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A method to synthesize large fluid inclusions in quartz at controlled times and under 
unfavorable growth conditions
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Abstract

A new synthesis technique allows large fluid inclusions to be produced at conditions under which 
one normally would obtain only small inclusions, with the additional advantage that the timing of 
fluid entrapment can be controlled. In the first step, primary fluid inclusions are grown at P-T condi-
tions under which it is relatively easy to produce large inclusions. In the second step, which can be 
performed either during the same experiment or during a separate experiment after a desired time 
of pre-equilibration, some of the primary inclusions produced during the first step are re-opened by 
in-situ fracturing, causing partial replacement of the inclusion content. The sample is then left at high 
pressure and temperature until the cracks leading to the re-opened inclusions are healed. To test the 
method and quantify the efficiency of fluid replacement in the re-opened inclusions, we produced 
primary inclusions at 700 °C/200 MPa and re-opened them during a second experiment in the pres-
ence of a compositionally different fluid at 500 °C/70 MPa. Laser-ablation ICP-MS (LA-ICP-MS) 
analyses of eight primary and 11 refilled inclusions demonstrate that in the latter more than 97% of 
the original fluid was replaced by new fluid. Thus, the refilled inclusions are representative of the 
surrounding fluid at the time of in situ fracturing.
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Introduction

Synthetic fluid inclusions in quartz have been used exten-
sively to study phase relations and P-V-T-X properties of fluids 
at high pressure and temperature (e.g., Sterner and Bodnar 
1984, 1991; Bodnar and Sterner 1985, 1987; Bodnar et al. 1985; 
Diamond 1992; Lamb et al. 1996, 2002). In fact, most of our 
knowledge about the P-V-T-X properties of fluids at >500 °C 
has been gained from such studies. Synthetic fluid inclusions 
have also been used to gain information about element solubility 
and speciation in magmatic-hydrothermal fluids (e.g., Ballhaus 
et al. 1994; Loucks and Mavrogenes 1999; Hanley et al. 2005; 
Berry et al. 2006; Hack and Mavrogenes 2006; Duc-Tin et al. 
2007; Simon et al. 2007a, 2007b; Spandler et al. 2007; Evans et 
al. 2007; Ulrich et al. 2008), and to study element partitioning 
in two-phase fluid systems (e.g., Simon et al. 2005, 2006, 2008; 
Nagaseki and Hayashi 2008). Since the advent of laser-ablation 
inductively coupled plasma mass spectroscopy (LA-ICP-MS), 
which combines high-analytical sensitivity with fast measuring 
time and simple quantification procedure (e.g., Günther et al. 
1998; Heinrich et al. 2003), the number of solubility and parti-
tioning studies has increased dramatically. Limitations are set 
by the inclusion size (if the inclusions are too small the required 
detection limits may not be reached), and by the fact that fluid 
may be trapped before it has reached equilibrium with respect 
to all components of the system. The latter problem has been 
addressed by Sterner (1992), who modified the original technique 
described in Sterner and Bodnar (1984) in such a way that the 
cracks used for fluid entrapment can be generated at a specific 

time during the experiment by in situ fracturing. However, both 
the original method of Sterner and Bodnar (1984) and the in situ 
fracturing technique of Sterner (1992) have the disadvantage that 
the resulting fluid inclusions are relatively small in experiments 
performed at conditions of low quartz solubility (typically <20 
µm if their volume is recalculated to a spherical shape). This is 
not a problem for studies dealing with P-V-T-X properties because 
microthermometric and Raman spectroscopic measurements can 
be performed easily on inclusions of this size. For LA-ICP-MS 
analyses, however, larger inclusions are required for the detection 
of element concentrations in the parts per million range in fluids 
of low density and salinity—even with optimized sensitivity 
(e.g., Guillong and Heinrich 2007). Large (>50 µm diameter) 
fluid inclusions have been produced by using quartz pieces with 
laser-drilled holes (Loucks and Mavrogenes 1999) or by using 
etched-quartz pieces as a starting material (Duc-Tin et al. 2007). 
However, both of these techniques have the disadvantage that 
they do not allow for the controlled timing of fluid entrapment, 
which can lead to systematic errors in experiments that require 
long equilibration times (e.g., Duc-Tin et al. 2007). Here, we 
describe a technique that combines the advantage of the etched-
plate technique with that of the in situ fracturing technique, by 
using a two-stage synthesis approach in which large fluid inclu-
sions are produced during a first step, and then re-opened and 
refilled with new fluid during a second step. 

Experimental methods
The principle of the approach is illustrated in Figure 1 and can be described as 

follows. In the first step, numerous large, primary fluid inclusions are produced at 
high temperature and pressure by growing a layer of new quartz over an etched-
quartz substrate. In the second step, which can be performed either during the same * E-mail: Andreas.Audetat@uni-bayreuth.de


