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We describe the current state of the search for direct,
surviving samples of early, inner Solar System fluids—
fluid inclusions in meteorites. Meteoritic aqueous
fluid inclusions are not rare, but they are very
tiny and their characterization is at the state of the
art for most analytical techniques. Meteoritic fluid
inclusions offer us a unique opportunity to study early
Solar System brines in the laboratory. Inclusion-by-
inclusion analyses of the trapped fluids in carefully
selected samples will, in the immediate future,
provide us detailed information on the evolution
of fluids as they interacted with anhydrous solid
materials. Thus, real data can replace calculated
fluid compositions in thermochemical calculations
of the evolution of water and aqueous reactions in
comets, asteroids, moons and the terrestrial planets.
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This article is part of the themed issue ‘The origin, history and role of water in the evolution
of the inner Solar System’.

1. Introduction
Over the past 60 years, we have become increasingly aware of the fundamental importance of
water, and aqueous alteration, on primitive Solar System bodies. Asteroid samples such as the
carbonaceous and ordinary chondrites, long touted as primordial material relatively unchanged
since formation, have finally been recognized to have been profoundly affected by interactions
with liquid water early on—certainly within their first 10 million years [1–4]. Nevertheless,
fundamental information concerning the location within the Solar System and the timing of the
aqueous alteration, as well as the origin and chemical and isotopic composition of the aqueous
fluids, are lacking [5–7]. Workers have attempted to model and understand this aqueous process
through analysis of hydrated minerals present in the meteorites, as well as through computer
simulations of the alteration process [8,9]. A major impediment to our understanding of aqueous
alteration has been the near-absence of actual samples of aqueous fluids in meteorites.

Henry Clifton Sorby (1826–1908) has been called the father of microscopic petrography. He was
certainly one of the first to profitably use a microscope in the elucidation of rocks and minerals,
despite criticism—to quote Sorby: ‘In those early days people laughed at me. They quoted
Saussure who had said that it was not a proper thing to examine mountains with microscopes,
and ridiculed my action in every way. Most luckily I took no note of them’ [10]. In 1858, Sorby
began the first detailed analysis of aqueous fluid inclusions (he is also called the father of fluid
inclusion analysis), and in 1864 [11] published the first account of fluid inclusions in meteorites.
Sorby wrote ‘ . . . it is important to remark that the olivine of meteorites contains most excellent
“glass-cavities” . . . The olivine also contains “gas-cavities”, like those so common in volcanic
materials, thus indicating the presence of some gas or vapour (aussun, parnalee)’. Apparently,
these observations were never followed up [11]. One hundred and fifty years later fluid inclusions
were finally verifiably found in meteorites, but in some of the least likely ones.

2. Monahans and Zag meteorites
The Monahans (1998) (hereafter simply Monahans) chondrite fell on 22 March 1998, in the dry
west Texas town of Monahans; the fall was witnessed by seven boys, and the first of two stones
was recovered immediately. This particular stone was carried to the Johnson Space Center, and
broken open in a class 10 000 clean room facility less than 48 h after the fall. Thus, there was
no opportunity for interaction with liquid water or other contamination of the interior of the
meteorite, which is very rarely the case. This particular meteorite was also opened not by sawing
with water or cutting fluid, but rather by hammer and chisel—again an atypical situation. The
Monahans meteorite is a regolith breccia consisting of light (lightly shocked) and dark (highly
shocked) clasts set within a grey, fine-grained, clastic matrix. The light lithology has witnessed
shock level S2 (light to moderate, 5–10 GPa), the grey matrix S3 (moderate, 10–15 GPa) and the
dark lithology S4 (high, 15–30 GPa) [12,13]. All lithologies are H5, which indicates moderate
thermal metamorphism to approximately 700°C [14]. We now know that this metamorphism
predated final aggregation of the rock. Upon opening the first sample in a clean room, we
noted that the grey matrix contains locally abundant aggregates of purple halite (NaCl) crystals,
measuring up to 1 cm in size (though most are only a few millimetres at most; figure 1). We have
not previously seen megascopic halite in any extraterrestrial sample, although microscopic halite
has been reported in the Murchison CM2 chondrite [15], several ureilites [16] and some Martian
meteorites [17–20]. In fact, some of these prior reports had been considered to be rather amazing,
but there is no reason to doubt them. Backscattered electron imaging of Monahans revealed
that crystals of sylvite (KCl) are present within the halite crystals, similar to their occurrence in
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Figure 1. Halite (blue) crystals in Monahans (a) and Zag (b) H chondrites. (Online version in colour.)

terrestrial evaporites [21]. The purple colour of the halite is probably due to exposure to solar and
galactic cosmic rays, and/or exposure to beta-decaying 40K in the sylvite [21,22], although that
hypothesis has never been verified. The presence of halite and sylvite solely within Monahans
grey matrix indicates that the halite formed or was deposited at the surface of the asteroid, in
the regolith, before final aggregation of the meteorite. However, its deposition must postdate
both thermal metamorphism and shock, because halite is such a brittle material that it could not
reasonably have been expected to survive these geological processes.

The three lithologies of Monahans were analysed separately for noble gases [23,24], which
verified that Monahans is a regolith breccia. The relative measured amounts of He, 20Ne and
36Ar in the grey and dark Monahans lithologies indicated a major contribution of solar-wind-
implanted gases, although these are only approximately 5–10% as large as those in meteorites
with the highest concentration of these gases (Pesyanoe and Fayetteville [25,26]). The grey matrix
Monahans lithology contains the highest concentration of solar gas [23,24], indicating that it was
pre-irradiated for a few million years in the regolith of its parent asteroid, probably during the
time of the halite deposition, and prior to its ejection from the final asteroid as a meteorite.

One milligram of Monahans halite/sylvite was consumed by Larry Nyquist for Rb/Sr analysis
by mass spectrometry [23,24]. The calculated Rb–Sr model age for the halite is 4.7 ± 0.2 Ga,
within error limits of other H chondrites measured in the same manner [27]. Because the isotopic
composition of Sr in the halite/sylvite is extremely radiogenic, the model age must be a very good
approximation of the formation age of the halite. In addition, Bogard et al. [28] used the 39Ar/40Ar
technique to determine a minimum formation age for the Monahans halite of 4.33 ± 0.01 Ga.

The same year that Monahans fell into west Texas also saw the fall of the Zag H3-5 chondrite
into Morocco [13,23,24], fortunately another dry environment, and fortunately this meteorite was
also recovered very rapidly. An alert meteorite collector and dealer, Edwin Thompson, had the
wisdom to saw open his pieces using alcohol from a freshly opened bottle, which preserved
the halite he hoped to find inside. This meteorite, also a regolith breccia, contains rather more
abundant halite than Monahans. Two samples of the Zag halite were dated by Whitby et al. [29] to
4.03 ± 0.005 Ga and 4.66 ± 0.08 Ga by using the I–Xe method, consistent with the dates obtained
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Figure 2. Aqueous fluid inclusions in Monahans halite crystals, viewed in transmitted light. (a) Secondary fluid inclusions,
probably along healed fractures. (b–d) Probable primary inclusions. V, vapour; L, liquid. The 10 µm scale bar applies to all
images. (Online version in colour.)

by Bogard and Nyquist for Monahans halite. It is interesting that such an unassuming mineral
as halite is amenable to such varied dating techniques. However, it is clear that this meteoritic
mineral is only preserved under unusual circumstances. In the intervening decades, no further
meteorites have been found to contain halite. We also note that Zag was a large fall, and that
stones recovered later have not been found to contain halite, indicating that even stones with no
apparent terrestrial weathering can have been significantly altered.

(a) Fluid inclusions in halite
The most convincing evidence that a rock or mineral sample has formed in the presence of
fluids or has been exposed to fluids at some time after formation is when the rock or mineral
contains fluid inclusions. Fluid inclusions are microsamples (down to nanomole quantities) of
fluid that are trapped at the crystal/fluid interface during growth (primary inclusions) or at some
later time along a healed fracture in the mineral (secondary inclusions) [30]. Both primary and
secondary fluid inclusions are found in Monahans and Zag halite, with the latter predominating.
The presence of secondary inclusions in the halite indicates that aqueous fluids were locally
present following halite deposition, suggesting that aqueous activity could have been episodic.
By definition, secondary fluid inclusions form at some time after the host mineral has been
precipitated. Therefore, the presence of secondary inclusions in the halite indicates that fluids
persisted in the environment of formation, or were introduced into that environment episodically,
for some unknown length of time after the halite was precipitated. If such halite were to have
formed as evaporites, then secondary inclusions could have formed during later emanations
or eruptions.

The aqueous fluid inclusions range up to 15 µm in longest dimension (figure 2). At room
temperature, a few of the inclusions (approx. 25%) contain bubbles that are in constant motion (as
viewed using an optical microscope), proving that the inclusions contain a low-viscosity liquid
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Figure 3. Raman spectra of two regions of Monahans halite containing aqueous fluid inclusions 1 and 2, one barren area of
Monahans halite near inclusion 1 (but not including the inclusion), and a standard sample of NaCl-saturated water. Peaks near
3400 cm−1 wavenumbers are diagnostic of NaCl-saturated water. After [23,24]. (Online version in colour.)

and ‘vapour’. During cooling experiments under the microscope, the inclusions in the Monahans
and Zag halite solidified (froze) at −45 to −50°C [23,24]. Thus, the liquid in the inclusions cannot
be carbon dioxide, because solid and vapour carbon dioxide cannot coexist at any temperature
above the triple point of carbon dioxide, which is −56.6°C. Moreover, the vapour bubbles appear
to shrink and in some cases disappear during freezing, consistent with the interpretation that the
inclusions contain an aqueous solution (if the inclusions were pure carbon dioxide, the bubble
would become larger upon freezing of liquid carbon dioxide to form solid carbon dioxide). When
the frozen inclusions were heated, first melting was observed at about −35 to −40°C, indicating
that the inclusions probably contain divalent cations such as Fe2+, Ca2+ or Mg2+, in addition to
Na+ and K+. Given the environment of formation in an asteroidal setting [1], dissolved Fe and
Ca are the most likely cause of the lowered first-melting temperatures, unlike terrestrial evaporite
environments in which the pair Ca and Mg are more likely. The final ice-melting temperature was
very difficult to determine with any degree of accuracy. It was estimated that final ice melting
occurred at or slightly below −20°C, because at this temperature the vapour bubble moved freely
within the inclusions [23,24]. Below this temperature, the bubbles were generally pinned into one
place, or moved only in a restricted region of the inclusion, presumably because of the presence
of ice (or hydrate phases) which could not be discerned optically. The practice of using the
lowest temperature at which the vapour bubble can be seen to move freely in the inclusion as
an approximation of the ice-melting temperature is commonly used in studies of small inclusions
in terrestrial samples [30].

The presence of water in the inclusions was confirmed by Raman microprobe analysis [23,24].
As shown in figure 3, Raman spectra of inclusions in Monahans halite showed a significant peak
at approximately 3400 cm−1, which is diagnostic of aqueous salt solutions [31]. Pure water gives
a very broad peak that is skewed to lower wavenumbers. With the addition of salt, the peak
becomes more symmetrical and narrower [32], as shown by the spectrum for a droplet of NaCl-
saturated water collected at the same conditions used for the investigation of the two inclusions in
halite. The Raman spectrum of an area of the halite away from inclusions did not show a peak in
the 3000–4000 cm−1 region (figure 3), indicating that the species responsible for the peak occurred
in the inclusions but not in the halite itself.
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The minimum temperature of formation of a given fluid inclusion may be estimated based
on the relative size of the vapour bubble in the inclusion at room temperature. Thus, a pure
water inclusion with a homogenization temperature of 374°C would contain 69 vol% vapour at
room temperature, whereas a pure water inclusion with a homogenization temperature of 200°C
would contain about 15 vol% vapour at room temperature. Fluid inclusions with homogenization
temperatures less than about 100°C (such as those in the meteoritic halites) often fail to nucleate a
vapour bubble when cooled to room temperature and remain as metastable, single-phase liquid
inclusions. The rarity of vapour bubbles in fluid inclusions in Monahans and Zag halite suggests
a low formation temperature—less than 100°C, and probably less than 50°C, assuming that the
formation pressure was low—a few tens of bars at most. The bubbles that are present are small,
and may have resulted from freeze stretching of the inclusions during space exposure [30]. The
vapour bubbles represent the water vapour in equilibrium with liquid water at room temperature
and, as such, are essentially a poor vacuum with a calculated pressure of about 0.03 bar. No gases,
such as CO2, N2 or CH4, were detected during Raman analysis of the inclusions, and because the
detection limits for these gases are generally in the range of a mole per cent in fluid inclusions, if
these gases are present, their concentrations are low.

Why were fluid inclusions not found in meteorites before 1999, especially in meteorites where
the activity of liquid water was evident? In fact, over the years, there have been scattered reports
of fluid inclusions in meteorites [33,34]. One of the more widely known studies of fluid inclusions
in meteorites, and the one that led to reports of fluid inclusions in meteorites being viewed with
scepticism for many years, was that of Warner et al. [34]. In that study, the authors reported
the presence of two-phase, liquid–vapour inclusions in silicate minerals in diogenite ALHA
77256, and some lunar rocks. These inclusions exhibited moving vapour bubbles (similar to those
observed in Monahans and Zag halite), and Raman analysis of the inclusions showed that they
contained an aqueous phase (again similar to the Monahans halite). The Raman spectra also
showed evidence for higher hydrocarbons in the inclusions (also present in the Monahans halite,
see below). The great interest in fluid inclusions generated in the planetary science community by
this report was short-lived, however, as later investigation of the same samples showed that the
inclusions were artefacts from specimen preparation fluids [35]. Rudnick et al. [35] state in their
conclusions that ‘We emphasize that our observations should not be construed as proof that fluid
inclusions do not exist in extraterrestrial samples; those reported by Fieni et al. and those observed
by us in unsectioned samples of the Peetz and Jilin chondrites may indeed be indigenous fluids.
The search for fluid inclusions in extraterrestrial materials should not be abandoned, but actively
pursued on carefully prepared samples’. Perron et al. [36] observed vesicles filled with heavy
nitrogen gas and water vapour in the Bencubbin CB chondrite, proposing that these formed
during the impact of an asteroid fragment onto the Bencubbin parent body. In their scenario, the
heavy nitrogen in the bubbles came from one or several of its carrier phases in Bencubbin, and the
water came from hydrous silicates. As hypothesized by Meibom et al. [37], these hydrous phases,
similar to the hydrated clasts now found in CH and CBb chondrites, were probably common
in the Bencubbin parent body at that time, but were later almost totally destroyed by one or
more large-scale shock events. Perron et al. [36] found that the oxygen isotopic composition of the
impact melt is much heavier than that of the silicate clasts, probably reflecting the composition of
the water at the origin of the phyllosilicates.

Nevertheless, the observations from Bencubbin, Peetz and Jilin have never been confirmed.
The fluid inclusions reported here in Monahans and Zag halite thus represent the first verified
proof that aqueous fluid inclusions do indeed exist in some extraterrestrial samples, and have led
to a renewed search for these in other extraterrestrial samples.

The fluid inclusion-containing halite in Monahans analysed by microthermometry and Raman
spectroscopy underwent no sample preparation that could have introduced fluid inclusion
artefacts. As noted above, the Monahans meteorite fell into a dry west Texas town, and was
collected and immediately returned to JSC for study. The meteorite was first broken, and the halite
exposed, in a clean laboratory, and the crystals containing the fluid inclusions were removed
from the broken sample by hand picking; no cutting or polishing was conducted before the
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fluid inclusions were studied. The possibility that the fluids were introduced into the halite after
reaching Earth is nil. Similarly, Zag fell in the same year into Morocco, and the halite-bearing
pieces were carefully collected, sawed and preserved by Edwin Thompson, who gave them to
M.E.Z. We note that samples of Zag other than those preserved by Mr Thompson have also been
shown to contain halite [29], indicating that halite was at the time of fall very common in Zag.
It remains possible that some unexamined Zag samples could still preserve halite, but recent
searches for these have proved fruitless. Only the halite maintained in dry nitrogen or other
special conditions have been preserved in these meteorites. In the past year, we carefully opened
well-preserved samples of Zag in a clean laboratory, discovering sufficient newly exposed halite
to permit analyses for indigenous amino acids [38].

(b) Chemical and isotopic analyses of water in meteoritic fluid inclusions
In a first attempt to make direct measurements of fluid compositions of preselected, individual
fluid inclusions, we initiated analyses at Virginia Tech by laser ablation inductively coupled
plasma mass spectrometry (LA ICPMS) using an Agilent 7500ce quadrupole ICPMS and a
Lambda Physik GeoLas 193 nm excimer laser ablation system. This system has been designed
and built expressly for the purpose of fluid inclusion analysis. Preliminary results seem to reveal
that the inclusion aqueous fluids contain highly charged cations of Ca, Mg and Fe, as predicted
(R. Bodnar and M. Zolensky, 2015, unpublished data). However, the measurements were barely
above background, and so these analyses are in fact still just barely beyond the current state of
the art. No doubt such analyses will be practicable in a few more years.

Large variations of hydrogen isotopic composition have been observed in hydrous minerals
from chondrites [39], and cometary and interstellar water is highly D-enriched [40,41],
representing cloud or outer solar disc chemistry. The hydrogen isotopic composition of hydrous
minerals in chondrites is believed to reflect inner Solar System water [39,42]. Oxygen isotopes
in the Solar System are also highly variable [43,44], reflecting contributions of at least one
H2O component, probably O16-poor [45–47]. However, it is impossible to measure isotopes of
hydrogen and oxygen simultaneously in hydrous minerals, because they invariably contain
structural oxygen not bound in water. Fortunately, halite contains no structural oxygen or
hydrogen, permitting measurement of both the isotopic composition of oxygen and hydrogen
in aqueous fluid inclusions. Once again, halite is shown to be a special mineral.

The isotopic measurement of individual aqueous fluid inclusions in halite required a
secondary ion mass spectrometer (SIMS) equipped with a cryosample stage, which is not a
typical instrument configuration, and which was certainly not available when these meteorites
fell in 1998. It took a fair degree of patience, but ultimately a Cameca ims-1270 SIMS instrument
equipped with a cryosample stage was prepared for the desired isotopic measurements by
Hisayoshi Yurimoto and co-workers at Hokkaido University [48]. The cryosample stage (Techno.
I. S. Corporation) was placed in the sample chamber in place of the original sample stage and
cooled down to about −190°C using liquid nitrogen. At this temperature, the brine in the fluid
inclusions was frozen.

Accordingly, Yurimoto et al. [48] laboriously measured both oxygen and hydrogen isotopic
compositions of preselected, individual, fluid inclusion fluids in halite crystals from Monahans
and Zag halite crystals. Isotopic compositions of both hydrogen and oxygen were determined
for six and two fluid inclusions from Monahans and Zag halite, respectively, among the total of
17 inclusions measured, and are plotted in δD–�17O space in figure 4. The obtained oxygen and
hydrogen isotopic compositions span the entire range of aqueously altered minerals of chondrites
and are comparable to those of comets and icy satellites of outer planets, but is extremely
deuterium (D)-rich compared with outer planets. The measured δD values of fluid inclusions
of Monahans and Zag halite range widely from −400 to +1300‰ (figure 4). This variation is
larger than the reproducibility of standard analysis and the estimated error of each measurement.
Multiple oxygen measurements for single fluid inclusions were successfully collected for two
inclusions in Monahans halite. The observed variations of mass-independent fractionation
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Figure 4. Isotopic compositions of hydrogen and oxygen determined for six and two fluid inclusions from Monahans and Zag
halite, respectively, among the total of 17measured inclusionsmeasured, plotted on adiagramofδDversus�17O. Fields defined
by water vapour in comet comae (cometary water), OH in hydrous minerals in ordinary chondrites (OC) and in carbonaceous
chondrites (CC) are shown as grey rectangles. Water–rock interaction relationships between cometary water and hydrous
carbonaceous chondrites are shown as blue curves. After [48]. (Online version in colour.)

component of oxygen isotopic composition (�17O) of fluid inclusions of the Monahans and Zag
halite range widely from −20 to +30‰ (figure 4). This variation clearly shows disequilibrium of
oxygen isotopes between inclusions, shifted in the 16O-poor direction compared with the bulk
oxygen isotopic composition of ordinary chondrites [49].

The degree of 16O depletion of the water in the inclusions is larger than the most 16O-
depleted astromaterial magnetite formed by aqueous alteration on asteroids identified so far
[50]. This variation of oxygen isotopes of fluid inclusions therefore appears to be unique among
Solar System objects analysed to date. The highly heterogeneous isotopic compositions between
inclusions, being heavily fractionated for hydrogen and mass-independently fractionated for
oxygen, indicate that the halite mother brines were in isotopic disequilibrium. None of
the measurements are equivalent to isotopic compositions of ordinary chondrite water [42],
demonstrating that these fluid inclusion fluids are not related to indigenous ordinary chondrite
fluids. This conclusion is consistent with the petrography of the meteorites [13,23,24]. The isotopic
compositions of the water in the halites are highly scattered in space, but the D-rich fluids tend
to be 16O-poor. These highly disequilibrium characteristics are consistent with equally highly
disequilibrium mineralogy of solid inclusions also trapped in these halites (see below), suggesting
a relation to water–rock reactions in some carbonaceous chondrites [51].

Isotopic compositions of water in carbonaceous chondrites are in the range of −500 to +100‰
for δD [42] and −5 to +2‰ for �17O [44]. The halite fluid inclusion brines plot outside the
region of estimated carbonaceous chondrite water. Therefore, a more D-rich and 16O-poor source
is required for these fluids. Extremely D-rich water has been reported from comets [41], although
the observed D/H composition among comets is highly variable [52]. Another observation of
extremely D-rich water is from Enceladus [53]. It is known that extremely 16O-poor oxygen has
a close relationship with cometary water [43]. Therefore, highly D-rich and 16O-poor water is
expected in comets and icy satellites of the outer planets (hereafter collectively called ‘cometary
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water’). The inferred range of isotopic composition of cometary water is shown in figure 4. In
figure 4, the measured isotopic compositions of the fluid inclusion fluids are distributed in a
space between the bottom side of carbonaceous chondrite water (CC in figure 4) and the top side
of the cometary water.

Water–rock interaction relationships between cometary water and hydrous carbonaceous
chondrite are shown as curves in figure 4. Water contents of carbonaceous chondrites are
parameters, and the values are shown on each curve. Isotope fractionation of hydrogen during
the interaction is not taken into account because isotopic composition differences between
carbonaceous chondrite water and cometary water are much larger than the isotopic fractionation
factors. If the water contents of carbonaceous chondrites are small (always less than approx.
10 wt%, and typically less than 4 wt% [42]) and the proportion of cometary water component
is small in the interaction system, the hydrogen isotopic composition of water becomes easily
enriched in D from the initial composition by water–rock interaction, whereas oxygen isotopic
composition is barely changed because of buffering by rocky oxygen components. If cometary
water and carbonaceous chondrite water interact, i.e. the proportion of rock is small in the system,
the change of hydrogen isotopic composition of water becomes proportional to the change of the
oxygen isotopic composition.

Calculations made by Yurimoto et al. [48] indicate that the observed compositions of the
Monahans and Zag water can be explained by simple water–rock interaction of carbonaceous
chondrite water and cometary water, plausibly (but not uniquely) on a C-type asteroid. This
model suggests that the halite parent body consisted of at least 1–10 wt% water, which is
consistent with the normal range of carbonaceous chondrites [42]. Because chondritic water
is believed to have originated in the inner Solar System, and cometary water in the outer
Solar System, outer solar nebula or presolar molecular cloud [39,42,54], the observed isotopic
compositions of the halite fluids suggest that dynamic delivery and accretion of water originating
throughout the Solar System and in the parent molecular cloud onto planetesimals was a
fundamental mechanism in the evolution of the water in the inner Solar System. The isotopic
composition of lunar rock water [55] suggests that the global water mixing or delivery processes
in the Solar System continued at least until the time of the Moon’s formation and early evolution.

(c) Locating fluid inclusions in other astromaterials
The presence of fluid inclusions in the rather fragile halite crystals in Monahans and Zag
suggested that fluids must have also been preserved in other meteoritic minerals, such as
carbonates and silicates. This is supported by the discovery of decrepitated fluid inclusions
in the nakhlites, appearing as dark trails through augite grains [20]. Therefore, we have been
carefully examining newly prepared thin sections of CM and CI chondrites for fluid inclusions.
New sections are generally necessary, because most existing meteorite thin sections have been
examined using electron or ion beam instruments, and local heating during analysis usually
decrepitates fluid inclusions in secondary minerals. In order to search for fluid inclusions, one
must prepare new thin sections using no water or oil, and very small amounts of pure methanol,
as we learned from the erroneous report of fluid inclusions in lunar rocks, where preparation
fluids became trapped inside of cracks in the thin sections, resulting in confusion [35]. It is also
critical to not significantly heat the sample during thin section preparation, which can also lead
to inclusion decrepitation. These precautions mean that essentially no existing thin sections of
meteorites are appropriate for this investigation.

We have located potential aqueous fluid inclusions in Ivuna (CI), Murray (CM2), Mighei
(CM2), Sayama (CM2), ALH 84029 (CM2), Tagish Lake (C2), LON 94101 (CM2) and Sutter’s Mill
(C2) in carbonate, sulfide, olivine and enstatite crystals (figures 5 and 6). In particular, optical and
scanning electron microscope (SEM) imaging indicated that calcite and sulfides in Sutter’s Mill
have abundant, though very small, fluid inclusions (figure 6). The apparent success of this survey
demonstrates that we can expect to find aqueous fluid inclusions in numerous, varied meteorites.
These new inclusions had not been discovered before because they are very small (none larger
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Figure 5. Two-phase fluid inclusions in carbonaceous chondrite calcite crystals, viewed in transmitted light. (a) Probable
primary fluid inclusion in the Murray CM2 chondrite at lower magnification (red circle). (b) Same inclusion in Murray at higher
magnification. (c) Probable primary fluid inclusion in the Tagish Lake C2 chondrite at lower magnification (red circle). (d) Same
inclusion in Tagish Lake at higher magnification. (e) Probable secondary fluid inclusions along a healed fracture in the Tagish
Lake C2 chondrite. (f ) Probable primary fluid inclusion in Ivuna at lower magnification (red circle). (g) Same inclusion in Ivuna
at higher magnification. (Online version in colour.)

Figure 6. Probable primary, now vacant, fluid inclusions (arrowed) in a calcite crystal in the Sutter’s Mill CM chondrite. Scale
bar measures 10µm.
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(a)

(b)

Figure 7. (a) The 1 kg Zag sample, measuring 13 cm across. (b) X-ray computed tomographic ‘slice’ through this sample; a
probable halite grain (dark because of low relative density) is indicated by an arrow. (Online version in colour.)

than a few micrometres), and because of the high potential for creating spurious fluid inclusions
during standard sample preparation procedures. However, the majority of these newly found,
apparent fluid inclusions await confirmation.

(d) X-ray computed microtomography
X-ray computed tomography (XRCT) can be a powerful tool in the search for potential
fluid inclusion-bearing phases in meteorites. We subjected a kilogram-sized, carefully curated
specimen of the Zag meteorite to XRCT at the High-Resolution X-ray Computed Tomography
Facility at the University of Texas at Austin (figure 7), locating what appear to be additional
grains of halite inside this mass. We did not open this piece until we were ready to perform the
proposed organic analyses, and then only under strict cleanliness conditions. However, this one
example will serve to demonstrate the potential value of this technique for the non-destructive
interrogation of new samples.

In order to search for additional fluid inclusions in carbonaceous chondrites, and also (and
very importantly) to verify the identity of potential new inclusions located by bulk XRCT
and optical microscopy, a non-destructive technique using X-ray microabsorption tomography
combined with focused ion beam (FIB) subsampling was developed by Tsuchiyama and co-
workers [56–59]. As noted above, fluid inclusion candidates were located in calcite, olivine
and sulfide (FeS and ZnS) grains in several carbonaceous chondrites which had experienced
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considerable aqueous alteration. However, because these candidates were very small (all less
than 10 µm across, most much less), we could not determine by Raman spectroscopy whether
these were really trapped aqueous fluids or merely voids, glass or other solid inclusions.
Subsamples of these grains containing the potential fluid inclusions were removed by FIBing.
The subsamples were then examined using a synchrotron-based imaging microtomography
system at beamline BL47XU, SPring-8, Japan. Phase and absorption contrast images can be
simultaneously obtained in three dimensions using scanning-imaging X-ray microscopy (SIXM)
[60]. In this technique, phase and absorption contrasts are obtained simultaneously, permitting
discrimination of minerals, fluids, organics and empty space. As performed by Tsuchiyama et al.
[58], samples are imaged at two X-ray energies, 7 and 8 keV, to identify mineral phases (dual-
energy microtomography [61]). The size of individual voxels (pixels in three dimensions) was
50–80 nm, which gave an effective spatial resolution of approximately 200 nm. An advantage of
this technique is that fluid inclusions can also be located in opaque phases, such as sulfides and
oxides. This capability is critical to any study of evolving fluid compositions, as was usually the
case for early Solar System materials.

The majority of the grains examined to date by SIXM have inclusions more than 1 µm in
size (the maximum being approx. 5 µm). Submicrometre-sized inclusions are present in all the
grains examined. These results show that mineral grains in chondrites have more inclusions
than expected solely from two-dimensional observations. The X-ray absorption of the meteoritic
candidate inclusions showed that they were not solid inclusions. However, because no vapour
bubbles were observed inside the majority of the samples, the investigators could not routinely
determine whether they are really aqueous fluids or merely voids. One Sutter’s Mill calcite grain
had an inclusion approximately 2 µm in size, which seemed to have a bubble and a tiny solid
daughter crystal inside (three-phase inclusion). As the exact three-dimensional position of located
inclusions is well determined in the course of the SIXM work, it is possible to make subsequent
analyses of the inclusions by SIMS after freezing the sample, as has been done for a halite sample
[48]. The new XRCT and SIXM techniques have thus become proven techniques for locating small
inclusions not only in meteorites, but also for terrestrial materials.

3. Solids and organics associated with the fluid inclusion-bearing minerals
Abundant solid inclusions are present in the extraterrestrial halites, associated with the aqueous
fluid inclusions. These solids were probably entrained within the mother brines during the
proposed eruption that deposited salt on the surface of the parent asteroid, or ejected it into space.
Thus, these solids should include material from the rocky mantle and surface of the erupting body.
The solid inclusions mainly consist of abundant and widely variable organics [62–64] that could
not have been significantly heated following encapsulation in the halite, because this would have
resulted in the loss of fluids from the halite. Analyses of solids from a single Monahans halite
grain by Raman microprobe, SEM/energy dispersive X-ray, synchrotron X-ray diffraction and
transmission electron microscopy reveal that these grains include macromolecular carbon similar
in structure to CV3 chondrite matrix carbon, aliphatic carbon compounds, olivine of widely
varying composition (Fo59–99), high- and low-Ca pyroxene, feldspars, magnetite, Fe–Ni sulfides,
Fe–Ni metal, lepidocrocite, carbonates, diamond, apatite, phyllosilicates and zeolites [65]. It is
clear that this phase assemblage is not at chemical equilibrium, consistent with rapid mixing and
eruption of the assemblage.

The elucidation of the organics from the halite has the potential to revolutionize our
understanding of the early history of carbon in the Solar System. Of particular importance
is the observation that some organic inclusions in the halite have haloes of chloromethane,
as revealed by Raman spectroscopy [51,66]. Chloromethane is water-soluble and requires cold
formation temperatures at high hydrogen fugacity. When heated, methanol aromaticizes into
polyaromatic hydrocarbons, which are not observed, another proof that these halites have not
been heated. Fries [66] proposed that the haloes formed from methane leaking out of the organic
inclusions, and interacting with the host halite. Raman spectroscopy of the organics trapped
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in the halite reveal that these have experienced a dramatic range of formation temperatures,
from the chloromethane at the cold end, to materials that probably experienced temperatures
in excess of 500°C, characteristic of organics found in thermally metamorphosed CV chondrites
[62,66]. Because these high temperatures must predate trapping of the phases in the precipitating
halite, they must reflect the temperature range present inside of the halite parent asteroid, and
thus a wide temperature range also for the brines. The precipitation of the halite occurred at a
temperature below 50°C, probably at the surface of the parent body. Ito and Kebukawa [63] have
discovered that organics associated with the Zag halite have enormous excesses of deuterium and
15N, a consequence of formation at very cold temperatures. Such temperatures would have been
achievable at the edge of the early solar nebula or beyond in interstellar clouds. Preservation of
these isotopic signatures during residence inside of a hydrologically active asteroid would have
required unusual circumstances and these organic grains are probably the resistant survivors of
a once large population of such material.

4. Carbonaceous chondrite clasts associated with the meteoritic halite
Zag also contains a centimetre-sized carbonaceous chondrite clast, found by Norton and co-
workers [67]. This clast in Zag is predominantly a fine-grained mixture of serpentine, saponite,
magnetite, Ca phosphates, organic-dominated grains, pyrrhotite and Ca–Mn–Mg–Na carbonates.
The very abundant carbonates have Mn-rich cores, mantles of Ca carbonate, and very thin Na–
Mg-rich rims. The bulk oxygen isotopic composition of this clast plots in a unique place above
the terrestrial fractionation line, and has a very high �17O value of +1.41 [67,68]. The Na-
rich rims of carbonates suggested a link between this clast and the halite in Zag, and indeed
careful examination of this clast using a field-emission gun scanning electron microscope (FEG-
SEM) revealed 10 µm-sized (Na,K)Cl crystals, conclusively forging a link between this clast and
the larger halites in Zag and, probably, Monahans. Owing to the extreme care with which this
particular sample was handled, the halite is clearly indigenous to the clast and thus the Zag clast
and halite are linked.

Because both Zag and Monahans are H chondrite regolith breccias, it is logical to examine
other H chondrites (at least). In fact, a CI-like clast has been reported in the Tsukuba H chondrite
[69], and the recently fallen Carancas H chondrite contains another [68]. The clasts in Tsukuba and
Carancas appear to be mineralogically identical to the Zag clast. We suspect that this material was
relatively widespread in the Solar System, but that its friability has generally prevented survival
in meteorites. The O isotope composition of the Zag clasts shows that it is not merely CI chondrite
material, although it is mineralogically very similar, suggesting similar formational history. These
clasts probably represent rocky, mantle samples of the halite parent body.

5. Ceres as the source of the meteoritic halite
We have direct observations of hydrovolcanism of several small Solar System bodies (e.g. the
moons Triton, Titan and Enceladus) [70], and indirect evidence for this process on the moons
Europa, Ganymede and Miranda, and the Kuiper Belt object Charon [71], revealing continuing
and widespread aqueous processes across the Solar System. The carbonaceous chondritic bodies,
presumed to mainly be C-, P- and D-class asteroids and possibly short-period comets [72],
would probably have been hydrovolcanically active early in their histories, and the meteoritic
halites described above have been interpreted by some [51,62,65] to have originated from this
ancient hydrovolcanism based on the following points. (i) Although some primitive carbonaceous
chondrites clearly experienced late-stage Na–Cl-bearing fluid metasomatism [73], the occurrence
of actual halite is exceptionally rare in astromaterials [23,24]. (ii) Salt crystals (probably halite) are
associated with the current cryovolcanism on Enceladus [74,75]. (iii) On-site spacecraft analysis
of icy grains associated with Enceladus halite found minor organic or silicate components
hypothesized to derive from Enceladus’ putative rocky mantle [75–77], as found in the meteoritic
halite. These materials included methane, which we reported in the Monahans halite [62].
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(iv) The Enceladus cryovolcanic fluids are in chemical disequilibrium, reflecting incomplete
reactions between interior volatiles and rocky materials [53]. The coexistence of N2 and HCN in
cryovolcanic fluids on Enceladus requires that the plume consists of a mixture of materials whose
sources experienced different degrees of aqueous processing, including primordial material
trapped in ice that has not been in contact with liquid water. The mineral assemblage and
isotopic variations of fluids within the Monahans and Zag halites are also far from equilibrium
[48,65]. (v) Hydrogen isotopic compositions of the Monahans and Zag fluids are comparable to
hydrovolcanic fluids on Enceladus today [48,53].

The Monahans and Zag halites resulted from the expulsion of subterranean brines from one or
more icy early Solar System bodies approximately 4.5 billion years ago [28,29]. The expelled fluids
entrained organics and mineral grains from the rocky mantle of the body, which were captured
in the halite as it crystallized in space. After considerable travel, the halites were deposited
into the regolith of an S-type asteroid. Low neutron fluence experienced by the halite and the
absence of solar wind 132Xe suggest that the Zag halites (at least) were not part of the regolith
when the regolith matrix material now enclosing the halite acquired its solar wind and spallation
components [29]. This probably indicates fairly late arrival of the halite at the S-type asteroid,
but before final lithification of the regolith. Later, an event stripped a block of the surface away
from this second body, eventually resulting in a meteorite shower that delivered the material to
a third body (Earth). This final event need not have been due to an impact; rather it could have
resulted from rotational spin-up by the Yarkovsky–O’Keefe–Radzievskii–Paddack (YORP) effect
[78,79], which would have not further heated the trapped halite grains. It is not clear whether Zag
and Monahans originated from the same S-type asteroid, or whether this scenario of deposition
followed by expulsion occurred repeatedly. This body-hopping scenario is thought to have been
a common occurrence in the early Solar System, as xenoliths are frequently found in meteorites
[80], and the process of explosive eruptions from asteroids is supported by numerical models
[81]. These well-travelled halite crystals thus preserve samples of early Solar System aqueous and
solid materials from a cryovolcanically active body and highlight the complex dynamic physical
and chemical environment in the early Solar System.

The mineralogy we have found in the halite and carbonaceous clasts appears to be entirely
consistent with the reported mineralogy of the Ceres regolith [82]. For example, the Dawn Mission
Team has reported finding considerable quantities of nitrogen-bearing compounds (reportedly
ammoniated saponite) in the regolith of Ceres [82], and reported that the mineralogy thus
determined appears to be similar to that of the CI chondrites. We propose that the clasts in Zag,
Carancas and Tsukuba provide critical samples of the mantle and crust of the water-bearing world
that produced the halite in Zag and Monahans—a water- and organic-rich world in the early Solar
System that has survived at the largest remaining asteroid.

6. Conclusion
It is well recognized that aqueous fluids, especially brines, were important in the early Solar
System [50]. Such fluids are probably present today below the surfaces of the icy moons Europa
and Callisto [52]. Brown & Hand [83] proposed that NaCl and KCl dominate the non-ice
component of the leading hemisphere of Europa, and that the most abundant salts in Europa
ocean brines are not sulfates, but chlorides. Samples of ancient, inner Solar System water have
survived in the form of aqueous fluid inclusions in chondrites and, probably, other classes
of meteorites. Meteoritic fluid inclusions thus offer a unique opportunity to study early Solar
System brines in the laboratory. Inclusion by inclusion analyses of the trapped fluids in carefully
selected samples will, in the immediate future, provide detailed information on the evolution of
fluids as they interacted with anhydrous solid materials. Thus, real data can replace calculated
fluid compositions in thermochemical calculations of the evolution of water and aqueous
reactions in comets, asteroids, moons and the terrestrial planets [84]. Analysis of the organics,
in particular, that accompany these brine samples will shed important new light on the origin
of life.
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