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Presenter
Presentation Notes
Today, I would like to talk about time-resolved X-ray diffraction experiment of dehydration of serpentine at high pressure.

My name is Toru Inoue, Ehime University.
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Phase diagram of antiqorite
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=How about the reaction rate in

Atg: Antigorite, Fo: Forsterite
subducting slab (low temperature)?

En: Enstatite, phA: Phase A
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This is the magnification figure about the dehydration of serpentine. Antigorite is one of the polymorph of serpentine.

Here are the stability regions of antigorite, forsterite+enstatite+fluid, and phase A+enstatite+fluid. Here is the choke point.

When the slab temperature is lower than the choke point like this, the following dehydration occurs. Antigorite contains 13 wt% H2O, and  9.1 wt% H2O is released, and 3.9 wt% H2O bring to the deep part of the mantle because of the stability of phase A.

On the other hand, when the slab temperature is higher than the choke point like this, the following dehydration occurs and all H2O is released in this depth.

Based on the phase equilibrium consideration, the above reaction should occur at around 500 to 600℃. But these temperatures are quite low, so metastable antigorite may exist in low temparature subducting slab. So we need to know how about the reaction rate in subducting slab.


There are many experimental studies
about the stability of antigorite (phase
equilibrium study) under pressure.

lowever, few study about time-resolved
study (reaction kinetics study) under
pressure.

( Perrillat et al.(2005) etc)

\

Time-resolved experiment of dehydration
of antigorite under pressure
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There are many experimental studies about the stability of antigorite (phase equilibrium study) under pressure.

However, there are few study about time-resolved study (reaction kinetics study) under pressure.

So we conducted time-resolved experiment of dehydration of antigorite under pressure.


O
Experiments

High pressure apparatus : Time-resolved experiment:
MAX80 (AR-NE5C in KEK) every 60 sec.

Anvil truncation: 4, 6 mm

X-ray diffraction : Energy
dispersive system by Ge-SSD

Sample: Natural antigorite
Ideal formula: Mg;Si,0,,(0OH)4
%ALO, 1.5 wt%, FeO 2.6 wt%

P-T :3-9 GPa, <1000°C

g
Pressure marker: NaCl (Decker, 1971) ’

z!i‘l
Analyses of recovered sample: -

_ i MAX80 cubic-type apparatus
SEM-EDS, FE-SEM,XRD (KEK, AR-NE5C)
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Experiments were conducted in KEK, PF using the cubic type high pressure apparatus, MAX-80. We used WC as anvil materials, and anvil truncation were 4 and 6 mm depending on pressure. Energy dispersive system by Ge-SSD was adopted for in situ X-ray diffraction study. 

We used natural antigorite as a starting material, and the ideal formula is Mg6Si4O10(OH)8. This antigorite contains 1.5 wt% of H2O, and 2.6 wt% of FeO. The experimental pressure and temperature range was 3-9 GPa and below 1000℃. We used EoS of NaCl proposed by Decker (1971) to determine pressure. The recovered samples were analyzed by SEM-EDS, FE-SEM, and XRD.
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This is the cell assembly used in the present experiment. We used boron-epoxy as pressure marker, and graphite was used as heater.

Sample was enclosed by diamond plus Pt or Au composite capsule to prevent the loss of water. Diamond is transparency for X-ray, so we can collect the intense X-ray diffraction pattern. Thus the time resolved X-ray diffraction experiment under high pressure become possible in hydrous system.
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This is the optical system used in the present experiment. The incident beam was cut to 0.1 mm in vertical and 0.2 mm in horizontal, and the X-ray diffraction was collimated to 0.1 mm. The receiving slit was 0.2 mm in vertical and 0.3 mm in horizontal.

The diffraction angle was set as 4 degree in the present experiment.
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This is the phase diagram determined by the present study. We gradually increased temperature to ~500℃, and then the diffraction data were collected at every 50℃ with increasing temperature. In each temperature, the diffractions were collected in every 60 seconds for certain duration with checking the peak change. In almost P-T conditions, we kept the temperature for more than 30 minutes.

At 450℃, very small amount of talc phase appeared, but the amount of talc phase did not change until the dehydration of antigorite.

The dehydration of antigorite occurred at 650℃ below 6 GPa, and En+Fo+fluid was formed. We used natural antigorite as starting material, and 1.5 wt% Al2O3 was contained, so small amount of chlorite appeared in this condition.

On the other hand above 6 GPa, antigorite dehydrated to phase A+En+fluid via Tlc formation.

Next, I show you the time resolved results in this region.
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This is the time series of XRD spectra acquired during antigorite dehydration at 5.2 GPa and 650℃. The spectra were acquired in every 60 sec.

At 600℃, antigorite peak did not change for 60 minutes heating, and then increased temperature to 650℃.

At 650℃, antigorite perfectly dehydrated to Fo and En only in 40 min. With antigorite dehydration, chlorite appeared as a hydrous phase, because 1.5 wt% Al2O3 was included in the present natural antigorite. This phenomena indicate that chlorite is stable at higher temperature than antigorite, so chlorite stabilization become important to bring water into the mantle.

The interesting phenomena is that the incubation periods exist for Fo formation. With antigorite dehydration, the quick formation of En was observed, but forsterite was formed in about 8 minute later. 




Avrami model

V =1 —exp(- kt"
p p(- kt) .

t: time

V: transformed volume fraction (V=I/I
k: rate constant

M constant that depends on the reaction mechanism )

In {-In(1-V)} = nin(t) +

max)

slope = n

In{-In(1-V)}

Intercept = In(Kk)

In (1)
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We analyzed the isothermal kinetic data using Avrami model. It describes the relationship between time, t, and the transformed volume fraction, V, according to the following equation: where k is the rate constant, and n is a constant that depends on the reaction mechanism.  In the present experiment, the volume fraction was estimated from the XRD intensity, I, of each peaks relative to Imax, which is the intensity of the diffraction peaks at the end of the reaction. By taking the logarithmic formula in this equation, the following formula is derived. By plotting the data in a ln(-ln(1-V)) vs ln (t) diagram, the slope of a line defines the value of n and the intercept corresponds to ln (k). If the mechanism of the reaction is the same among the different experiments, there should be a single n value that characterizes the reaction of each mineral.


Dlnterpretation of n value

N>1. the growth rate is large relative to nucleation rate

nucleation controlling mechanism

e

nucleus time

NS1: the nucleation rate is large relative to growth rate

volume fraction

growth controlling mechanism

I nucleus

volume fraction

time
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This figure shows the interpretation of n value. 

If n is larger than 1, the growth rate is large relative to the nucleation rate, so the mechanism is nucleation controlled mechanism, and the relation of the time vs volume fraction become like this. 

If n is lower than 1, the nucleation rate is large relative to the growth rate, so the mechanism is growth controlled mechanism, and the relation of the time vs volume fraction become like this.
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This is the fitting of enstatite growth. These conditions are 3.9 GPa, 700℃, 4.6 GPa, 650℃, 5.2 GPa, 650℃, 5.5 GPa, 650℃, respectively. In all experiments, the n values were fitted at around 1. This suggests that enstatite growth is controlled by growth controlled mechanism.




Fitting of Forsterite growth
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This is the fitting of forsterite growth. These conditions are 3.9 GPa, 700℃, 4.6 GPa, 650℃, 5.5 GPa, 650℃, respectively. In all experiments, the n values were fitted at around 2.5. This suggests that forsterite growth is controlled by nucleation controlled mechanism.


El of recovered sample

En: nucleation rate - high
growth controlling
Fo: nucleation rate -2 low

nucleation controlling
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This is the BEI of recovered sample at 5.5 GPa and 650℃. A lot of tiny enstatite crystals and large forsterite crystals can be seen. This indicates that the nucleation rate is quite high for enstatite, but low for forsterite by dehydration of Atg. So, forsterite grows by nucleation controlled mechanism and enstatite grows by growth controlled mechanism.




[
BE/! of recovered sample (4 Gpa, 700°C, keep)

En + H20 = En + fluid

¥

.
R

ﬁéifﬁl

7 s X Aty

Pressure (GPa)

o
En + Hz0 = En + Fo + fluid
900 1000 1100 1200

Temperature (° C)

Antigorite -~ Enstatite + Fluid Kawamoto et al. (2004)
Mg/Si:1.5 1.0 >1.5

MgO-rich fluid (Mg/Si>1.5) is formed.
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This is the BEI of recovered sample at 4 GPa and 700℃, and the keeping duration is 15 min. A lot of tiny enstatite crystals can be seen in antigorite. This indicates that enstatite crystallize first as this reaction, because MgO-rich fluid is formed and the Mg/Si ratio is more than 1.5.

This figure shows the fluid composition in the system MgO-SiO2-H2O by Kawamoto et al. (2004). Our result is consistent with the result by Kawamoto et al.(2004).
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Next, I will show you the formation of talc above 6 GPa.

In this region, talc was formed before the formation of phase A in the small temperature interval less than 50℃.

Previous phase diagram of peridotite+H2O system indicates that formation of talc was formed in lower pressure than 1.5 GPa. But in our study, talc was formed from 6 to 9 GPa. This result is inconsistent with the previous study.

   




Dehydration at 8.0 GPa, 500°C
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This is the time series of XRD spectra acquired during antigorite dehydration at 8.0 GPa and 500℃. The spectra were acquired in every 60 sec.

With the dehydration of Atg, Talc, Fo and then En were crystallized. As the diffraction pattern is clearly shown, this dehydration quickly occurs only in 30 min in low temperature of 500℃. These results are inconsistent with the previous phase equilibrium studies. 


Summary

We have conducted the time-resolved dehydration
experiments of Atg at high pressure and high
temperature by in situ X-ray diffraction using diamond

capsule.

Atg In subducted slab should quickly dehydrate when the
slab crosses the dehydration boundary of Atg. Thus
metastable Atg can not exist in subducted slab at around
650-700 °C and 3-5 GPa.

The nucleation rate was quite high for enstatite, but low
for forsterite by dehydration of Atg. This result also can
be confirmed from the observation that incubation
periods exist for forsterite formation.

Talc was formed above 6 GPa with dissociation of Atg,
and then the formation of phase A was observed In the
present experiments. Thus talc formation should be
Important for dehydration seguence In low temperature
subducted slab.
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This figure shows the stability of hydrous phase in hydrous peridotite. Gray area shows stability region of hydrous phases. Serpentine is stable below 5 GPa, and then, various hydrous phase, such as phase A, phase E, superhydrous phase B and phase D become stable in high pressure region. In mantle transition region, wadsleyite and ringwoodite can accommodate significant amount of water.

To bring water into the mantle, stability of serpentine is very important, because choke point exist in this region.

For example, this is the low temperature path of the slab, and this is the high temperature path of the slab, and this is the path of ascending plume. The red circle show some dehydration point in the mantle. Depending on temperature, dehydration sequence become different, but the first dehydration phase, that is serpentine is most important to bring water into the mantle.
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Dehydration reaction at 3-6 GPa

Antigorite — Enstatite + Fluid MgO-rich supersaturated
1.5 1.0 >1.5 solution

=

Forsterite is crystallized from MgO-rich supersaturated solution.
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Modified from Komabayashi et al.(2005)




Fig. 10. Hypocenter dstmbutions in subduction zones. Broken lines show the estimated subducting plate boundary. Dotted line indicates 160 km
depth that 15 critical depth for the formation of hydrous phase A in the subducting slab {see text for details). Data sources are, NE Japan, Hasegawa
et al. (1994); Kunl, Ozel and Moniya (1999}, Kamchatka, Gorbatow et al. (1994}, Aleutian, Engdahl and Scholz (19770 N Chile, Comie et al.

(1999).
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Dehydration of antigorite (opened system)
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Dehydration reaction of antigorite (<5 GPa)

MJSi,0,0(0H)g > 2Mg,SiO, + 2MgSiO, + 4H,0
Atg Fo En Fluid

5MgSi,0,,(0H)s~2Mg,Si,0,,(OH), + 12Mg,SiO, + 18H,0

Atg Tlc Fo Fluid

4.8 wt % H,0
—

H,O 13.0 wt% 1.3 wt%

!




5MgSi,0,o(OH)g—2Mg-Si,04(OH), + 16MgSiO, + 18H,0
Atg En Fluid

— _/

T~
H,O 13.0 wt% 3.9 wt%

With increasing temperature
Mg-Si,04(OH)4 + 3MgSIO; -~ 5Mg,SIO, + 3H,0
Phase A En Fo Fluid



ASEe AaAppeald 2 O O Appealc o aAlll OI10 C
ARQO72 ARO68 ARO75 ARO79
T (°C) 3.0 GPa 5.2 GPa 5.5 GPa 8.5 GPa
300 no (15) no (15)
400 no (20) no (25)
450 Tlc-like*: appear (50) no (35)
Atg: no
Tlc-like*: appear (30) Tlc-like*: appear (30) no (40) Atg: disappear (90)
=00 Atg: no Atg: no Tlc-like: appear
no (90) no (80) no (40) Tlc-like: disappear (50)
=°0 En: appear
600 no (80) no (60) no (45) no (50)
Tlc-like: increase (120) Atg: disappear (120) Atg: disappear (90) no (60)
Atg: decrease Tlc-like*: disappear Tlc-like*: disappear
650 Chl: appear En: appear
En: appear Ol: appear
Ol: appear
Atg: disappear (90)
200 Tlc-like*: disappear

En: appear
Ol: appear



Antigorite dehydration

Antigorite

(1) 550°C

count / ring current

40
Time (min)

count / ring current

Time (min)

Antigorite

00000000000¢000°00000000000000

2 600°C

count / ring current

0000000000000y¢

20 40
Time (min)

Enstatite

MW
.
® 650°C

count/ ring current

40 60 80
Time (min)




BEI at 5.2 GPa, 650°C run product

ARO06G8 5.2 GPa
500°C:anneal

' 550=600=650=>quench
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