Long-term run products (> 110 h) reveal sensitivity of the 10A phase to treatment with acetone leading to the
appearance of diffractions at greater d-spacings (10.2-11.6 A) with respect to the basal peak of the 10A phase (9.64—
10.07 A). This swelling behavior is strongly related to synthesis run duration. The Raman spectrum of the 10A phase at
frequencies less than 800 cm™! shows a strong similarity to talc. In the Si-O stretching region (8001100 cm ™), the 10A
phase exhibits three modes (909, 992 and 1058 cm™!), as compared to two in talc. The bending mode of water (v,) is
found at 1593 cm™'. In the OH stretching region, peaks at 3593, 3622 and 3668 cm™! were observed. The acetone
treated sample shows a C—H stretching mode at 2923 cm™! while the double bond C = O signal is absent. The swelling
behavior of the 10A phase is interpreted as due to intercalation of acetone with pre-existing interlayer water. The
efficiency of this process is dependent on the amount of the interlayer water which in turn depends on run duration. The
relation between the response to acetone treatment and run duration is therefore interpreted as a time-dependent
hydration of the 10A phase. The fractions transformed from non-expandable to expandable fractions was fitted to the
Avrami empirical law which suggests that kinetics are mainly controlled by diffusion rather than phase boundary
reactions. The ability to accommodate variable amounts of H,O makes the 10A phase a major H,O sink whenever a
hydrous phase such as chlorite and serpentine breaks down during prograde transformations in the subducted
lithosphere. Under H,O-saturated conditions, a fully hydrated 10A phase occurs; when H,O-undersaturated conditions
prevail, a H,O-deficient 10A phase incorporates the volatile component available. The exchange capacity of interlayer
molecules in the 10A phase structure opens new scenarios on the control of fluid compositions escaping from subducted
slabs. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Subducting slabs undergo dehydration that
triggers most of the petrological processes occur-
ring at convergent margins. Several hydrous
phases have been regarded as possible candidates
for carrying water deep into the Earth’s mantle.
Talc is expected to occur in a large range of min-
eral assemblages in rock compositions ranging
from altered peridotites [1] to Mg-gabbros [2], to
pelitic blueschists [3]. Talc transforms to the hy-
drous 10A phase at pressures between 3 and 5
GPa through the reactions talc+H,0O = 10A phase
and, at higher pressures, through the fluid-absent
reaction talc = 10A phase+enstatite+coesite [4-6].
The fluid-absent formation of talc is significant
because it means that the 10A phase is a candi-
date for transport, storage and release of water in
subduction zones to depths exceeding the stabilit
field of talc. Moreover, the occurrence of the 10A
phase is not restricted to the ternary MgO-SiO,—
H,O system: we recently showed [7,8] the occur-
rence of an aluminous 10A phase in synthetic
peridotites at 5.2 GPa, 680°C, beyond the stability
field of chlorite and/or talc and/or antigorite.

Despite the potential significance of the 10A
phase, uncertainty remains regarding its structure
and composition. The 10A phase, first synthesized
by Sclar et al. [9], is a phyllosilicate chemically
analogous to talc but with excess water: the
chemical formula may be represented as
Mg3SisO19(OH),'nH,0. The amount of water is
uncertain, previous results indicate n=2 [4],
n=1 [10] and n=0.65 [11]. Apart from the study
of Yamamoto and Akimoto [4] these values were
obtained by weight-loss experiments.

The stability of the 10A phase has been ques-
tioned by Wunder and Schreyer [11]. They con-
strained the occurrence of the 10A phase to high
water content (>30 wt%) and short time runs
(<4 h). More recently the same authors con-
strained the stability field of the 10A phase to a
temperature less than 580°C at 7 GPa [12]. How-
ever, recent in situ observations of the formation
of the 10A phase through both water present and
water-absent reactions at mantle pressures and
temperatures [6] support the occurrence of the
10A phase in equilibrium.

The 10A phase is identified from the X-ray
powder diffraction pattern by the basal plane
spacing which may range from 9.81 to 10.6 A
[4,9,10,13]. The value of the basal d-spacing is
substantially larger than that of talc (9.34 A),
but similar to that of 2:1 trioctahedral micas
such as phlogopite [10]. However, the source of
the net charge required for a mica-type structure
and the nature of interlayer cations in the 10A
phase are still under debate. On the basis of infra-
red (IR) spectroscopy and thermal analysis, Bauer
and Sclar [10] proposed that water molecules oc-
cupy the interlayer 12-coordinated site of a mica-
like structure and interact with hydroxyl groups
of the octahedral layers. This interaction leads to
the formation of hydronium (H30") according to
the relation H,O+OH™ —H;0"+0%~ and to
the new structural-chemical formula H;O"Mgs-
Si4019(OH). The presence of hydronium was in-
ferred on the basis of a peak in IR absorption at
1700-1720 cm™'. High-pressure differential ther-
mal analysis carried out by Miller et al. [14] pro-
vided evidence for a resonating proton model of
water storage: oxygen ions are incorporated in
the 12-coordinated site and balanced by two res-
onating protons. This mechanism leads to the mo-
mentary formation of OH, H,O and H;0".

Here we report the results of new X-ray diffrac-
tion experiments on the 10A phase samples, both
treated with organic liquids and untreated. We
also report the first Raman spectroscopic investi-
gation of this phase. On the basis of these results,
we propose a new model of the structure of the
10A phase and we discuss the role of this unusual
expandable high-pressure phase in controlling
H,O recycling in subduction zone environments.

2. Materials and methods

Stoichiometric gels (MgO:SiO; = 3:4) were used
as starting materials in order to synthesize the
10A phase. Gels were prepared following the
method of Hamilton and Henderson [15] using
tetraethylorthosilicate as the silica source, pure
Mg, nitric acid and ammonium hydroxide.
High-pressure syntheses of the 10A phase were
carried out at 6.7 GPa and 650°C in a Walker-



P. Fumagalli et al. | Earth and Planetary Science Letters 186 (2001) 125-141 127

type multi-anvil apparatus at the Dipartimento di
Scienze della Terra, Milan. All experiments were
performed under fluid-saturated conditions. Since
the stability of the 10A phase has been questioned
[11] we performed experiments with different du-
rations, from 5 min to 430 h. Experimental con-
ditions are summarized in Table 1. Gold and plat-
inum capsules (up to 4.6 mm outer diameter and
length from 3.5 to 4.5 mm) were welded after
being loaded with 10-25 mg gel and 15 wt% dis-
tilled water. Tungsten carbide cubes of 32 mm
edge length and 17 mm truncation edge length
were used. Pressure cells were made of prefabri-
cated MgO octahedra (containing 5 wt% of
Cr,03) with a 25 mm edge length. Assemblies
were composed of a stepped graphite heater,
MgO spacers and an axial thermocouple (Pt-
PtyoRhyg, S-type) insulated by a mullite ceramic
and placed in direct contact with the capsule.
Graphite discs on both ends of the assembly pro-
vided electrical contact with the WC cubes. Pres-
sure calibration was performed both at room tem-
perature, using the phase transitions Bi I-II, Bi
III-V (respectively at 2.55 and 7.7 GPa), and at
1000°C, the coesite-stishovite, and CaGeO; gar-
net—perovskite transitions occurring, respectively,
at 8.7 GPa [16] and 6.1 GPa [17]. Pressure uncer-
tainties, which largely depend on the accuracy of
the calibrant reaction, were assumed to be 4%
[7]. Temperature was considered accurate to
+20°C without taking into account any effect of
pressure on the emf of the thermocouple.

Run products were first characterized by X-ray
powder diffraction on a Philips APD 1000 diffrac-
tometer and inspected on backscattered and sec-

Table 1
Pressure, temperature and run time for high-pressure synthe-
sis experiments on the 10A phase

Run Paii P T Time
(bar) (GPa) °O)
Ta9 350 6.7 650 5 min
Ta8 350 6.7 650 1h
Tall 350 6.7 650 28 h
Tal 270 5.2 680 115 h
Ta3 350 6.7 650 311 h
Ta7 350 6.7 650 361 h
Tal4 350 6.7 650 430 h

ondary electron images. An ARLK microprobe
with six spectrometers was used for microanalysis.
Beam conditions were set to 15 kV and 20 nA.
Silicates were used as standards and data pro-
cessed with a ZAF correction procedure. Run
products were treated with acetone at room con-
ditions and differences in the XRD pattern before
and after the treatment were observed.

Raman spectra were collected at the micro-
Raman laboratory of the University of Michigan.
The excitation source is provided by a 6 W Ar-ion
continuous-wave laser from which the 514.5 nm
line is used. An Olympus BH-2 microscope
equipped with a Mitatoyo 50 X objective is used
to focus the laser to a spot of 2 um on the single
crystal. The scattered radiation is analyzed with
a Spex 1250 spectrometer equipped with a 600
g/mm holographic grating and collected by a
cooled CCD detector. Raman shifts ranging
from 50 to 4000 cm~! were measured with laser
power ranging from 0.3 to 1 W. Up to 11 accu-
mulations of 180 to 650 s typical duration were
integrated.

3. The structure of the 10A phase: X-ray data

The 10A phase was recognized by X-ray pow-
der diffractometry mainly on the basis of the quite
sharp basal peak at 4d=9.93-10.07 A. Short runs
(<110 h) lead to the formation of tiny aggregates
of microcrystalline powder (>1 pm). Increasing
run durations produce a well-crystallized 10A
phase up to 100 um in size and of platy hexagonal
habit (Fig. 1). The well-crystallized nature of the
10A phase in our long-term runs is also supported
by preliminary transmission electron microscopy
investigations not included here but in progress
(R. Wirth, personal communication). However,
attempts to collect single crystal precession data
revealed diffraction stricks along the reciprocal
direction c*, suggesting the occurrence of stacking
faults. The collection of single crystal data is fur-
ther complicated by the sensitivity of the 10A
phase to most organic liquids (e.g. glues). Further
syntheses of single crystals suitable for structural
analyses are in progress. Microanalysis carried
out both on short and long run products reveal
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a ratio MgO:SiO; of 3:4, this corresponds to the
stoichiometry of talc in which the 2:1 layers do
not carry any net charge. However X-ray powder
diffraction patterns suggest that the 10A phase is
better indexed on the basis of a phlogopite instead
of a talc structure. In Fig. 2 the diffraction pattern
of the 10A phase synthesized at 6.7 GPa and
650°C for 430 h is compared with the diffraction
patterns calculated for 2:1 trioctahedral phyllosi-
licate structures: a talc-like and a mica-like model
structure with two water molecules pfu in the in-
terlayer. The two structures differ primarily in the
type of stacking: alignment of tetrahedral sheets
across the interlayer in micas creates a 12-coordi-
nated site that is absent in the talc. It should be
noted that the X-ray diffraction pattern is insen-
Fig. 1. SEM image of platy hexagonal 10A phase synthesized sitive to either the number or detailed positions of
at 6.7 GPa, 650°C for 430 h. hydrogens. Therefore the details of the hydrous
portion of the model structure relies primarily
on other types of data. Details on the occurrence
of water molecules in the interlayer are further
justified in subsequent discussions.

X-ray powder diffraction data are shown in Ta-
ble 2. Reflections are indexed on the basis of the
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Fig. 2. X-ray diffraction pattern of 10A phase. The two diffraction patterns at the bottom calculated for hydrated phlogopite and
hydrated talc model structures are discussed in the text.
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model phlogopite-type stacking discussed above.
Preliminary Rietveld refinement results in the fol-
lowing lattice parameters: «a=5.316(2) A,
5=9.200(3) A, ¢=10.196(3) A and B=99.99(3)°.
Our diffraction data are generally in good agree-
ment with peak locations and relative intensities
as reported by Bauer and Sclar [10]. The one ex-
ception is the relative intensity of the 020 diffrac-
tion at 4.56 A which is lower in this study com-
pared with that of Bauer and Sclar [10]. The
relative intensities reported by Yamamoto and
Akimoto [4] are discrepant with the present re-
sults and those of Bauer and Sclar [10]. The
data of Yamamoto and Akimoto [4] may be af-
fected by a strong preferred orientation as indi-
cated by the high intensity of 001 diffractions and
the extremely low intensities (<< 10%) of the re-
maining peaks.

We found that treatment of the sample with
organic liquids had a substantial effect on the
X-ray diffraction pattern, especially for large d-

spacings. The effect of treatment was not the
same for all samples, but depended on the length
of the synthesis run. In Fig. 3 the low-angle por-
tion of diffraction patterns of the 10A phase syn-
thesized at 6.7 GPa and 650°C for 430 h before
and after acetone treatment are shown. The
treated sample shows a broad feature, not present
in the untreated sample, at large d-spacings
(11.60711.10A). This apparent swelling behavior
is strongly related to synthesis run duration.
Three samples obtained with the same composi-
tion, and the same pressure and temperature con-
ditions (6.7 GPa and 650°C) but quenched at dif-
ferent times (1, 111 and 311 h) and then treated at
room conditions with acetone are compared in
Fig. 4. The basal peak of talc, indicated with
the dashed line, was not observed in any experi-
ment. While long-term run products show a
strong evidence of interaction of the 10A phase
with acetone, short-term run products are less af-
fected by the solvent. Both broad and sharp peaks

Table 2
X-ray powder diffraction data for the 10A phase. dec by Rietveld refinement on the basis of a trioctahedral mica model struc-
ture
dgbs I/Io hkl dgalc dgbs I/I() hkl d%alc
(A) (A) (A) (A)
9.93 100 001 9.89 2.002 21 —223 2.025
4.98 22 002 4.985 005 2.004
4.564 28 020 4.571 1.986 8 133 1.988
4.511 27 110 4.522 1.902 6 203 1.904
3.641 16 —112 3.639 —134 1.903
3.373 20 022 3.377 043 1.892
3.329 78 003 3.332 1.732 9 150 1.733
3.126 19 112 3.131 —241 1.733
2.899 11 —113 2.903 1.694 9 044 1.693
2.695 9 023 2.697 1.668 20 204 1.670
2.629 30 —201 2.639 —135 1.669
130 2.638 —152 1.668
2.608 40 —131 2.608 1.643 17 311 1.642
200 2.610 —313 1.641
2.497 13 131 2.498 1.609 6 152 1.610
113 2.513 1.596 6 —243 1.610
004 2.503 1.565 6 026 1.570
2.462 17 —202 2.499 242 1.577
2.422 46 —132 2423 —153 1.576
2.375 8 —114 2.347 1.531 57 060 1.531
2.289 10 040 2.294 —331 1.532
—221 2.289 1.514 23 061 1.514
2.256 10 220 2.269 —332 1.515
2.162 18 202 2.166

—133

2.165
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Fig. 3. Expansion after acetone treatment of the basal d-
spacing of the 10A phase observed in X-ray diffraction pat-
terns. The figure refers to the 10A phase synthesized at 6.7
GPa, 650°C and for 361 h.

show a shift of the d value with time: the broad
peak ranging from 10.2 to 11.6 A and the sharp
peak varying from 9.64 to 10.07 A.

4. The structure of the 10A phase: micro-Raman
spectroscopy data

Raman spectra of an untreated 10A phase were
collected on crystals (up to 100 um) synthesized at
6.7 GPa and 650°C for 430 h. Samples from long-
term syntheses (Tal4: 430 h) were preferred be-
cause short duration runs lead to aggregates of a
poorly crystallized 10A phase (<1 pum). Crystals
were placed on a thin glass slide; the incident
laser was perpendicular to the (001) plane. The
Raman spectrum of the 10A phase shows a strong
similarity to talc and is less comparable with phlo-

gopite [18]. In order to aid in peak assignments,
we compare our Raman spectra to that of talc in
detail. To this end, we synthesized a specimen of
talc in the system MgO-SiO,-H,0 at 2.2 GPa
and 700°C in a single stage piston cylinder at
the Dipartimento di Scienze della Terra of Milan.
In Table 3 the frequencies and assignments of
Raman bands observed in talc and the 10A phase
are shown and compared to phlogopite.

The low- and medium-frequency region of the
10A phase is shown and compared to that of talc
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P=6.7 GPa T=650°C
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Fig. 4. The swelling behavior of the 10A phase is time-de-
pendent. The dashed line indicates the position of the talc
basal diffraction. See text for further comments.
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cm™!. The spectrum of the 10A phase refers to the run product obtained at 6.7 GPa, 650°C and for 430 h (Tal4). See text for

details.

in Fig. 5. The spectra in this frequency range
(<800 cm™') are very similar. Mg-OH™ vibra-
tions in talc have been assigned to the frequencies
at 113, 197 and 471 cm™' ([19] and references
therein). In the spectrum of the 10A phase the
frequencies of Mg-OH™ vibrations are slightly
shifted with respect to those in talc and occur at
116, 189 and 467 cm™~!. Talc and the 10A phase
show Si—O-Si bending vibrations at the same fre-
quencies: 432 and 678 cm™!'. Modes observed in

the 10A phase at 510 and 453 cm™! are assigned
to OH vibrations, in accordance with the appear-
ance of these modes in talc at 511 and 456 cm™!.
In the region between 800 and 1100 cm™! the
Raman spectrum of the 10A phase differs from
that of talc. In talc the 1018 and 1055 cm™!
modes are assigned to Si-O stretching within the
layer (Si-O-Si) and to stretching of the non-
bridging Si—O bond, respectively [19]. In the spec-
trum of the 10A phase both modes are present,
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but are shifted in frequency (996 and 1058 cm™!)
and an additional peak appears at a lower fre-
quency (909 cm™).

The high-frequency portion of the Raman spec-
trum allows us to explore hydrogen bonding and
speciation in the 10A phase. In the 10A phase a
peak is observed at 1593 cm™! that is absent in
talc (Fig. 6). In the OH stretching region, four
peaks are observed in the 10A phase; two sharp
peaks at 3593 and 3622 cm™!, and two broad
peaks at 3267 and 3668 cm™! (Fig. 7). In contrast,
for talc, we observe only one mode in this region
at 3677 cm™!, in agreement with previous work.
This mode is assigned to stretching of the OH of
the octahedral layer.

5. Raman spectra on treated 10A phase:
interaction with acetone

The 10A phase synthesized at 6.7 GPa, 650°C
for 430 h was treated with acetone and Raman

N
(2]
[

10A phase

Intensity (arbitrary units)

! L L L !

1000 1200 1400 1600 1800
Frequency (cm™)

Fig. 6. Raman spectrum of the 10A phase (Tal4) in the re-
gion 800-1900 cm~!. The intensity of the peak at 1593
cm™!, assigned to the water bending mode (see text), is com-
pared to peaks around 1000 cm™! (see also Fig. 5).

Table 3
Raman frequencies for the 10A phase and talc and relative assignments. Observed data are compared to phlogopite [18]
Phlogopite Talc 10A phase Assignments
113 116 MgOH
199 196 189 MgOH
234 231 227
282 295 290
326 335 330
373 366 359
382 385
434 432 Si-O-Si bending
456 453 OH transition
470 467 MgOH
513 510 510 OH liberation
641 519
684 678 678 Si-O-Si bending
712 786 786
801 793
909 Si-O-Si symmetric stretching
1034 1018 992 Si-O-Si symmetric stretching
1094 1055 1058 Si-O stretch
1593 water bending mode (v;)
3267 first overtone (2v;) of the fundamental water bending
vibration
3593 OH of interlayer water
3622 OH stretching of structural hydroxyls
3724 3677 3668 OH of interlayer water
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spectra were collected on the treated samples.
Since the treated 10A phase was comparatively
unstable under the laser we collected the spectra
at lower power (< 0.5 W) and with smaller accu-
mulation and integration times. As a result, the
signal to noise ratio of the Raman spectra of the
treated samples is inferior to that of the untreated
samples. Nevertheless, the Raman spectrum in the
region from 100 to 800 cm™! presents the same
major features as observed in the untreated sam-
ple (Fig. 8a). Between 900 and 1250 cm™! a broad
low-intensity band may obscure the presence of
peaks related to Si-O-Si and SiO~ stretching
(not shown). A mode is observed at 1593 cm™!
at the same frequency as in the untreated sample
(Fig. 8b). The high-frequency region (Fig. 8c)
shows a new peak at 2923 cm™~'. The OH stretch-
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Fig. 7. Raman spectra of the OH stretching region of the
10A phase (Tal4) compared to that of talc. While talc
presents only a sharp peak at 3677 cm™! (hydroxyls coordi-
nated by magnesium), the 10A phase shows a more complex
hydrogen configuration.
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Fig. 8. Raman spectra of acetone treated 10A phase (Tal4).
(a) Region from 100 to 900 cm™!; (b) region from 1300 to
2300 cm~!. The bending mode of molecular water appears at
1593 cm™!. No signal for the C=0 vibration has been ob-
served at 1708 cm™'. (c) OH stretching region. The peak at
2923 ecm~! is associated to CHj vibrations due to acetone
entering the structure.

ing region of the treated samples is very similar to
that of the untreated one, showing three peaks at
3593, 3622 and 3677 cm™!. While the first two are
at the same frequencies, the last one is shifted to
slightly higher frequencies. Furthermore the rela-
tive intensities of the three peaks are different: the
highest frequency peak is the most intense, and
the shoulder on the high-frequency side is no lon-
ger present. A band at lower frequency is still
present, although it is much broader, ranging
from 3000 to 3600 cm™!.
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6. Discussion
6.1. Swelling behavior

Swelling structures have been reported in ex-
periments on mafic compositions and attributed
to metastable precursors of a chloritic phase, pos-
sibly smectite [20]. However, it should be noted
that the expandable fraction found here grows
with time at the expense of the non-expandable
one: the longest run consists almost entirely of
the expandable fraction. In our experiments
then, the expandable fraction does not appear to
be associated with metastability.

The swelling behavior observed in the 10A
phase upon acetone treatment is a peculiarity of
this high-pressure phase since no expansion is
known to occur in any clay mineral under acetone
treatment. Furthermore the expansion observed
in the 10A phase (1.5 A) is much smaller than
that observed upon treatment of clays with
other organic liquids. For example, kerolite,
R3Si4O19(OH),'n(H,0), a hydrated species of
talc [21] with R mainly Mg and n~0.8-1.2, ex-
pands after several weeks of exposure to ethylene
glycol by 7 A to a basal spacing identical to that
of stevensite-type smectites (17 A).

Chemical reactions between water and acetone
are unlikely to occur. On the contrary the high
miscibility between the two compounds suggests

that acetone may intercalate in pre-existing layers
of water. This is known in layered metal oxides
which intercalate water-miscible organics showing
a slight expansion in basal plane spacing (A.H.
Francis, personal communication). This process
may involve a realignment of the hydrogen
bonded network to accommodate the organic
molecule.

As described above, we have found that the
behavior of the 10A phase upon acetone treat-
ment is a function of the duration of the synthesis
run. We interpret this behavior as a time-depen-
dent transformation from a non-expandable frac-
tion to an expandable fraction. Broad peaks are
assigned to the expandable fraction while sharper
reflections to the non-expandable fraction. With
the assumption that structural modifications are
reflected in the diffracted intensities, basal X-ray
reflections were fit to a pseudo-Voight function.
Quantitative determination of reaction progress
was carried out starting from fitted integral areas
of broad and sharp peaks (/, and I;, respectively).
The fraction transformed from non-expandable to
expandable fractions is given by the ratio £=
Iy/(Iy+1;). The expandable phase fraction in very
short duration syntheses is poorly constrained be-
cause of difficulties in deconvolving the two peaks
uniquely.

The fraction transformed is plotted against time
in Fig. 9a. The data show that the nucleation



P. Fumagalli et al. | Earth and Planetary Science Letters 186 (2001) 125-141 135

period prior to the first appearance of expandable
layers is short or absent and that the reaction is
nearly complete for the longest duration synthe-
ses. The apparent absence of a nucleation phase
supports a continuous time-dependent structural
rearrangement, a process that is appropriately de-
scribed by the Avrami empirical law:

& = 1—exp(—k1)" (1)

where &£ represents the fraction transformed, 7 is
time, k is the rate constant (time™') and »n is a
constant. By linearizing Eq. 1 a plot of Inln(1—¢)
against Inz shows that the behavior of the 10A
phase conforms to the Avrami equation (Fig.
9b). The fit yields the parameters k=0.01 h™!
and n=0.63.

The slope (n) of the linear plot depends on the
reaction mechanism [22]: a value of n~0.5 is
characteristic of diffusion-controlled kinetics (e.g.
the dehydroxylation of kaolinite) while n~1 in-
dicates a phase boundary-controlled reaction (e.g.
the dehydroxylation of brucite). Therefore the
values of the Avrami equation parameters that
we find suggest that the kinetics of the time-de-
pendent transformation involving the 10A phase
are mainly controlled by diffusion rather than
phase boundary reactions. We relate this process
to a continuous time-dependent hydration mech-
anism involving the incorporation of water in the
interlayer during synthesis. If this process is slow
and not pervasive into the structure, hydration
may be heterogeneous. Interaction with acetone,
i.e. intercalation of acetone into the water layer,
may only occur in that fraction that has incorpo-
rated sufficient interlayer water. There should be a
critical amount of water beyond which acetone
intercalation occurs and it must be greater than
zero since the d-spacing of the non-expandable
fraction (ranging from 9.64 to 10.07 A) indicates
that it too has some interlayer water. A continu-
ous time-dependent hydration mechanism is fur-
ther supported by optical and scanning electron
microscopy (SEM) observations of the 10A phase
which show no evidence of two distinct phases.

This mechanism may also explain the wide va-
riety of inconsistent claims for the water content
of the 10A phase. Even though the durations of

previous successful 10A phase synthesis do not
exceed 11 h, the synthesis duration appears to
be correlated with inferred water content of the
10A phase. So for example, the smallest estimated
water content, 0.65H,O pfu, corresponds to a
shorter synthesis time from 0.08 to 1 h performed
by Wunder and Schreyer [11]. Run products of
longer experiments, mostly from 1 to 2 h, carried
out by Bauer and Sclar [10], result in higher water
content, i.e. IH,O pfu. The highest water content
proposed for the 10A phase, i.e. 2H,O pfu, is by
Yamamoto and Akimoto [4] who ran experiments
from 3 to 11 h. However, it should be noted that
this issue is complicated by the possible unreliabil-
ity of the water content determination, mainly
concerning data not obtained by weight-loss ex-
periments such as those of Yamamoto and Aki-
moto [4]. Furthermore, different pressure and
temperature conditions together with different
percentages of water added to the starting materi-
al (15 wt% in the present study; as high as 52 wt%
in experiments performed by Wunder and
Schreyer [11]) may influence synthesis results
and further complicate any possible relation be-
tween water content incorporated into the struc-
ture of the 10A phase and run duration.

6.2. Raman active mode assignments
(800-3800 cm™)

The Raman spectrum of the 10A phase differs
from that of talc in the Si-O stretching region
(800-1100 cm™'), in the OH stretching region
(3200-3800 cm™'), and in the appearance of a
mode at 1593 cm™!.

Raman frequencies related to the tetrahedral
network support the interaction between tetrahe-
dra and water molecules in the interlayer. The
appearance of a third band in the Si-O stretching
region indicates a lowering of the symmetry of the
tetrahedral sheet or an interaction with interlayer
water or both. Interaction with the interlayer is
expected to be strongest for the bridging Si-O
bonds, and weakest for the non-bridging Si-O
bond. The silicon non-bridging stretching mode
should then be recognized by comparison with
the spectrum of talc and assigned to the frequency
at 1058 cm™!. The shift of this mode from 1055 in
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talc to 1058 cm ™! in the 10A phase may be related
to a variation in the Si—O distance. A decrease of
the Si—O distance may lead to a strengthening of
the bond and therefore a shift towards higher fre-
quencies. Symmetric stretching vibrations involv-
ing bridging oxygens are assigned for the 10A
phase to the modes at 909 and 992 cm™!. Bridging
Si-O frequencies are therefore split compared to
talc and we interpret this as a result of interaction
with interlayer water molecules. The lower fre-
quencies with respect to talc (1018 cm™') may
reflect a weakening of the bonds due to the inter-
action with interlayer water and a slight expan-
sion of the six-fold tetrahedral ring in order to
accommodate the molecule.

High-frequency modes in the 10A phase may be
assigned by comparison with spectra of hydrogen-
bearing compounds. Bending modes and stretch-
ing modes of water molecules, hydronium ions
and hydroxyl groups are Raman and IR active.
The hydronium ion has two bending modes (v,
and v4) and two stretching modes (v; and vs). IR
spectra of the H30" ion in acid hydrates and
aqueous mineral acids show a wide range of fre-
quencies ([23] and references therein): v, ranges
from 1020 to 1205 cm™!, v4 from 1620 to 1750
cm ™!, v; from 2720 to 2900 cm~! and v; from
2780 to 3220 cm~!. White and Burns [24] recog-
nized hydronium in micaceous minerals uniquely
on the basis of the stretching mode frequency at
3470 cm™!. In crystal hydrates, water molecules
have a bending mode (v,) that ranges from 1590
to 1670 cm™! [25]. In minerals such as beryl and
cordierite where the water molecule interacts
weakly with the lattice, the symmetric and asym-
metric stretching modes (v, and v3;) are found at
3555-3592 and 3632-3694 cm ™!, respectively [26].
In lawsonite, a strong interaction with the lattice
lowers the symmetry of the water molecule and its
vibrational eigenvectors and modifies the frequen-
cies of O-H stretching considerably; observed fre-
quencies are 2838 and 3612 cm™! [27]. Vibrational
frequencies of hydrogen bonds (O-H---O) depend
on the bond length, with the highest frequencies
(~3700 cm™!) corresponding to the longest
bonds (isolated hydroxyl) [28].

The Raman spectrum of the 10A phase shows a
weak peak at 1593 cm™!'. We assigned this peak

to the bending mode (v,) of molecular water. This
mode is absent in talc. The broad band at 3267
cm™! is assigned to the first overtone (2v;) of the
fundamental bending mode of H,O. In the OH
stretching region only three peaks have been ob-
served supporting a model structure with inter-
layer water. In fact the interaction between water
molecules and basal tetrahedral oxygens suggest
that water maintains its identity and forms three
OH bonds: (1) the oxygen of the water molecule
is hydrogen bonded to the hydroxyl; (2) and (3)
each hydrogen of the water molecule is hydrogen
bonded to one of the basal oxygens. Therefore,
every OH bond we know must exist in the struc-
ture occupies a single structural site. This means
that all hydroxyls must occupy symmetrically
equivalent sites as must water molecules. The as-
signment of the three OH stretching modes is,
however non-unique depending on the details of
how the water molecules are accommodated into
the structure. Their frequency will likely depend
on the length of the O-H---O bond, with the high-
est frequency corresponding to the longest bond.
The intense and sharp band at 3622 cm™! is con-
sistent with the hydroxyl stretching mode: the fre-
quency is lowered compared to the hydroxyl
stretch in talc by the formation of a hydrogen
bond with interlayer water. The two lower inten-
sity peaks at 3593 and 3668 cm™! may be due to
the stretching of O-H bonds of water molecules.
The breadth of these signals may be associated
with partial static disorder in the orientation of
the water molecules.

It is worth noting that within or near the fre-
quency ranges assigned in the literature to hydro-
nium, we observed modes at 1055, 1593 and 3267
cm™!. The first is attributed to non-bridging Si-O
stretching, the second and the third to the bend-
ing mode of molecular water and its first over-
tone, respectively. Furthermore, among the three
peaks in the OH stretching region, none agree
with the stretching mode frequency of hydronium
in micaceous minerals as reported by White and
Burns [24] at 3470 cm™!. Therefore, the presence
of hydronium is not required from our observa-
tions.

Treatment with acetone produces a new peak in
the Raman spectrum of the 10A phase at 2923
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cm~!. The acetone molecule (CH3;COCH3) has
Raman active vibrations involving C-H bonds
near 2900 cm™! and a strong signal due to the
double bond C=0 at 1708 cm™!. The signal ob-
served in the Raman spectrum of treated 10A
phase at 2923 cm™! may be assigned to C-H
bonding. However, the absence of the intense
C=0 stretching mode may indicate an unfavor-
able orientation of the acetone molecule for Ram-
an observation. Bauer and Sclar [10] observed by
IR spectroscopy a mode at 1700 cm™! that is
absent in our spectra. The reason for this discrep-
ancy is unclear. Although this mode was attrib-
uted by Bauer and Sclar [10] to hydronium bend-
ing, it is better explained by the double bond
C=0, as discussed above, since contamination
by acetone is indicated in Table 3 in Bauer and
Sclar [10]. It is likely that the grain size of the
sample may influence the observations: Bauer
and Sclar [10] used a fine-grain sample (<5 wm)
which may be randomly oriented with respect to
the incident beam.

6.3. Unravelling the structure of 1 04 phase

Powder X-ray diffractometry together with the
Raman data suggests a model structure of the
10A phase; the (100) projection is shown in Fig.
10. The model combines the mica-like stacking
indicated by the X-ray data, with talc-like T-O—
T sheets, and interlayer water molecules, as indi-
cated by the Raman data. The model structure
contains two water molecules pfu and satisfies
the requirement of the Raman data that there
be no more than three symmetrically distinct hy-
drogen bonds in the structure by relating the two
water molecules with an inversion center. The
water molecules are positioned so that they form
three hydrogen bonds with the tetrahedral sheet
as discussed above. Uncertainties in the model
structure include the amount and detailed atomic
positions of the water molecules. For example, it
is possible that there be fewer than two water
molecules pfu. The geometry of the model struc-
ture is such that the O-O distances between the
water molecules are not large (~2.69 A). Signifi-
cant O-O repulsion would be expected at this
distance, suggesting that a staggered arrangement

Fig. 10. (100) projection of the proposed model structure for
the 10A phase based on a phlogopite-type stacking with two
water molecules in the interlayer. Open circles represent oxy-
gens, filled circles represent hydrogens; dashed lines represent
the hydrogen bonds relative to OH groups coordinated by
magnesium.

of fewer water molecules may be energetically
more favorable. We note that clay-like stacking
of the T-O-T sheets would also reduce repulsion
between the water molecules; however, the X-ray
diffraction data appears to rule out this possibil-
ity.

X-ray powder diffractometry and Raman spec-
troscopy on treated samples demonstrate that the
peculiar interaction with acetone is related to in-
terlayer water further supporting the proposed
model structure. The pre-existing water layer al-
lows acetone to enter the structure and, due to its
high miscibility in water, to intercalate within the
interlayer. However, hydration of the 10A phase
is a time-dependent and not pervasive process.
Incomplete hydration produces fractions within
the structure which are more hydrated than others
causing a differential behavior upon acetone treat-
ment, making only the more hydrated fractions
expandable. For our longest synthesis run, the
hydration process appears to have been nearly
completed as evidenced by the near absence of
the, apparently metastable, non-expandable frac-
tion.

Although we rule out the presence of hydro-
nium by Raman observations, the interaction be-
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tween interlayer water and OH groups, which are
pointing towards the six-fold cavity of the tetra-
hedral sheets, may suggest a possible simultane-
ous occurrence of hydronium, water and hydrox-
yls as predicted by the resonating proton model
[14]. However, the Raman spectrum would re-
quire the lifetime of hydronium to be short com-
pared to the vibrational period. Invoking the
presence of a resonating proton would add cohe-
sive force to the structure but whether this addi-
tional force would be present in the case of short-
lived hydronium is not predictable on the basis of
present data.

Following on the idea of mica-like cohesive
forces produced by complementary interlayer
charge and charge-deficient layer, we have consid-
ered alternative structures for the 10A phase that
involve vacancies in the octahedral site. In such a
case the stoichiometry would require Mg ions in
the interlayer which would be hydrated and form
more or less a continuous water shell. This model
structure is similar to stevensites, which have been
described as defective smectite structures caused
by randomly distributed octahedral vacancies
but no tetrahedral substitutions [29]. Random dis-
tribution of vacancies would explain the differen-
tial behavior of the 10A phase upon acetone treat-
ment. However, this alternative structure implies
disorder in the octahedral site not recognized by
Raman spectroscopy. The OH stretching fre-
quency is very sensitive to the occupants of the
octahedra, so that if vacancies were present, we
would expect additional peaks compared to what
is observed.

7. Implication for water transport along subduction
zones

The ability of the 10A phase to incorporate
variable amounts of H,O and the peculiar ex-
change ability of interlayer molecules open a
number of possible scenarios on the role of the
10A phase in subduction zone environments.
Even though a maximum and unique H,O con-
tent is expected in equilibrium at H,O saturation
(aqueous fluid present), our results suggest that
H,O-undersaturated conditions lead to a H,O-de-

ficient 10A phase similar to some low-pressure
minerals, e.g. cordierite.

It should be noted that the stability of such
structures typical of ‘low-temperature’ environ-
ments to much higher temperature at high pres-
sure is not uncommon and unpredictable. As an
example lawsonite or pumpellyite structures, com-
monly observed at maximum temperatures of ca.
300°C in low-pressure metamorphism (see [30] for
a review), were demonstrated to be stable to more
than 800°C at pressures up to 10 GPa [31-33].
Even more relevant is the demonstration that
fully hydrated montmorillonite is stable to
600°C under pressure conditions above the H,O
critical point [34].

The 10A phase is not restricted to model com-
positions in the chemical system MgO-SiO,-H,O,
but it occurs also in more complex systems ap-
proaching natural peridotites at least to pressures
of 5.2 GPa and temperatures of 650°C [7.8]. In
such Al-bearing systems, the 10A phase appears
to nucleate on chlorite and forms homogeneous

Temperature w=p
650°C

Fig. 11. Schematic phase diagram for a hydrous peridotite
(after [7,8,32]) compared to a representative P-7 path for
subducted oceanic lithosphere. White field represents anhy-
drous peridotite assemblages.
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macroscopic domains of chemical composition in-
termediate between clinochlore and talc. Notably,
such composition corresponds to an unusual low-
pressure, low-temperature phyllosilicate called
kulkeite [35] composed of an ordered 1:1 se-
quence of chlorite/talc mixed-layers, which con-
tains more than 12 wt% H,O.

Even though it is well-established that the 10A
phase has an H,O content significantly higher
than talc, assuming Mg3;SisOo(OH),'nH,O0,
where 0.65<n<2, and m=n+1, fluid-absent re-
actions:

mtalc = 10A phase + (1.5m—1.5)enstatite +

(m—1)coesite 2)
(0.25m + 2.5)enstatite + 0.125mchlorite =

(0.5m + 1)forsterite + 0.25mpyrope +

10A phase (3)
(1.5—0.25m)enstatite + 0.125mchlorite +

(1 + 0.5m)quartz = 0.25mpyrope +

10A phase 4)

easily explain the formation of the 10A phase
without addition of H,O to the system, both in
silica-undersaturated and silica-saturated systems.
Such discontinuous reactions modeled in the sys-
tem MgO-Al,03;-Si0,—H;0 actually correspond
to complex continuous reactions in real systems
which not only contain Fe but, above all, may
display the complex behavior of the 10A phase
encountered in this study. Possible development
of 10A phase mixed-layer structures on talc and/
or chlorite are responsible for complex P-T-%X—
XH,0 loops governing a progressive breakdown of
chlorite and/or talc with pressure and/or temper-
ature increase. As a consequence, the dehydration
process, if any (see Eqs. 2-4), related to the de-
composition of chlorite (and/or talc) in subducted
altered oceanic lithosphere does not result in a
discrete fluid pulse from the slab to the mantle
wedge but it corresponds to a continuous volatile

release, smeared over a depth interval possibl
100 km large (Fig. 11). The stability of the 10A
phase mixed-layer structures may also promote
H,O transfer from the relatively low-pressure hy-
drous phases such as talc and chlorite to typical
dense hydrous magnesian silicates, notably phase
A via reactions of the form forsterite+10A phase =
phase A+enstatite [1]. Furthermore, as aqueous
fluids released at eclogite facies conditions are ex-
pected to dissolve large amounts of Si and Al [36],
but also Mg [37] as well as trace elements [38] the
exchange properties of 10A phase may drive ele-
ment fractionation in a sort of chromatographic
process. The ability of 10A phase expandable
structures to act as a sort of ‘high-pressure mo-
lecular sieve’ in subduction zone environments
has still to be entirely explored and constitutes a
stimulating perspective for future research.
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