
Author

Ni Sun

Title

In situ Investigation of Brucite and Aqueous Fluids in the MgO-H 20 System

at Elevated Pressure and Temperature

submitted in partial fulfillment
of the requirements for the degree of

Master of Science in Geology
Department of Geological Sciences

The University of Michigan

Accepted by:

c3
signs(Gc

Signature

Department Chair

Lars P. Stixrude

Name

Lynn M. Walter

Name

Rodney C. Ewing

Name

Dale

Dale

f
Dale® "

I hereby grant the University of Michigan, its heirs and assigns, the non-exclusive right to
reproduce and distribute single copies of my thesis, in whole or in part, in any format. I represent
and warrant to the University of Michigan that the thesis is an original work. does not infringe
or violate any rights of others, and that I make these grants as the sole owner of the rights to
my thesis. I understand that I will not receive royalties for any reproduction of this thesis.

XPermission granted.

1 Permission granted to copy after: Da_ _
Date

Q Permission declined.
Ah i

Aher Signammr



V\/yf-~

1Qw7v 
?n

vo



In situ Investigation of Brucite and Aqueous

Fluids in the MgO-H 20 System at Elevated

Pressure and Temperature

By Ni Sun

Advisor: Professor Lars P. Stixrude

Master of Science in Geology

The University of Michigan

2006



TABLE OF CONTENTS

LIST OF FIGURES-----...............................................3

ABSTRACT-------....................................................4

INTRODUCTION...........................-. ............. 5

EXPERIMENTAL......-.-.-.-.-.-.................... . ...... 7

Starting Material

High Pressure Experiments

Raman Spectroscopy

RESULTS AND DISCUSSION.................-----.....----......---.......---- ...00----11
Brucite Dehydration

Temperature Dependence of Brucite Modes

Aqueous Species

CONCLUSIONS- - - -- --................................................ 15

REFERENCES . -............................................... ..-. - .-23

L7



LIST OF FIGURES

Figure 1.

Sketch of hydrothermal diamond anvil cell (HDAC)""-"-----------------"----.-16

Figure 2.

Brucite Raman Spectra at ambient pressure and room temperature.-.-.-.-.-.-.-.-.-.-.-.-.-.- - 17

Figure 3.

Brucite Raman Spectra at ambient pressure and elevated temperature.-.-.-.-.-.-.-.-.-.-.-.- - 18

Figure 4.

Temperature dependence of the 278 cm' mode of brucite.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.- - - 19

Figure 5.

Temperature dependence of the 443 cm' mode of brucite.-.-.-.-.-.-.-.--.-.-.-.-.-.-.-.-.-.-.-.-.- - 20

Figure 6.

Temperature dependence of the 3650 cm' mode of brucite.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.- - -21

Figure 7.

Raman spectra of magnesium complex.-------------.............----------.-22



ABSTRACT

In-situ Raman measurements in MgO-H 20 system are reported to 800 °C and 11 kbar.

Brucite Raman modes depend strongly on temperature. The shifts in frequency with

temperature are fitted as the following expressions: iqcm-')=278 - 0.031 T(°C) with

R2=0.86, v(cm-')=444 - 0.041T(°C) with R2=0.97, and v(cm')=3650 - 0.011 T(°C) with

R2=0.84. Brucite begins to dehydrate at certain temperature between 250 °C and 300 C.

A new magnesium complex species is observed in the aqueous fluids by a Raman mode

at 356 cm-, which is considered to be caused by Mg2+-oxygen stretching.
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INTRODUCTION

Fluids are primary agents of terrestrial chemical differentiation and play an essential role

in geological processes as mantle metasomatism and magma generation in subduction

zones. This may be most dramatically expressed in the arc environment, where the

mantle is generally regarded as being fluxed, the addition of aqueous fluid being central

to the genesis of magmas and presumably the formation of continents. Pre-eruptive arc

magmas are thought to contain as much as 8 % water (Grove et al., 2002). Recent studies

indicating very rapid ascent of arc magmas (< 1000 years) also suggest extensive

interaction between silicates and fluids in the arc environment (Turner et al., 2001;

Audetat and Keppler, 2004). Experiments show that silicate liquids and water may be

completely miscible at pressure-temperature conditions typical of the mantle wedge

(Shen and Keppler, 1997; Bureau and Keppler, 1999).

Understanding the chemical interaction of silicates and fluids at elevated pressure and

temperature is also important for understanding the solid mantle. Even small amounts of

added water can alter mantle viscosity by orders of magnitude (Hirth and Kohlstedt,

1996). Experimental studies have detected that olivine could store 0.1 wt% water

(Kohlstedt et al. 1996); wadsleyite and ringwoodite could store several wt% water

(Kohlstedt et al. 1996); and orthopyroxene could store 700~800 ppm wt% water (Rauch

and Keppler, 2002).



We focus our efforts on the interaction of water with magnesia, the most abundant oxide

component in the mantle by mole fraction. It is not known to what extent magnesium is

soluble in water at elevated pressure-temperature conditions; most previous studies have

focused on the interaction of water with more felsic compositions (Shen and Keppler,

1997; Bureau and Keppler, 1999). It is known that the solubility of water in magnesium-

rich silicates increasing markedly with increasing pressure (Hirth and Kohlstedt, 1996),

and there is some evidence that the solubility of magnesia in water also increases with

increasing pressure (Stalder et al., 2001). However, the nature of magnesium-bearing

aqueous fluids at mantle conditions has not been clarified. In this study, we investigated

the structure of aqueous fluids in situ in the MgO-H 20 system.

All experiments were performed in an externally heated Bassett-type diamond-anvil cell,

which allows us to investigate aqueous fluids in situ up to 1200 K and 5 GPa and observe

the samples visually and by Raman spectroscopy. The ability to observe the sample in

situ avoids problems associated with quenched hydrous samples. We have also

investigated the Raman spectrum of brucite as a function of temperature in order to gain

further insight into the nature of hydrogen bonding in this sytem.
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EXPERIMENTAL

Starting Material

Starting material for all experiments were samples of natural brucite (Mg(OH)2 ) crystals

from Ward's Natural Sciences. To investigate MgO-H 20 system, brucite crystals and de-

ionized water were added in hydrothermal diamond anvil cell chamber. Depending on

the conditions of pressure and temperature, additional water may be released by the

dehydration of brucite according to the reaaction Mg (OH )2 MgO + HO .

High Pressure Experiments

In our experiments, we used a Bassett-type externally heated diamond anvil cell (Figure 1,

Basset et al. 1993 a, b). In this cell, a rhenium gasket with a thickness of 250 microns and

a 500 micron drillhole was used as the sample chamber. The cell was loaded with natural

brucite and excess water.

Temperature was measured by K-type thermocouples which are surrounding the

diamonds. The high thermal conductivity of the diamonds and their WC seats (tungsten

carbide seats) is expected to keep the entire sample region nearly isothermal. The

temperature controller allows us to control the temperature to ±1 0C. Maximum

temperatures are limited by the stability of the diamonds and the mechanical competence

-7-



of the WC seats. A mixture of Argon and Hydrogen were flowing to the diamonds and

the Re gaskets to prevent them from oxidizing.

The diamond interface was used as the pressure calibrant (Davis et al., 2003). Diamond

has a primary Raman line at 1332.15 cm-1, which shifts with temperature and pressure.

The effects of temperature and pressure are independent of one another so that an

independent measurement of temperature (with thermocouples) together with the

measured Raman shift determines the pressure (Davis et al., 2003; Davis, 2005). The

primary Raman line of diamond shifts with respect to temperature and pressure according

to the following equation:

Avs (P,T) = 1.86(10) + 1.34(9)P - 0.0051(3)T - 4.00(6)x10-5T2 + 1.9(1)x10-8T3

Where T is temperature in Kelvin, P is the pressure in kbar and Avs(P,T) is the shift of

the primary Raman line of diamond with pressure.

Raman Spectroscopy

Raman spectra of MgO-H 20 system were recorded with a single-pass spectrometer,

equipped with 600 and 2400 g/mm holographic gratings and a liquid nitrogen cooled

CCD detector. A single monochrometer is combined with notch filters to maximize the

signal of the scattered radiation. The signal is stronger than in alternative designs (triple-
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pass) with the disadvantage that we are not able to probe very small frequency shifts.

Even so, our equipment is able to detect bands with frequency shifts as low as 100 cm.

The 514.5 nm line of an Ar+ laser was used as exitation source at 2500 mW power.

Radiation from an Ar+ laser is directed down the axis of a Mitatuyo long-working

distance lens via a beamsplitter. At 514.5 nm wavelength, the lens is capable of focusing

the laser to a spot size of 2 microns on the sample within the HDAC. Raman-shifted,

backscattered radiation is then collected with the same objective lens and directed either

to a microscope equipped with a CCD video (for alignment and focusing) or to the

spectrometer (for data collection). The radiation going to the spectrometer is first passed

through confocal optics that serves as a spatial filter, limiting the sampling depth within

the sample to several microns. The radiation is then focused onto the slit of the

spectrometer. Accumulation times varied from 60 sections to several minutes at different

temperatures.

Raman scattering has many advantages to investigate MgO-H 20 system compared with

Infrared. First, by using the 514.5 nm laser line for excitation (which is green),

interference from black-body emission at high temperature can be reduced. Second. by

working with visible light as an excitation source, the laser line can be focused to a very

small spatial cross-section, approximately 2 microns (diffraction limited). Third, the use

of confocal optics increases the signal-to-noise ratio by rejecting light not near the focal

point of the laser (Sharma et al., 1996). The ability to spatially resolve small regions is

very useful for work in the diamond cell. Fourth, Raman is more sensitive than infrared

0



to structural adjustments in silicate melt structures that are induced by the addition of

water (McMillan et al., 1983; McMillan and Remmele, 1986).

In situ Raman spectra were collected from 100-4000 cm-, especially the vibrational

modes of aqueous magnesium species at 100-1000 cm 1, 0-H stretching modes at 3000-

4000 cm-1, and the modes of brucite.
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RESULTS AND DISCUSSION

Brucite Dehydration

Brucite crystals were studied at ambient pressure. Two brucite crystal chips were put into

the HDAC chamber and the screws of HDAC were kept loose, which ensured ambient

pressure was performed in the whole experiment. The HDAC cell was heated gradually

(temperature was increased 50C per step) and the Raman spectra of brucite were

recorded (Figure 2 and Figure 3). At ambient conditions, we found three strong Raman

modes at frequencies of 278 cm-1, 443 cm-1, and 3650 cm-, and a weaker mode at -725

cm1 in agreement with previous studies (Dawson et al., 1973). By comparison with

other Mg(OH) 2 compounds and with deuterated samples, these modes have been assigned

as follows: octahedral bend (278 cm) octahedral stretch (443 cm), OH libration (725

cm') and OH stretch (3650 cm) (Lutz et al., 1994).

Brucite became visibly darker with increasing temperature due to the scattering of light

as dehydration (disruption of brucite lattice) produced interfaces within the crystal

(Bassett et al., 1993a). It is totally black at 300 *C. This is the same temperature at which

we find that the Raman spectrum disappears. The solid dehydration product (periclase)

has no Raman active modes. Darkening and loss of Raman signal therefore indicate

dehydration of brucite between 250 °C and 300 °C, in agreement with the previous result

(271 °C, Aranovich and Newton, 1996).
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Temperature Dependence of Brucite Modes

Raman spectra of brucite crystals were recorded at ambient pressure and elevated

temperature. The brucite crystals were gradually heated until the Raman signal could no

longer be detected and then were cooled to room temperature. The three strongest modes

have obviously negative linear relation with temperature (Figure 4, Figure 5, and Figure

6). The weakest mode at 725 cm-1 was not resolvable at elevated temperature.

The data were fitted with the expression A v = aT + vo, where A v is the frequency at

elevated temperature in cm-1; vo is the frequency at ambient conditions; T is temperature

in °C, and a is a constant. The results of the fits are given in figure captions. The decrease

in frequency with temperature of the lattice modes is expected and may be attributed to

thermal expansion. The decrease in the hydroxyl stretching frequency with increasing

temperature is inconsistent with behavior expected of the hydrogen bond. As the lattice

expands we might anticipate weakened hydrogen bonding and an increase in the hydroxyl

stretching frequency. Our results therefore indicate that brucite does not in fact contain

hydrogen bonding in agreement with previous studies (Chakoumakos et al., 1997;

Mookherjee and Stixrude, 2006).
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Aqueous Species

In order to investigate the structure of aqueous Mg species, brucite crystal chips and

deionized water were added into the HDAC chamber and the screws of HDAC were

tightened carefully. The cell were heated 50 °C every step, then cooled down gradually.

In our experiment, the sample chamber remains approximately isochoric, so that pressure

and temperature increase together at a rate determined largely by the equation of state of

water.

The sample was continuously heated to 800 °C (11kbar), then gradually cooled down to

room temperature. The crystal was observed to decrease in size, indicating significant

increase in the amount of Mg2 + in solution at these conditions. A new Raman mode at

356 cm 1 is observed at 700 °C and 10.9 kbar (Figure 7). The frequency of this mode is

essentially identical to the strongest Raman mode observed in Mg chloride aqueous

solutions at ambient conditions. This mode has been assigned to the symmetric stretch of

the hexaquamagnesium (II) ion Mg(OH) 6
2+ on the basis of quantum mechanical

calculations, polarized Raman studies and isotopic substitution (Pye and Rudolph, 1998;

Rudolph et al., 2003). Our observation of this mode in an MgO-H 20 solution confirms

previous interpretations that association in Mg chloride solutions is minor.

We were unable to resolve this new mode at other pressure and temperature conditions

because of its low intensity. We believe that our observation should serve as the basis for

further study of the structure of Mg2 + in high pressure-temperature aqueous solutions, in

- 13 -



particular investigations of the dependence of the new mode on pressure and temperature.

Such studies would require longer collection times or different chemistry in order to

increase the amount of Mg 2+ in solution.
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CONCLUSIONS

The present study demonstrates that Raman spectroscopy in externally heated

hydrothermal diamond anvil cells allows the identification of the major species in MgO-

H20 system. The main modes of brucite show strong temperature dependence. The

frequencies all decrease with temperature. This is expected in the case of the lattice

modes, but does not agree with the notion that brucite is hydrogen bonded. Previous

studies have also concluded that hydrogen bonding in brucite is absent and that the layers

are bound instead by point-dipole interactions (Mookherjee and Stixrude, 2006). We find

that brucite begins to dehydrate at certain temperature between 250 C and 300 °C at one

bar, as evidenced by the loss of the Raman spectrum. This is consistent with previous

studies and confirms the utility of Raman spectroscopy in the quantifaction of phase

equilibria. We find for the first time evidence of a hexaquamagneium ion in MgO-H 2 0

solutions, which had previously only been seen in chloride and sulfate solutions. The

observed Raman mode at 356 cm-1, is caused by symmetric stretching of the ion.
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Tungsten carbide seats
Diamond

(WC Seats)

Molybdenum heaters
1(Mo heaters)

Rhenium gasket Thermocouples

/

Sample m

Figure 1. Sketch of hydrothermal diamond anvil cell (HDAC). The upper and lower

diamonds are surrounded by Mo-resistance heaters that wrap around the WC supports.

The confining gasket is made of Re (the thickness is not to scale). The fluid sample

resides in a hole in the gasket and can be observed through the diamonds. Two chromel-

alumel thermocouples permit accurate temperature measurement. These are in contact

with the diamonds, which are in tumn in contact with the sample. As the thermocouples

are at ambient pressure, no pressure correction is needed. (After Snyder, 1998)
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Figure 2. Brucite Raman Spectra at ambient pressure and room temperature.
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Figure 3. Brucite Raman Spectra at ambient pressure and elevated temperature.
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Figure 4. Temperature dependence of the 278 cm' mode of brucite at 1 bar. The shift has

a linear relation with temperature: v(cm- )=278 - 0.031 T(°C) with R2=0.86.
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Figure 5. Temperature dependence of the 443 cm~1 mode of brucite at 1 bar. The shift has

a linear relation with temperature: v(cm-1)=444 - 0.041 T(°C) with R2=0.97.
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Figure 6. Temperature dependence of the 3650 cm-' mode of brucite at 1 bar. The shift

has a linear relation with temperature: v(cm-')=3650 - 0.011 T(°C) with R2 =0.84.
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Figure 7. Raman spectra of magnesium complex at 700 °C and 10.9kbar. The 356 cm'

mode is considered to be caused by Mg2+-oxygen symmetric stretching mode.

- 22 -



REFERENCES

* Aranovich, L.Y., and Newton, R.C., H20 activity in concentrated NaCl solutions at

high pressures and temperatures measured by the brucite-periclase equilibrium.

Contributions to Mineralogy and Petrology, 125, 200-212, 1996

* Audetat A., and Keppler H., Viscosity of fluids in subduction zones, Science, 303, 513-

516, 2004.

* Bassett, W.A., Shen, A.H, Bucknum, M., and Chou, I.M., A new diamond anvil cell for

hydrothermal studies to 2.5 GPa and from - 190 to 1200 °C, Reviews of Scientific

Instruments, 64, 2340-2345, 1993a.

* Bassett, W.A., Shen, A.H., Bucknum, M., and Chou, I.M., Hydrothermal studies in a

new diamond anvil cell up to 10 GPa and from - 190 to 1200 °C, Pure and Applied

Geophysics, 141, 487-495, 1993b.

* Bureau H., and Keppler H., Complete miscibility between silicate melts and hydrous

fluids in the upper mantle: experimental evidence and geochemical implications, Earth

and Planetary Science Letters, 165, 2, 187-196, 1999.

* Chakoumakos B.C., Loong C.K., and Schultz A.J., Low-temperature structure and

dynamics of brucite, Journal of Physical Chemistry B, 101, 46, 9458-9462, 1997.

* Davis K., Panero, W.R., Stixrude, L.P., The Anvils as Pressure Calibrants in the

Hydrothermal Diamond Anvil Cell, Eos Trans. AGU, 84(46), Fall Meet. Suppl., Abstract

V31D-0959, 2003.

* Davis K., Fluid and Rock Interactions in Silicate and Aluminosilicate Systems at

Elevated Pressure and Temperature, Thesis in University of Michigan, 2005.

- 23 -



* Dawson P., Hadfield C.D., and Wilkinson G.R., Polarized Infrared and Raman-Spectra

of Mg(OH)2 and Ca(OH) 2, Journal of Physics and Chemistry of Solids, 34, 7, 1217-1225,

1973

* Duffy T.S., Meade C., Fei Y.W. et al., High-Pressure Phase-Transition in Brucite,

Mg(OH) 2 , American Mineralogist, 80, 3-4, 222-230, 1995

* Grove T.L., Parman S.W., Bowring S.A., Price R.C., and Baker M.B., The role of an

H20-rich fluid component in the generation of primitive basaltic andesites and andesites

from the Mt. Shasta region, N California, Contributions to Mineralogy and Petrology,

142, 4, 375-396, 2002

* Hirth G., Kohlstedt D.L., Water in the oceanic upper mantle: Implications for rheology,

melt extraction and the evolution of the lithosphere, Earth and Planetary Science Letters,

144, 1-2, 93-108, 1996.

* Kohlstedt, D.L., Keppler, H., and Rubie, D.C., Solubility of water in the a, Pand y

phases of (Mg, Fe)Si2 0 4, Contributions to Mineralogy and Petrology, 123, 345-357,

1996.

* Lutz H.D., Moller H., Schmidt M., Lattice Vibration-Spectra Brucite-type Hydroxides

M(OH)2, (M=Ca, Mn, Co, Fe, Cd) - IR and Raman-spectra, Neutron-diffraction of

Fe(OH)2, Journal of Molecular Structure, 328, 121-132, 1994

* McMillan, P.F and Remmele, R.L, Hydroxyl sites in Si02 glass: a note on infrared and

Raman spectra, American Mineralogist, 71, 772-778, 1986.

* McMillan, P.F, Jakobsson, S., Holloway, J.R., and Silver, L.A., A note on the Raman

spectra of water-bearing albite glasses, Geochimica et Cosmochimica Acta, 47, 1937-

1946, 1983.

- 24-



* Mookherjee M., and Stixrude L., High-pressure Proton Disorder in Brucite, American

Mineralogist, 91, 1, 127-134, 2006.

* Pye, C. C. and Rudolph, W. W., An ab Initio and Raman Invistigation of Magnesium(II)

Hydration, J. Phys. Chem. A, 102, 9933-9943, 1998.

* Rauch, M. and Keppler, H., Water solubility in orthopyroxene, Contributions to

Mineralogy and Petrology,143, 525-536, 2002.

* Rudolph WW, Irmer G, and Hefter GT, Raman spectroscopic investigation of

speciation in MgSO4(aq), Physical Chemistry Chemical Physics, 5 (23): 5253-5261,

2003.

* Sharma, S.K, Wang, Z., and van der Laan, S., Raman spectroscopy of oxide glasses at

high pressure and high temperature, Journal of Applied Physics, 27, 739-746, 1996.

* Shen A.H., and Keppler H., Direct observation of complete miscibility the albite-H20

system, Nature, 385, 710-712, 1997.

* Stalder R., Ulmer P., Thompson A.B., Gunther D., High Pressure Fluids in the System

MgO-SiO 2-H 20 under Upper Mantle Conditions, Contributions to Mineralogy and

Petrology, 140, 5, 607-618, 2001.

* Turner S., Evans P., Hawkesworth C., Ultrafast source-to-surface movement of melt at

island arcs from Ra-226-Th-230 systematics, Science, 292, 1363-1366, 2001.

- 25 -



I IA

J3 ~UID5 14.


