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In-situ synchrotron radiation x-ray diffraction and visual imaging study of magnesite

+ quartz + water at mid-crustal temperatures and pressures

R.J. Kerrigan, P.A. Candela and P.M. Piccoli, Laboratory for Mineral Deposits Research, University of Maryland

Abstract

Screen Capture Area Analysis

‘The system MgO-Si0;-H,0-CO, (MSHC) has been investigated to observe the
of magnesite and the kinetics of mineral dissolution/precipitation in the presence of a
fluid. Hydrothermal experiments containing magnesite + quartz + water under greenschist to
amphibolite facies T & P (up to 765°C and 1 GPa) were conducted in a Bassett-type hydrothermal
diamond anvil cell (HDAC). Two sets of experiments were conducted: (1) experiments monitored
by using visible light microscopy. digitally recorded to track apparent dissolution and precipitation
changes, and (2) experiments monitored over time by synchrotron radiation x-ray diffraction
(SR-XRD). Our experiments have produced minerals of a fibrous habit, a morphology sometimes
linked to respiratory illnesses. Understanding the conditions that promote the growth of fibrous
minerals will allow us to better identify geological environments wherein they may form.

lica-rich

The starting materials consist of two equidimensional grains of magnesite and quartz (~0.05
mm in diameter) in deionized H,0. The sample chamber is confined by the two diamonds (1 mm
culet) and a thenium gasket (0.3 mm diameter, 0.15 mm thick). Experimental temperatures and
pressures were progressively increased, step-wise through 450-763°C and 0.1-1GPa, with several
isothermal steps of 30-90 minutes duration. Experiments were returned to 465°C before quench.
The final equilibrium assemblage was dependent on the molar ratio of starting materials. Images of
digitally recorded experiments were analyzed to track apparent changes of mineral proportions
over time. In-situ SR-XRD, provides phase identification information and data on reaction
progress through the relative abundance of reactants and products. Changes in characteristic x-ray
peak intensity, morphology and cross-sectional area, allows for the determination of important
physical properties and kinetic parameters for the reactant and product phases.
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W 600°C, of magnesite artz dissolution and
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the rise in temperature. l, reaction rates decreased hed. For

example, at 463°C and in the presence of pure water, quartz and magnesite react irreversibly to
produce talc; as the reaction proceeds, Xco, rises toward a limiting value of ~0.1. Our data show
that as a significant amount of magnesite is destroyed, the reaction rate drops, consistent with an
approach to equilibrium as found by Johannes (1969). Once reaction rate significantly decreased,
the temperature was increased again, and the cycle was repeated. In experiments with excess
magnesite relative to quartz, forsterite began to form at the expense of magnesite and talc afier all
the quartz was consumed.

Method

Screen capture images from videos of experiments were analyzed to monitor changes in measure areas of the chamber and
reactant phases. Areas of the chamber, quartz and magnesite were measured at regular intervals then treated as idealized shapes to
calculate phase volumes. Our observations suggest that quartz readily dissolves and approaches saturation within minutes. As talc
precipitates, S0, is removed from aqueous solution; tale appears to nucleate on the magnesite and gasket walls. The continued

growth of talc results in dissol quartz. Th h of tale and

with the dissolution of quartz and with the reaction:
45i0; +3 MgCOs3 + HyO = Mg;SisO1o(OH), +3 COy.

At615°C, after all quartz has been consumed, talc begins to react with the aqueous phase to produce forster
Mg;Si4010(OH), + 5 MgCO3 = 4 Mg;SiOy + Hy0 + 5 CO,.
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Geologic Setting

Magnesite is thought to be stable as deep as the lower mantle (Isshiki et al., 2004), but signifi-
cant decarbonation can oceur along subduction zone geotherms at low pressures (in the forearc
region) and at relatively high temperatures (e.g. young oceanic crust subducted at slow convergent
rates) (Molina and Poli, 2000). The reactions examined in this study, between natural Mg-rich car-
bonates and silica-rich fluids (i.e. magnesite + quartz + water) at ~0.2-1.2 GPa pressure and 300-
700°C temperature, may occur during the subduction of magnesium-rich carbonates as well as

ophicarbonates. The subduction of carbonates has been postulated to be the primary method of de-
livering CO; to the mantle. Understanding the conditions which allow for the preservation of mag-
nesite during subduction, and the rates at which decarbonation may oceur allow the estimation of
€O, addition to the mantle wedge. This can yield insight into the global carbon ycle, including
diamond formation and carbonatite magmatism.
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Figure 2. Experiments containing Mgs + Qtz + HaO performed at temperature steps of 463°C, 515°C, 565°C and 615°C and pressures ranging from 300 to 600 MPa.
(A) volume change of the sample chamber measured as a function of time, () Moles of quartz destroyed per kg of solution as measured by the chang
area, as a function of time. Quartz saturation is plotted in red (from Manning, 1994). (C) talc produced (in moles), vs. time, (D) Xco, of aqueous solution as a func-
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experiments

(Discussion

In these experiments quartz dissolved in the aqueous solution and reacted with the magnesite
to produce talc + forsterite. Forsterite was produced at the highest temperature-pressure step
(615°C, ~500MPa) after quartz fully dissolved. Reversals were achieved at 465°C and 400MPa
with the reprecipitation of magnesite. The reactions we have observed are consistent with the
equilibrium phase relations found by Johannes (1969).

One set of experiments was visually monitored for changes in the mass of quartz to infer tale
growth rates. As the temperature was increased, rapid dissolution of the quartz occurred as the
fluid approached Si0; saturation. Talc fibers could be seen growing on the magnesite grain and
gasket walls, Maximum tale growth rates were ~10~# moles'meter-second"!. In the experiments
with higher Xco, the growth of fibrous tale was suppressed. Decarbonation of magnesite
accompanies quartz dissolution and the production of tale.”As the reaction proceeds, Xco, ises
toward a limiting value of ~0.25. The reaction rate increased abruptly upon an increase
temperature, progression of the reaction isothermally, the reaction rates decrease
monotonically as a new equilibrium point was approached (as determined by the ratio of CO; to
H,0). The d between the i CO,/Hy0 and th CO,/H,0 controls
the difference between the chemical potential of the reactants and products (Ap) These results
are qualitatively consistent with the following relationship:

Rate = ko » eEo/RT « ficini) * f(Apy)

which is simplified after Lasaga (1998), where k,, is a constant, E, is the activation energy, R is
the ideal gas constant, T is temperature (°K), and where f(¢;") is a function of the concentration
of species in aqueous solution ¢; and n; is the order of the reaction.

The second set of experiments utilized in-situ synchrotron radiation x-ray diffraction to
monitor the destruction and production of phases. No intermediate reaction products were present
during the reactions  investigated.  Although difficulties abound in estimating the phase
proportions by x-ray analysis, the results of these experiments are consistent with our other
onitored visually.

~

tion of time, deduced from the corresponding amount of Mgs consumed.

Experimental Design

Experiments were conducted in a Bassett-type hydrothermal diamond anvil cell (HDAC) at
temperatures and pressures up to 615°C and 1 GPa, respectively. Starting materials were natural
magnesite (MgCO3) from Westvaco mine CA, natural Brazilian quartz, and deionized Hy0. The
sample chamber is defined by a 0.3 mm diameter hole in 0.15 mm thick rhenium foil held in place
by two diamonds (1.0 mm culet faces). Pressures were determined from the initial liquid-vapor
homogenization temperature and isochores for the pure water system, in conjunction with the run
temperature (Bassett et al., 1993). Fluid densities of 0.90-0.82 g em? lead to isochoric P-T paths
that correspond to the geothermobar of continental crust. The experiments were brought to an initial
target temperature 465°C and held for 90 minutes. Temperature was then increased stepwise to
515°C. 565°C, 615°C and held at each for 30, 30 and 90 minutes, respectively. Some runs had a final
thermal stage, reducing the temperature to 465°C to attain reversals.
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Figure 3. Synchrotron radiation x-ray diffraction spectra for a full experiment of magnesite + quartz + water plotied as 2 theta
0.4066) versus time. Colors denote different temperature steps as indicated on the right axis. Boxes show indicate the location of
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Method

A set of synchrotron experiments were conducted at Brookhaven National Labs, National Synchrotron Light Source, beamline X17C. The
xray beam (wavelength = 0.4066) was positioned on the magnesite grain for the duration of the experiments in order to monitor the depletion
of magnesite and identify the run products. Exposure length was 100 seconds for each spectrum and most spectra were taken in succession.
Gaps in time (in the figure in the left) account for repositioning of beam or for visual inspection of the chamber. The magnesite [018] and [116],
tale [002] and forsterite [021] were monitored because of their isolation from interfering peaks. After background reduction, the area of these:

caks were calculated for each spectrum to serve as a proxy for realtive phase abundance. The peak areas (normalized to the total peak area
signal) were plotted as a function of time.

=

59

Figure 4. Peak area intensity normalized to the total signal versus time. Temperature steps indicated by black bars.
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Conclusions

The reactions we have observed are consistent with the equilibrium phase relations found by
Johannes (1969).
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Maximum talc growth rates in these experiments are ~10-4 moles'meter2-second™!

Rapid reaction rates accompany temperature increases then begin to decrease as equilibrium
approached.

In the experiments with higher Xo,. the growth of fibrous tale was suppressed.
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Results

Atthe start of the run (at room temperature), a magnesite signal i recorded.  As temperature s increased the magnesite signal decreases as
talc is produced. Tale continues to i lintensity at th quartz and il the quartz is dissolved. At615°C, with
quartz no longer present, talc and aqueous phase begin to react to form forsterite. The last stage of the experiment is held at 465°C where forsterite
decreases in signal to create magnesite.
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