
Shock Reequilibration of Fluid Inclusions.  M.E. Elwood Madden1, F. Horz2, R.J. Bodnar3.  1Dept. of Geo-
sciences, Virginia Tech, Blacksburg, VA 24060, melwood@vt.edu. 2NASA Johnson Space Center, Houston, TX 
77058. 3Dept. of Geosciences, Virginia Tech, Blacksburg, VA 24060, rjb@vt.edu. 

 
 

Introduction: Fluid inclusions (microscopic volumes 
of fluid trapped within minerals as they precipitate)  
are extremely common in terrestrial minerals formed 
under a wide range of geological conditions from sur-
face evaporite deposits to kimberlite pipes [1].    While 
fluid inclusions in terrestrial rocks are nearly ubiqui-
tous, only a few fluid inclusion-bearing meteorites 
have been documented  [2],[3],[4],[5]. The scarcity of 
fluid inclusions in meteoritic materials may be a result 
of (a) the absence of fluids when the mineral was 
formed on the meteorite parent body or (b) the destruc-
tion of fluid inclusions originally contained in meteor-
itic materials by subsequent shock metamorphism.  

However, the effects of impact events on 
preexisiting fluid inclusions trapped in target and 
projectile rocks has received little study.  Fluid 
inclusions trapped prior to the shock event may be 
altered (reequilibrated) or destroyed due to the high 
pressures, temperatures, and strain rates associated 
with impact events.  By examining the effects of shock 
deformation on fluid inclusion properties and textures 
we may be able to better constrain the pressure-
temperature path experienced by terrestrial and 
meteoritic shocked materials and also gain a clearer 
understanding of why fluid inclusions are rarely found 
in meteorite samples.  

Fluid Inclusion Reequilibration:  Reequilibration 
may occur when external pressure-temperature 
conditions differ significantly from the fluid isochoric 
P-T conditions within the fluid inclusion (Figure 1). 
This pressure  gradient results in changes in fluid 
inclusion properties through stretching or collapse.  
The pressure conditions experienced by a host mineral 
during a shock event may differ by several orders of 
magnitude from those experienced simultaneously 
along the fluid isochore within trapped fluid inclusions 
(Figure 2) and may result in reequilibration or 
destruction of the fluid inclusions. 

Methods:  Impact-related fluid inclusion reequili-
bration has been examined by measuring the properties 
of  fluid inclusions in single crystal quartz disks before 
and after the samples were subjected to shock waves 
of well controlled amplitude.  Naturally shocked crys-
talline basement rocks from the Ries Crater, Germany 
are also currently being studied to determine whether 
pre-impact fluid inclusions have experienced reequili-
bration as a result of shock metamorphism.  

In the experimental studies, disks containing nu-
merous (>100) two-phase (liquid + vapor bubble) 
aqueous fluid inclusions with similar liquid:vapor ra-

tios were cut from single crystal Arkansas quartz, pol-
ished, and  examined petrographically. The homogeni-
zation temperatures of the fluid inclusions were meas-
ured using a USGS-type heating stage [1].  

The documented quartz disks were subjected to 5- 
30 GPa (see Table 1) using metal flyer plates and a 
25mm powder-propellant gun at NASA-JSC following 
the procedure of [6]. The shocked disks were then re-
polished and re-examined petrographically. If fluid 
inclusions were found within the shocked samples, 
their homogenization temperatures were remeasured.  

Results:  The experimental results show that fluid 
inclusion textures undergo a systematic and gradual 
evolution with increasing, albeit modest (5-10 GPa), 
shock pressures. Slight stretching, evidenced by an 
average ~20K increase in  post-shock homogenization 

Figure 1: Pressure conditions inside a fluid inclusion as a func-
tion of external temperature and pressure. At any temperature 
(T) the pressure inside of a fluid inclusion is defined by the 
pressure along the liquid-vapor curve (line L+V extending from 
the triple point [Tp] to the critical point [Cp]) before homogeni-
zation occurs or along the fluid isochore (line extending from 
the homogenization temperature [Th] to the inclusion trapping 
conditions [Tf, Pf]) after the inclusion homogenizes. A fluid 
inclusion trapped at conditions Tf, Pf (point A) whose P-T cool-
ing or uplift path corresponds to the fluid isochore (D) will 
always maintain the same pressure inside of the inclusion as 
outside, resulting in no reequilibration since there is no pressure 
gradient. However, if the sample follows an initial isobaric 
cooling path (through B), the external pressure is always greater 
than the internal pressure and reequilibration due to the internal 
under-pressure may occur. The resulting decrease in the volume 
of the fluid inclusion produces an increase in fluid density and a 
decrease in homogenization temperature. If the rock follows an 
isothermal uplift path (C), the fluid inclusion may reequilibrate 
owing to internal over-pressures, resulting in an increase in the 
size of the fluid inclusion, a decrease in fluid density, and an 
increase in homogenization temperature.  
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temperatures, evolves to decrepitation (complete leak-
ing), collapse, and finally the physical disappearance 
of any preexisting fluid inclusions as pressure in-
creases to 10 GPa (Table 1), see [7] for further details. 
Results of these experiments suggest that fluid inclu-
sions undergo a decrease in volume (collapse) imme-
diately following impact as the shock wave moves 
through the sample, producing a relatively high pres-
sure external environment compared to the lower pres-
sure in the inclusion (Figure 2).  If the fluid inclusions 
survive this event intact, the initial volume decrease is 
overprinted by stretching due to internal overpressures 
experienced during sustained high temperature condi-
tions as the decompressed rocks cool following the 
shock event. This portion of the P-T cycle leads to an 
increase in inclusion volume and homogenization tem-
perature and, possibly, decrepitation.  

Preliminary examination of fluid inclusions within 
the Ries Crater rocks indicates that the number of fluid 
inclusions observed in quartz grains decreases as the 
degree of shock experienced by the sample increases. 
Further study of these samples is ongoing.  
      Conclusions: The results of the experimental study 
demonstrate that fluid inclusions undergo a systematic 
and gradual evolution in reequilibration effects with 
increasing shock pressures. This progression of shock 
reequilibration features may be used to estimate syn- 
and post-impact pressure-temperature conditions ex-
perienced by shocked materials, especially at low pres-
sures that seem otherwise difficult to resolve optically. 
These results also indicate that the absence of fluid 
inclusions in meteoritic materials does not preclude the 
presence of fluids on meteorite parent bodies-- instead 
all previously trapped fluid inclusions may have been 
destroyed by relatively modest shock processes.  Pre-
liminary study of shock metamorphosed crystalline 
basement rocks from the Ries Impact Crater indicates 
similar reequilibration effects also occur in naturally 
impacted materials. 
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Figure 2.  Pressure-temperature-time path followed by quartz 
during a 22 GPa experimental (small sample scale) impact 
event. The dashed gray line with arrows approximates the P-T 
path of the sample (data from [8]). The fluid isochore is ap-
propriate to describe the pre-impact fluid inclusions observed 
in the experimental study (Th~ 400 K).  Initially after impact, 
any fluid inclusions in the sample would experience a signifi-
cant internal under-pressure (P-T path is above the fluid iso-
chore) and ice VII may be formed within the inclusions. How-
ever, once the high pressure shock wave has traveled through 
the sample and the pressure returns to ambient conditions, the 
temperature of the sample remains high for an extended period 
as the quartz slowly cools, resulting in an extended period of 
internal over-pressure within the fluid inclusions (the P-T path 
is below the fluid isochore). 

Table 1. Results of experimental shock reequilibration study. 
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