Lithium isotopes in the system Qz-Ms-fluid:An experimental study
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Abstract
The fractionation of lithium isotopes among quartz, muscovite, and a chloride-bearing aqueous fluid has been investigated experimentally at 400°–500°C and 50–100 MPa. Experiments were performed for 15–60 days in cold seal vessels with natural mineral specimens. Lithium was introduced primarily through the fluid, which also contained KCl and HCl. In most runs, the fluid was prepared with the L-SVEC standard (δ7Li = 0) and was 1 M in total chloride with K/Li/H = 100/10/1. In two experiments, a 6Li spike was employed. The experiments demonstrate that quartz and muscovite are susceptible to pronounced, rapid shifts in Li isotopic composition by diffusion through interaction with a Li-bearing fluid, particularly at 500°C. At 500°C, fractionation factors were determined to be Δquartz-aqueous ≅ +8 to + 12‰ and Δmuscovite-aqueous ≅ +18 to + 20‰. An intermineral fractionation factor is given by Δmuscovite-quartz ≈ +9‰. At 400°C, the results suggest Δquartz-aqueous ≈ +4 to + 6‰. The study provides evidence of systematic fractionation in lithium isotopes at the temperatures of some magmatic processes, such as those associated with porphyry-type ore systems and pegmatites.
Introduction
Lithium isotopes have long been observed to undergo marked fractionation, both in geological environments and in analytical processes (Taylor and Urey 1938, Cameron 1955, Svec and Anderson 1965, Chan and Edmond 1988). Such fractionation stems from the nearly 17% difference in mass between lithium’s two isotopes, 7Li and 6Li. However, the geological processes and thermodynamic conditions conducive to pronounced or measurable fractionation in Li isotopes have yet to be fully delineated. Lithium occurs as a trace constituent in geological and hydrological environments, ranging from ultramafic to highly differentiated magmatic systems and from oceans, lakes, and rivers and to geothermal brines (Heier and Billings 1978, Ryan and Langmuir 1987); and Li isotopes have been evaluated as a petrogenetic tracer (Moriguti and Nakamura 1998, Chan et al 1999, Chan et al 2002a, Tomascak et al 2000) and as a hydrological tracer (Tomascak et al 1995a, Tomascak et al 1995b, Bottomley et al 1999, Chan et al 2002b, Tomascak et al 2003). In contrast with other stable isotope systems (e.g., O, H, B, N, C, and S), lithium may be particularly suited to act as a tracer for aqueous fluids, volatiles, and metals in magmatic-hydrothermal systems, because it is transported primarily as a chloride in aqueous fluids and may be studied as a chloride-complexed element (Webster et al 1989, Bos 1990).
Lithium isotopes have been found to display systematic fractionation at relatively low to moderate temperatures (∼0°–350°C) in marine environments (Chan and Edmond 1988, Chan et al 1992). At low temperatures, seawater (δ7Li ≈ +32‰) generally is enriched in 7Li by ∼30‰ relative to unaltered basalts (δ7Li ≈ +1 to + 6‰). In contrast with such fractionation observed at low to moderate temperatures, a suite of Hawaiian basalts that crystallized at relatively high temperatures (∼1050°C to >1200°C) showed no evidence of Li isotopic fractionation resolvable within ± 1.1‰ (2σ) during crystal-liquid fractionation, despite a wide range of bulk chemical compositions (Tomascak et al., 1999a). However, no previous study has determined whether systematic Li isotopic fractionation occurs at intermediate temperatures applicable to magmatic processes (on the order of ∼400°–900°C). Some preliminary isotopic data obtained for granitic and granodioritic rock and mineral specimens, including pegmatite samples, have indicated considerable variability in lithium isotopic compositions (Vocke et al 1990, Tomascak et al 1995c, Tomascak et al 1995d, Huh et al 1998, Bottomley et al 2003). Nevertheless, it has not been ascertained whether this variability reflects the effects of temperature, intermineral fractionation, genetic heterogeneities, or other factors.
In this experimental study, the fractionation of lithium isotopes among quartz, muscovite, and a chlorine-bearing aqueous fluid has been investigated at 400°–500°C and 50–100 MPa. The results provide the first evidence of systematic fractionation in lithium isotopes among the two minerals and the aqueous fluid within a temperature range applicable to some magmatic processes, particularly in granitic environments and in magmatic-hydrothermal systems. By demonstrating the susceptibility of some common minerals to rapid isotopic exchange with a Li-bearing fluid at temperatures applicable to magmatic systems, the study may also help to constrain the use of lithium isotopes as a petrogenetic tracer, particularly in circumstances in which interactions with aqueous fluids may be considered likely to have occurred.
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Experimental Procedure
Experiments were conducted at 400° and 500°C and 50 to 100 MPa for durations of 15 to 60 days. Natural quartz and muscovite samples were enclosed in Pt capsules (∼0.8 cm outer diameter; ∼3 cm length), along with an aqueous fluid and other starting materials (phlogopite and K-feldspar). The capsules were loaded into Inconel 625 cold seal vessels and pressurized with argon. The experimental conditions were within the stability range of the two minerals (e.g., Sverjensky et al., 1991) and were
Results
The experiments at 500°C with 1 M chloride concentrations in the starting fluid were consistent in showing pronounced shifts in Li isotopic compositions among the three mineral and fluid phases. In general, the experiments yielded heavier Li isotopic compositions in muscovite compared with those of quartz and heavier Li isotopic compositions in both minerals compared with those of the aqueous fluid. The results also suggested differences between the two minerals in the kinetics of Li isotopic
Lithium Isotopic Fractionation (Δmineral-aqueous)
The experimental results demonstrate that quartz and muscovite may undergo rapid, sizable, and distinct changes in their lithium isotopic compositions by diffusion through interaction with a Li-bearing fluid at 500°C and 60–100 MPa. At 400°C, substantial changes in the δ7Li values of quartz samples were observed, particularly after 60 days; however, no such shift was evident in the muscovite specimens at the lower temperature, apparently reflecting more sluggish kinetics for muscovite. None of
Conclusions
The experimental data indicate that quartz and muscovite are susceptible to pronounced, rapid changes in their lithium isotopic compositions by diffusion in the presence of a Li-bearing aqueous fluid at 500°C and 60–100 MPa. Shifts of >10‰ have been observed in the δ7Li values of both minerals within 15–30 days at 500°C. The breadth of the Li isotopic exchanges has been further demonstrated in two experiments in which a 6Li spike (95.3% 6Li) was incorporated into the experimental fluid in place 
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