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Introduction:  Over the past three decades we have 

become increasingly aware of the fundamental importance of 
water, and aqueous alteration, on primitive solar-system 
bodies [1-3].  Liquid water is apparently as essential to life 
as is carbon, as recognized by all NASA astrobiology re-
views.  All classes of the most primitive astromaterials we 
have studied show some evidence of interaction with aque-
ous fluids.  We can also observe cryovolcanism of several 
small solar system bodies (e.g. Saturnian and Jovian moons) 
[4], and so are certain of the continuing and widespread im-
portance of aqueous processes across the solar system.  Nev-
ertheless, we are still lacking fundamental information such 
as the location and timing of the aqueous alteration and the 
detailed nature of the aqueous fluids themselves [1-3,5].  The 
best we have generally been able to do is to study the prod-
ucts of asteroidal (and possibly cometary) aqueous alteration, 
mainly phyllosilicates, carbonates, sulfides, sulfates, etc, 
found within some chondrites, interplanetary dust particles 
(IDPs) and micrometeorites [2].  The fluid compositions 
inferred from these secondary minerals must be uncertain 
due to composition fractionation during mineralization. 

Fluid Inclusions:  Our understanding of solar system 
fluids took a dramatic turn 10 years ago with the discovery 
of fluid inclusion-bearing halite (NaCl) crystals in the matrix 
of two freshly-fallen brecciated H chondrite falls, Monahans 
(1998, hereafter simply “Monahans”) (H5) and Zag (H3-6) 
[6-8].  Both meteorites are asteroid regolith breccias [6-9].  
Both meteorites contained xenolithic halite (and minor ad-
mixed sylvite – KCl (we will generally call the mixture “hal-
ite” for simplicity) crystals in their regolith lithologies.  The 
halites were dated by K-Ar, Rb-Sr and I-Xe systematics to be 
4.5 billion years old [6-8,10,11].  The “blue” halites were a 
fantastic discovery for the following reasons:  (1) Hal-
ite+sylvite can be dated (K is in sylvite and will substitute 
for Na in halite, Rb substitutes in halite for Na, and I substi-
tutes for Cl).  (2) The blue color is lost if the halite dissolves 
on Earth and reprecipitates (because the newly-formed halite 
has no color centers), so the color serves as a “freshness” or 
pristinity indicator.  (3) Halite frequently contains aqueous 
fluid inclusions [12].  (4) Halite contains no structural oxy-
gen, carbon or hydrogen, making it an ideal material to 
measure these isotopic systems in any fluid inclusions.  (5) It 
is possible to directly measure fluid inclusion formation 
temperatures, and thus directly measure the temperature of 
the mineralizing aqueous fluid [12].  (6) Halite is an effective 
mineral for very long-term preservation of organic phases 
and structures [13,14]. 

Fluid inclusions are micro-samples of fluid that are 
trapped at the crystal/fluid interface during growth (primary 
inclusions) or some later time along a healed fracture in the 
mineral (secondary inclusions) [12].  Both primary and sec-
ondary fluid inclusions are found in Monahans and Zag hal-
ite.  The presence of secondary inclusions in the halite indi-
cates that aqueous fluids were locally present following hal-

ite deposition suggesting that aqueous activity could have 
been episodic.   In any fluid inclusion analysis it is thus criti-
cal to separately analyze the primary and secondary inclu-
sions, if possible, yielding temporal information on fluid 
compositional changes.  We made heating/freezing meas-
urements on the halite fluid inclusions for both Monahans 
and Zag, determining that the fluids were trapped at ~25ºC 
[6-9].  These are the first direct measurements of aqueous 
alteration temperature in any astromaterials, and are also 
important because they demonstrate unequivocally that these 
halites have never been subsequently heated (metamor-
phosed) - such heating would have “stretched” the fluid in-
clusions [12], which we did not detect).  Thus these samples 
are among the lowest temperature aqueous alteration prod-
ucts known (comparable to low-temperature CMs), if not the 
lowest.  By contrast CI chondrite aqueous fluids are believed 
to have generally peaked at ~150ºC, based upon O isotope 
systematics and mineral paragenesis studies [15]. 

Search for additional fluid inclusion-containing mete-
orites:  The discovery of halite and sylvite in two recent 
chondrite falls suggests that these halides are fairly common 
in chondrites, but they have always been destroyed before 
discovery.  The presence of fluid inclusions in the halide 
minerals also suggested a high probability that fluids have 
also been preserved in other meteoritic minerals, such as 
carbonates and silicates; therefore, we have been searching 
for aqueous fluid inclusions in carbonates mainly in CM and 
CI chondrites.  Together with Akira Tsuchiyama (Osaka 
University) we have been successful in locating tiny (<5 um) 
aqueous fluid inclusions in Ivuna Ca-carbonate grains by 
synchrotron X-ray computer tomography.   

We have for the last 5 years been very slowly examining 
thin sections of chondrites fluid inclusions using petro-
graphic techniques.  We have successfully located aqueous 
fluid inclusions in Ivuna (CI), Murray (CM2), Mighei 
(CM2), Sayama (CM2), ALH 84029 (CM2), Tagish Lake 
(C2) and LON 94101 (CM2), in carbonate and olivine crys-
tals. We used Raman spectroscopy to verify that these inclu-
sions are in fact aqueous fluid inclusions.  We note that two 
of these meteorites are finds from Antarctica and so terres-
trial contamination will not be ruled out until they are ana-
lyzed for O and H isotopes, but the remaining four meteor-
ites are falls and the fluid inclusions are almost certainly 
genuinely preterrestrial. 

Search for and characterization of organics in Mete-
oritic Halite:  Simple organic structures such as nanoglob-
ules are commonly present in astromaterials, even those that 
have been metamorphosed to a significant degree [16-18].  
For example, they are present in CI chondrites which we 
know have been subjected to boiling aqueous fluids [2,15].   
Our previous work on the aqueous fluid inclusions in mete-
oritic halite has demonstrated that the fluids were never at 
temperatures greater than ~25ºC – far lower than for CI 
chondrites, and more in line with most CM chondrites [15].  
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Terrestrial halite commonly contains trapped organic struc-
tures, which can be perfectly preserved for hundreds of mil-
lions of years (the record is 250 million years so far) [13,14].  
We hypothesize that complex organic structures were 
trapped within the growing meteoritic halites alongside fluid 
inclusions (in fact may have served as nucleation points for 
the fluid inclusions.  These organics should include 
nanoglobules, but might include more delicate structures 
which have normally been destroyed in all other astromateri-
als [19]. 

We have discovered that some (but not all) of the mete-
oritic halite crystals from Zag fluoresce under long-wave UV 
radiation, which is a very sensitive test for the presence of 
potential organics (G. Cody, personal communication, 2009), 
though we add that the fluorescing phases don’t have to be 
organics.  We propose to examine freshly-cleaved surfaces 
of meteoritic halite crystals for trapped organic compounds 
and structures by confocal Raman Microscopy. 

Implications: Fluid inclusions in rocks at asteroidal sur-
faces will probably not be visible to orbiting spacecraft such 
as Dawn.  However, we can expect that they will be returned 
in sample return missions to C and S type asteroids, and that 
these samples will provide the most direct information on 
ancient and current  subsurface water reservoirs. 
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Figure 1.  Monahans halite with target fluid inclusions indi-
cated. 

 
 

 
 
Figure 2:  Transmitted light views of aqueous fluid inclu-
sions observed in other meteorites.  (a) Low magnification 
image of Murray carbonate grain.  Fluid inclusion in (b) is 
circled.  (b) Close-up of two-phase fluid inclusion from (a), 
which measures 5 um across. The outer circle in this image 
is the trace of the fluid inclusion outer boundary, and the 
“bulls eye” is a vacuum bubble (see text).  (c) Low magnifi-
cation image of Tagish Lake carbonate grain.  Fluid inclu-
sion in (d) is circled.  (d) Close-up of two-phase fluid inclu-
sion from (c), which measures 4 um across.  (e) Close-up of 
several two-phase fluid inclusions from Ivuna, the largest of 
which measures 6 um in maximum dimension.  (f) Low 
magnification image of an ALH 84029 olivine grain.  Fluid 
inclusion in (g) is circled.  (g) Close-up of two-phase fluid 
inclusion from (f), which measures 5 um across.  In all cases 
we could observe the vacuum bubbles moving in the fluid 
inclusions under transmitted light conditions. 
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