Precipitation of poorly crystalline antigorite under hydrothermal conditions
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Abstract
Magnesium silicate precipitation experiments were carried out in alkaline solutions in the temperature range 39°C–150°C. Titrations were carried out at room temperature where the pH of an aqueous solution containing magnesium and silica was raised to bring about precipitation of a magnesium silicate. The precipitation of the magnesium silicate was rapid. Equilibrium between the solution and the precipitate was attained in a period of less than one hour up to a month at around 90°C, depending on the initial degree of oversaturation. Relative magnesium and silica depletion in the experimental solutions and IR spectra of the precipitate show that the magnesium silicate resembles poorly developed antigorite (p-antigorite). Values for its solubility constant were obtained and an equation describing its solubility in the temperature interval 0°–200°C calculated. The equation is: log Ksp = 9303/T + 3.283, where T is in K, and it is valid for the following reaction: 
From thermodynamic data, the solubilities of talc, antigorite, chrysotile, sepiolite, and brucite were calculated in the range 0°C–350°C at Psat. The saturation state of selected surface and ground waters with respect to these minerals and p-antigorite were calculated. In the temperature range 3°C–100°C most of the ground waters are within the limit of error at equilibrium for this phase, but waters of higher temperature are undersaturated. Surface waters are generally undersaturated. It is considered that precipitation of p-antigorite is responsible for the magnesium depletion of surface waters when they seep into the bedrock, and the solubility of this phase controls magnesium concentrations in <100°C ground waters in the basaltic terrain of Iceland.
Introduction
The saturation state of natural water with respect to primary and secondary minerals provides information on the processes that control the composition of the waters. The major element composition of >100°C geothermal waters is largely controlled by close approach to equilibrium with secondary minerals (e.g., Ellis 1970, Giggenbach 1981, Arnórsson et al 1983, Gíslason and Arnórsson 1990, Palandri and Reed 2000, Stefánsson and Arnórsson 2000). By contrast, the composition of surface waters is considered to be controlled by primary mineral dissolution for some major elements although formation of weathering minerals control the aqueous concentrations of others, such as Al, Fe, and Si (Garrels and MacKenzie 1967, Drever 1988, Bluth and Klump 1994, Gíslason et al 1996, Stefánsson et al 2001, Stefánsson and Gíslason 2001).
The concentration of Mg in ground waters in Iceland with pH in excess of ∼9 is generally very low as it is also in most geothermal waters from springs and drillholes. Scales of poorly crystalline magnesium silicate have formed in geothermal installations when magnesium-bearing ground water is heated and when high-pH geothermal waters are mixed with Mg-bearing nonthermal waters. Several studies have been carried out to reveal the nature of the magnesium silicate precipitated in geothermal installations (Kristmannsdóttir 1980, Kristmannsdóttir et al 1999, Sverrisdóttir et al 1992), and the conditions under which they form (Gunnlaugsson and Einarsson 1989, Hauksson et al 1992, Hauksson and Thórhallsson 1993). Evaluation of potential magnesium silicate scaling from exploited geothermal waters requires knowledge of the solubility of the magnesium silicate phase involved, and the water saturation state with respect to that mineral.
The purpose of this study was to obtain a value for the solubility product for the magnesium silicate, which forms scales in geothermal installations and to reveal if precipitation of this phase from ground waters exerts a control on the magnesium concentration in these waters. Experiments were carried out involving precipitation of magnesium silicate from synthetic solutions containing only magnesium and silica. Previous experiments all involved selected natural waters, either a mixture of geothermal and fresh water or heated fresh water (Hauksson et al 1992, Sverrisdóttir et al 1992; Hauksson and Thórhallsson, 1993). The results from these experiments cannot be extended to waters of different composition, because aqueous components other than silica and magnesium could affect the solubility of the precipitated material. Results from the experiments involving synthetic solutions, which contain only magnesium and silica, do not suffer from this snag. Previously published preliminary results on the solubility of the scale-forming magnesium silicate (Gunnarsson et al. (2001) were based on some of the experiments presented here. The preliminary results indicated that the magnesium silicate precipitated had Mg/Si atomic ratio of 4/3. Further precipitation experiments presented here indicate the ratio is closer to 3/2.
The solubility constants for brucite and selected magnesium silicates with known thermodynamic properties were calculated as a part of the present study. The saturation index in surface and ground waters was evaluated with respect to these minerals and compared with that of the magnesium silicate produced in the present precipitation experiments.
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Experimental Design
Magnesium silicate precipitation experiments were carried out in alkaline solutions at temperatures ranging from 39°C to 150°C. Experiments at 39°C, 72°C, 83°C, 89°C, 91°C, 93°C, and 94°C were made at atmospheric pressure in 250 mL polypropylene bottles placed in a temperature-controlled water bath. The temperature variation in the water bath was ±1°C. At the bottom of each bottle was a Teflon-coated magnetic bar to stir the experimental solution. Experiments at 120°C and 150°C were performed
Results
The experimental results are shown in Table 1. Decreases in aqueous magnesium and silica concentrations in the course of two of the experiments carried out in polypropylene bottles at 91°C and 93°C are shown in Figure 2. When large amounts of magnesium were injected into the experimental solution, the reaction proceeded to completion in about one hour (Fig. 2A), but when small amounts of magnesium were added the reaction was much slower and one to two days passed before the precipitation
Saturation state of natural waters with respect to selected magnesium silicates and brucite
The calculated saturation state of natural waters with respect to Mg silicates makes it possible to evaluate whether such silicates have a tendency to dissolve or precipitate when in contact with such waters, and it gives a clue to their precipitation rate. For example, if geothermal waters are generally oversaturated with respect to a certain Mg silicate, it can be deduced that this mineral does not precipitate easily and, as a result, it is unlikely that such a mineral forms Mg silicate
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