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Abstract

The water in the current martian atmosphere contains ~5 times more deuterium
(D) than water on Earth (corresponding to a 8D value of ~+4000) resulting from
preferential loss éf hydrogen relative to deuterium from the martian atmosphere. This
thesis places constraints on the D/H of other martian water reservoirs by measuring the
D/H of water in hydrous phases within the SNC meteorites, thought to be samples of

martian igneous rocks.

Results from vacuum exfractions of volatiles from bulk SNC samples by stepwise
heating show the water yields to decrease and 6D values to increase to well above
terrestrial values with increasing temperature, indicative of mixing between terrestrial
water (contamination) released at low temperatures and martian water released at high
temperatures. The high temperature 8D values reach ~+2000 for Shergotty, the most D-
enriched sample. However, even the highest 6D values measured may represent lower

%

limits on the true values due to partial exchange with lighter terrestrial water.

D/H and water contents of individual amphibole, biotite and apatite grains in
several SNC meteorites were measured using an ion microprobe. The amphiboles
contain an order of magnitude less water than previously assumed, suggesting that SNC
parent magmas may have been less hydrous than previously proposed. The 8D values of
the phases range from ~+500 to +4300. The variability and D-enriched nature of these
values imply that the primary igneous phases have not retained a martian magmatic water
signature. Rather, the high and variable D/H of the water in these phases, like that

released at high temperatures from bulk SNC samples, is concluded to result from the



vi

interaction of the samples with D-enriched martian crustal fluids after crystallization,

probably in an environment similar to terrestrial magmatic hydrothermal systems.

The data presented in this thesis represent the first direct evidence for ubiquitous
crustal water-igneous rock interaction on another planet. Moreover, the results imply that
a large amount of water must have been lost from the martian system since water in the

martian crust, in addition to the atmosphere, appears to reflect D-enrichment processes.
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Preface

This thesis comprises four chapters and eight appendices. The first two chapters serve as
an introduction to the two broad areas of étudy touched upon in this work. An overview
of water and other volatile species on Mars, and a review of martian water reservoirs is
presented in Chapter 1. The samples studied in this thesis, the SNC meteorites, are
introduced and described in Chapter 2. The main body of original research is présented
in the subsequent two chapters. Both are concerned with D/H measurements on hydrous
phases in the SNC meteorites, and are separated by technique. Chapter 3 presents the
results of the extraction of hydrogen from bulk SNC samples using traditional vacuum
extraction techniques. Ton microprobe measurements of the D/H and water content of
individual grains in SNC meteorite thin sections are presented in Chapter 4. Appendix 1
reports the results of isotopic analysis of CO2 also collected from the same extraction
experiments described in Chapter 3. The remaining appendices are copies of works
published during the course of the thesis research. These include one article (Appendix

2) and six éxténded abstracts (Appendices 3 through 8).

During the course of this study I published under the name Laurie Leshin Watson, or L.
L. Watson. I have subsequently resumed use of my maiden name and thus I have

submitted this thesis under the name Laurie Ann Leshin.
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Chapter 1.

Overview of Water and Other Volatiles on Mars



1.1 INTRODUCTION

The state of research concerning the planet Mars has been summarized recently in a
1498-page book (Kieffer et al., 1992b). In Chapter 1 of this exhaustive volume (Kieffer et
al., 1992a) the authors outline the milestones in the modern study of Mars. They single out
only two developments since the time of the Viking missions as being "especially
significant.” The first was the discovery that the SNC (shergottite-nakhlite-chassignite)
meteorites are a group of samples that were most-likely formed on the planet Mars. The
second was the observation that the value of the deuterium-to-hydrogen ratio (D/H) of
martian atmospheric water is a factor of ~5 higher than terrestrial values (Bjoraker et al.,
1989; Owen et al., 1988). This thesis represents a connection between these two
discoveries. Specifically, I have utilized hydrous phases in the SNC meteorites to gain
insight into the D/H of other martian water reservoirs and thus to contribute to the
understanding of the history of water on Mars.

The purpose of this chapter is to summarize what is known, and what remains to be
learned, about water and other volatiles on the planet Mars as it pertaiﬁs to this thesis. It is
not int‘ended\ as an exhaustive review, merely as an introduction to the problems of martian
water and clil;iate evolution. The above-mentioned book (Kieffer et al., 1992b) contains
many excellent chapters thaf touch upon the subjects discussed in this chapter, and they will
be referred to throughout the text. An overview of the SNC meteorites, and a summary of
the arguments for their origin from the planet Mars, are presented in Chapter 2 of this
thesis. I present an overview of the measurement and interpretation of the D/H in the
current martian atmosphere and of the implications of the measured isotopic ratios of other
gas species in section 1.2. Water reservoirs on Mars, including the atmosphere, the polar
caps, the subsurface, and the planetary interior are introduced in section 1.3. Finally, a

summary and some unanswered questions about martian climate and volatile evolution are

presented in section 1.4.



1.2 D/H AND OTHER ISOTOPES IN THE MARTIAN ATMOSPHERE
Atmospheric planetary scientists often express the value of stable isotope ratios
relative to the corresponding ratio on the Earth (e.g., martian D/H is ~5 times terrestrial), or
simply as absolute values. Isotope geochemists, on the other hand, have developed a
special notation to express isotope ratios since the variation of most isotope ratios on Earth
is so small (McKinney et al., 1950). I introduce the notation here, and it will be used
throughout this thesis. The value of stable isotope ratios in this work are expressed in

"delta (&) notation" such that:

_ (HV / Lt)Sample - (HV / Lt)Standard
(HV / Lt)Standa:d

OoHv x 1000 (1-1)

where Hv is the heavy isotope (e.g., D in the case of D/H, or 180 in the case of 180/ 160)
and Lt is the light isotope. As seen in Eqn. 1-1, the & notation expresses the value of the
isotopef ratio of a sample as a parts per thousand or per mil (%o) deviation from the ratio of a
standard. In-this work, hydrogen and oxygen isotopes are réported relative to standard
mean ocean water (SMOW), which has a D/H of 0.0001557 and an 180/160 of
0.0020052. Carbon isotopes are reported relative to the PeeDee belemnite (PDB) standard
which has a 13C/12C of 0.0112372, and nitrogen isotopes are reported relative to a
terrestrial atmospheric gas (AIR) standard with 1SN/14N = 0.0036765 (Pillinger, 1984).
With this introduction to notation finished, the rest of this section summarizes what is
known about the values of various isotopic ratios in the martian atmosphere and their
interpreted meaning, with a special focus on D/H. The composition of the current martian

atmosphere, and a summary of the known atmospheric isotopic ratios is given in Table 1.1.



1.2.1 D/H

Although the Viking mass spectrometers measured the abundances of many stable
isotopes in the martian atmosphere, they were unable to provide a measurement of the
deuterium abundance. Fortunately, due to improvements in observing sites and
instrumentation, the value of D/H in the martian atmosphere can now be determined from
Earth. Owen et al. (1988) were the first to report detection of D on Mars. They derived a
value of D/H of 6 £ 3 times the terrestrial value (SMOW) by observing from Mauna Kea
the intensity of a fundamental HDO absorption at 3.7 um relative to H2O lines in the
martian atmospheric spectrum. The precision of this result was improved by Bjoraker et al.
(1989), who made measurements from the Kuiper Airborne Observatory. They report a
D/H of 5.2 + 0.2 times terrestrial, corresponding to a 8D value of +4200 £ 200. It is
appropriate to note that the range of 8D values commonly found on Earth is approximately
-300 to +50 (Hoefs, 1980) although values as low as ~-500 have been reported for water
vapor in the stratosphere (Pollock et al., 1980). Thus the value of D/H of water in the
martian atmosphere is significantly higher than the D/H of any hydrogen found on the
Earth.” |

Many w:)fkers have attempted to explain the observed D/H in the martian atmosphere
(Carr, 1990; Jakosky, 1990; Jakosky, 1991; Owen, 1992; Owen et al., 1988; Yung et al.,
1988). It is generally assumed that Mars originally contained water of similar D/H to the
Earth and most meteorites (Robert and Epstein, 1982; Yang and Epstein, 1983; Yung and
Dissly, 1992) and that the present D/H is a result of preferential loss of H, relative to
heavier D, from the martian atmosphere throughout the planet's history. The details of the
timing of water loss and the evolution of the deuterium enrichment, however, remain
highly unconstrained. The critical unknowns that will become evident in the following
discussion of models of the D/H are the size and D/H of other water reservoirs on Mars, as

well as knowledge of a time-integrated history of water on Mars.



Owen et al. (1988) first attempted to explain the martian atmospheric D-enrichment by
massive loss of hydrogen from the martian upper atmosphere. Their work was based on a
general model for isotopic fractionation (Hunten, 1982) which showed that in order to
achieve the enrichment that was observed in the martian atmosphere by isotopic
fractionation, almost the entire original inventory of the fractionating species must have
been lost. Owen et al. (1988) thus concluded that over 99 % of the water originally
outgassed to the surface must have been lost. Since estimates of loss rates failed to predict
the escape of such a large fraction of water from a martian water reservoir of any
reasonable size, these authors suggested that the hydrogen loss occurred very early in
martian history, when escape rates may have been higher due to a postulated warmer
climate (Owen et al., 1988).

Detailed analysis of the rates of escape of D and H from the martian atmosphere was
subsequently performed by Yung et al. (1988). The following is a summary after Yung et
al. (1988) of the loss process. The loss occurs via Jeans (thermal) escape from above the
exobase (~240 km altitude). The source of the escaping species is the photodissociation of
atmosf)heric water into Ho or HD in the lower levels of the atmosphere. After dissociation,
the gas specie\é are transported to the upper atmosphere. Above the homopause (below
which atmospheric species are well mixed) at about 100 km altitude, the gas species will
begin to separate based on their different masses. In addition, ionic reactions in this upper
region of the atmosphere will result in the formation of H and D from H and HD. All of
these species can escape from above the exobase, resulting in D enrichment. Atmospheric
mixing and re-formation of water vapor by reaction of H and D with OH is then thought to
distribute thisvenrichment over the entire atmosphere (and note that the reported atmospheric

D/H measurements are column abundances, i. e., an integrated average over the entire

height of the atmosphere).



The model of Yung et al. (1988) assumed a constant atmospheric water vapor
abundance of 15 precipitable microns (pr um) in the lower atmosphere. Note that water
abundances are generally quoted in pr pm or meters, corresponding to the thickness of a
layer that the condensed water would form covering the entire planet. If the atmosphere
alone were allowed to evolve with only enough replenishment to maintain the size of the
reservoir, Yung et al. (1988) found that the D/H would reach a limiting value of ~3 times
the initial value (assumed to be SMOW), lower than the measured D/H, in ~103 years.
Thus, in order to produce the necessary D-enrichment, these authors invoked a reservoir of
exchangeable water, which they proposed to be present in the martian crust. The size of
the reservoir is dependent upon the relative escape rates, calculated to be 1.6 x 108 atoms
cm2 sec! for hydrogen and 8.3 x 103 atoms cm™2 sec-! for deuterium (Yung et al., 1988).
Using this model, they found that only a reservoir 3.6 m thick when averaged over the
entire planet could have exchanged with the atmosphere over geologic time, and of this 3.6
m only 0.2 m remains presently.

Although the Yung et al. (1988) model is highly informative about the nature and
relative rates of loss of D and H from the current martian atmosphere, several researchers
subsequently,\in addition to the authors themselves, pointed out the limitations in this view
of the evolution of martian D/H (Carr, 1990; Jakosky, 1990; Jakosky, 1991; Yung et al.,
1988). Most of the subsequent papers presenting discussion of the models presented by
Owen et al. (1988) and Yung et al. (1988) concentrate on the discrepancy between
predictions of both models and the geological evidence for the presence of abundant water
on Mars.

Carr (1990) pointed out that the early loss of 99 % of martian outgassed water
suggested by Owen et al. (1988) is inconsistent with evidence of large floods and other
indications of subsurface water and ice in the martian environment throughout the planet's

history. In fact, the flood features on Mars (described in section 1.3.3) have been used to



estimate that ~500 m of water was present near the surface when the features formed (Carr,
1986). Moreover, the Yung et al. (1988) model appears to conflict with the geologic
evidence that water was introduced into the atmosphere periodically throughout martian
history by floods, volcanic eruptions and impact events (Carr, 1990) . Carr (1990) argues
that the value of D/H in the current atmosphere reveals little about the history of volatiles on
the planet since the value is likely to be "reset" throughout martian history by these geologic
events. In this view, the atmosphere subsequently‘evolves to a high D/H on a geologically
short time scale with little exchange with non-atmospheric water (Carr, 1990).

Additional, and in my opinion more reasonable, conflict is noted in the form of the
likely periodic exchange of water in the martian polar regions, which could represent a
reservoir with decameter-thickness, with the atmosphere (Jakosky, 1990; Jakosky, 1991).
More than any of the previously-mentioned processes capable of introducing water into the
martian atmosphere, this exchange is thought to be a currently active process, due to
observations of seasonal and locational variation in atmospheric water vapor abundance
(Fig. 1.1) and accompanying theoretical models that suggest that the north pole is currently
losing*water\ to the south pole (Jakosky, 1985; Jakosky and Farmer, 1982; Jakosky and
Haberle, 1995; Jakosky and Haberle, 1992). The young age of the polar deposits as
inferred from crater abundances (Cutts et al., 1976; Plaut et al., 1988) supports the
hypothesis of current interaction of the polar cap water with the atmosphere, as do the
variations in martian orbital obliquity that occur on 105- and 10-year time scales (Ward,
1973). These orbital variations are thought to modify the martian atmospheric composition
due to varying solar insolation on the polar regions (Ward, 1974; Ward, 1992; Ward et al.,
1974) . Thus, it seems reasonable that a significant amount of water from the polar regions
(the postulated chemical composition of the polar regions is discussed in section 1.3.2)
passes through the atmosphere and is redeposited on similar time scales to the obliquity

cycle (Jakosky and Carr, 1985). As a result of this argument, the model of Yung et al.



(1988), which assumed a constant atmospheric water content throughout geologic time, can
be recognized as being overly simplistic.

Although much is known about possible sources and sinks of water on Mars which
could contribute to the evolution of D/H, it is clear from the above discussion that much
remains to be learned about the martian water cycle at virtually all time scales. It is also
clear that the models of Owen et al. (1988) and Yung et al. (1988) do not (and could not,
with the gaps in knowledge about martian climate history that currently exist) take into
account the undoubtedly complex history of water on Mars.

There are several unknowns which severely limit the construction of adequate models
to explain the value of D/H observed in the current atmosphere. Most significantly, in
order to constrain the amount of water that must have been lost, it would be desirable to
have a measurement of the initial D/H of water remaining after accretion, rather than just an
assumption about its value. Also, the D/H and size of other water reservoirs on Mars must
be known or approximated. For example, there is evidence (discussed in section 1.3.3) for
the presence of abundant hydrogen in the martian crust, either in the form of ice
(permafrost) or liquid water. Prior to the research presented in Chapters 3 and 4 of this
thesis, essenti\ally nothing was known about the D/H of this possibly extensive water
reservoir.

In addition to knowledge of the size and isotopic composition of the non-atmospheric
water reservoirs on Mars, knowledge of the evolution of the atmosphere through time is
needed. Atmospheric and volatile evolution is one of the most outstanding unanswered
questions in Mars research. In fact, in the first chapter of the "Mars book" mentioned in
the introductiqn of this chapter, the authors list six outstanding qhestions which will require
"substantial additional data" to address. Five of the six questions deal with the nature of

the evolution of martia_n climate and volatiles (Kieffer et al., 1992a).



1.2.2 Carbon and Oxygen

Carbon dioxide is the predominant constituent of the current martian atmosphere,
comprising ~95 % of the ~7 mbar of gas present in the atmosphere today (Owen et al.,
1977; Table 1.1). Additionally, CO; is thought to have played an important role in martian
climate in the past, possibly contributing to an early warmer climate due to the greenhouse
effect (Fanale et al., 1992). The strongest evidence for an early warmer climate are the
valley networks which are common in the older heavily cratered terrains of Mars. These
valley networks roughly resemble terrestrial river valley systems and are thought to be the
result of surface drainage of liquid water, possibly by sapping. The paradox is that water
cannot exist as a stable liquid phase in the current fnartian atmosphere. Thus it is generally
postulated that an early thicker atmosphere (with perhaps 1 to 5 bars of COy; as
summarized by Fanale et al., 1992) is needed to create the conditions in which liquid water
could exist to form the valley networks. In addition, an earlier thicker, warmer (and thus
wetter) atmosphere could result in correspondingly higher D and H escape rates, as are
probably needed to explain the elevated D/H (Owen et al., 1988; Yung et al., 1988). The
question then becomes, where is all of the CO2 now?

Fanale e\t al. (1992) provide a summary of possible climate change mechanisms.
Potential mechanisms for losing CO; include escape, erosion of the atmosphere by impact,
and chemical weathering of surface rocks (i.e., the formation of carbonates). However,
the actual history of the thicker atmosphere of Mars remains highly unconstrained.

The Viking entry mass spectrometer measured the values of 13C/12C and 130/160 in
martian atmospheric CO,. Within the uncertainty of & 5 %, the values of both of these
ratios were fpund to be indistinguishable from terrestrial (Nier and McElroy, 1977),
confirming the results of earlier, less precise measurements as summarized by Owen
(1992). In addition, Bjoraker et al. (1989) found that the oxygen in atmospheric water is

similar to the oxygen in the CO, and on Earth. The lack of enrichment of the oxygen
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isotopes presents an interesting problem, since currently one oxygen atom escapes from
Mars with each two hydrogen atoms. Thus, the oxygen in the atmospheric water must be
buffered by an additional reservoir of oxygen, possibly atmospheric CO3. According to
McElroy et al. (1977) the normalizing reservoir would need to be ~600 mbar, about half of
that needed for an effective atmospheric greenhouse.

According to the review of Owen (1992), these results are all generally consistent
with the following type of scenario. In order to reconcile the apparent requirement of
massive escape with the amount of water needed to carve the erosional channels, one
possible solution is a denser, warmer atmosphere early in the planet's history. In this
atmosphere, hydrogen escape rates may be higher and the nonthermal escape of oxygen
would not be tied to hydrogen loss, decoupling the isotopic enrichment mechanisms. In
the view of Owen (1992), this early period would lead to some, but not the total observed
enrichment in D/H. As the mass of the atmosphere was reduced over time, less water
would be available in an exchangeable reservoir. As the escape of oxygen became
important, it would be buffered by the CO2, maintaining "normal” ratios. As encouraging
as the ‘general, qualitative model might be, Owen (1992) is'quick to point out that "a
rigorous, tir;;é—dependent model for the early Martian atmosphere and surface
demonstrating that all of these requirements can be satisfied" is still lacking.

Jakosky (1991) presents a contrasting view to Owen (1992) in which water in the
polar caps provides the buffering reservoir of oxygen that masks fractionation by
nonthermal escape. This suggestion has merit since the amount.of CO; available to buffer
the oxygen in the current atmosphere is below what could be needed for this purpose. In
any case, the_ fractionation of hydrogen (and nitrogen, see next section) isotopes is in
conflict with the lack of fractionation of oxygen (and carbon) and no entirely satisfactory

model to explain this has been proposed.
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1.2.3 Nitrogen and Noble Gases

The Viking entry mass spectrometers measured the value of I5N/14N to be 1.6 £ 0.2
times the terrestrial value (Nier and McElroy, 1977), confirming eatlier predictions of
enrichment of the heavier isotope due to escape processes (McElroy, 1972). As
summarized by Owen (1992), estimates for the partial pressure of nitrogen prior to
enrichment range from 1 to 30 mbar, depending on the importance of chemical fixing the
soil in addition to escape from the atmosphere (Fox, 1989; Fox and Dalgarno, 1983;
McElroy et al., 1977; Wallis, 1989). This can be compared to the partial pressure of N3 in
the current martian atmosphere of 0.13 mbar, with N comprising ~2.7 % of the total
atmosphere (Owen, 1992; Table 1.1).

The abundances of the non-radiogenic isotopes of the noble gases argon, krypton,
and xenon were measured by the mass spectrometer (GCMS) on the Viking Lander to be
indistinguishable from terrestrial values within uncertainty (Owen et al., 1977). The values
of 40Ar/36Ar and 129Xe/132Xe, however, were found to be anomalously high relative to the
Earth's atmosphere. The radiogenic isotopes 40Ar and 129X ¢ are the decay products of
40K and 129I,\respectively. Although it is possible to explain the difference by accretion
models requiring different mixtures of materials that formed the two planets, another
possible solution is the periodic catastrophic partial-loss of the martian atmosphere by
impact (Melosh and Vickery, 1989). If the atmospheric "blow-off" occurs early in the
planet's history, subsequent outgassing of radiogenic species could have enriched the
atmosphere in these species with respect to the original value.

Although the original research presented in this thesis does not deal specifically with
nitrogen or noble gas measurements, I included the preceding introduction to these species
in the atmosphere for completeness. In addition, the discussion of each isotopic system

points out the difficulty in constructing a model for the evolution of martian volatiles which
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explains all of the observations. Most of the observations are at least consistent with an
early warmer, wetter climate on Mars, but many uncertainties remain concerning the

transition from this early epoch to the present martian atmospheric conditions.

1.3 WATER RESERVOIRS ON MARS

As stated earlier, one of the key outstanding questions about the history of volatiles
on Mars concerns the size of, interaction between, and D/H of the various water reservoirs.
In this thesis I am attempting to place constraints on the D/H of non-atmospheric water on
Mars. As such, it is appropriate to provide a brief introduction to what is known about the
various reservoirs. I have divided the martian water budget into four reservoirs: the
atmosphere (section 1.3.1), the polar caps (section 1.3.2), the shallow subsurface (or

crust) (section 1.3.3), and the planetary interior (section 1.3.4).

1.3.1 Atmosphere

The atmosphere is the best characterized water reservoir on Mars, owing to direct
observations by Earth-based telescopes and spacecraft. Many of the issues associated with
martian atmospheric evolution were summarized in the previous section, and the
" composition of the current martian atmosphere is given in Table 1.1.

The atmosphere is almost certainly the smallest water reservoir. The average
abundance of water in the atmosphere is ~10-15 pr um (Jakosky and Haberle, 1992),
comprising ~0.03 % of the total atmosphere (Owen et al., 1977). The atmospheric water
content is highly variable with season (Fig. 1.1), reaching a maximum in each hemisphere
after the summer solstice. However, even the highest water abundance, in the north polar

region just after summer solstice, reaches only ~100 pr um (Jakosky and Haberle, 1992).

For comparison, the column water abundance in the terrestrial atmosphere averages several
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pr cm, ~104 times greater. The isotopic measurements of D/H in this reservoir were

summarized in the previous section.

1.3.2 Polar Caps

The current state of knowledge about the geology and composition of the martian
polar regions has been recently reviewed by Thomas et al. (1992). Both the north and
south polar regions are made up of three types of terrains: the layered deposits, residual
ices which overlie much of the layered deposits, and seasonal frosts which overlie the
entire polar regions at various times throughout the martian year (Thomas et al., 1992).

The layered deposits consist of nearly horizontal, alternating dark and light "layers,"
with the darker layers believed to be more dust-rich and the lighter layers thought to be
more ice-rich. Each pair of layers is ~10 to 50 m thick (Blasius et al., 1982) and the total
thickness of the layered deposits averages ~2 km (Thomas et al., 1992). The composition
of the layered deposits remains poorly constrained. The density of the northern deposits
has been estimated to be ~1 g/cm3, with an error of about 50 % of this value (Malin, 1986).
This éStimat¢ places little constraint on the composition, allowing a wide range of
combinations of dust or sand and ices. However, it is generally believed that at least some
water ice is present in the layered terrains (Thomas et al., 1992). The fine layering
observed in the layered deposits is suggestive of some kind of periodic modulation of
erosion and deposition at the poles. As stated earlier, the layered deposits may be the result
of Mars' varying obliquity cycle, implying a large amount of atmosphere-polar interaction
on ~105- and 100-year time scales (Ward, 1973; Ward, 1974; Ward, 1992). In fact,
according to Thomas et al. (1992), although the details of the coupling are uncertain, the
connection between the orbital variation and the layered deposits "seems secure."

The layered deposits are overlain by first, the residual ice caps, and second, seasonal

frosts. Data from the Viking Orbiter Infrared Thermal Mapper (IRTM) showed the
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northern residual cap to be comprised of HyO ice (Kieffer et al., 1976). This is consistent
with the large peak in atmospheric water abundance at the north polar region during
northern summer mentioned earlier (Jakosky and Haberle, 1992). The south pole residual
cap is probably made up of COz ice, but the situation is more complicated (Paige et al.,
1990; Thomas et al., 1992), as the cap may be underlain by a HyO ice-rich layer (Jakosky
and Barker, 1984). The seasonal caps are made up of CO; (James et al., 1992).

The value of D/H of the HyO ice in the polar regions is unknown. If, however, the
water is interacting with the atmosphere on both seasonal and 103- to 106-year time scales,
it seems reasonable that at least some of the water in the polar regions would be enriched in
D, similar to the current atmosphere. If the precision was good enough, this suggests an
interesting experiment. Namely, to measure the atmospheric D/H at varying times during
the martian year. For example, I mentioned earlier that the water content of certain regions
of the atmosphere increases at the height of northern summer by about 10-fold over average
levels. The source of this water, at least for the most part, is the north polar deposits.
Measurement of D/H at different atmospheric water contents could allow the contribution of
the polar ices to be determined.

1.3.3 Planetary Subsurface

There exists no direct observational evidence of subsurface water on Mars, either in
the form or ground water or ground ice (permafrost). There is, however, extensive
circumstantial evidence for the existence of water in the martian crust in both the distant and
recent past. The most frequently quoted lines of evidence for the existence of martian
subsurface Vqlatiles are the presence of two types of surface features: channels, and
rampart craters (also known as craters with fluidized ejecta deposits). The geomorphic
evidence for water (or ice, I use the term water to encompass both the liquid and solid

forms of HoO here) in the martian crust was summarized in 1984 by Squyres, and more
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recent reviews of the martian channels and of ice in the martian regolith are provided by
Baker et al. (1992) and Squyres et al. (1992), respectively. Photographic documentation
of the features described in this section can be found in these references.

The channels on Mars can be separated into two types based on morphology and
location: outflow channels and valley networks. Outflow channels are generally considered
to be the result of catastrophic release of water from the martian crust, and may correspond
generally to catastrophic flood features on Earth such as the Channeled Scablands of
eastern Washington state (Baker et al., 1992; Squyres, 1984). However, it should be
noted that the martian channels are huge by terrestrial standards, as much as 100 km wide
and 2000 km in length (Baker et al., 1992). The outflow channels are found on terrains of
all ages, in fact, they often originate in the ancient southern highlands and proceed into the
younger northern lowlands with flow being roughly northward in congruence with the
regional slope (Squyres, 1984). The channels contain large-scale flow features and
partially to fully streamlined upland remnants of the flow (Baker et al., 1992).

Valley networks are distinguished from the outflow channels by the absence of direct
indicators of ﬂuid flow (Mars Channel Working Group, 1983). Approximately 98% of the
valleys are loc;ted on the ancient cratered terrain regions of Mars, and are thought to have
formed during and soon after heavy bombardment, ~3.8 to 3.9 million years ago (Baker et
al., 1992). Younger valleys are located on the flanks of some martian volcanoes, notably
Alba Patera (Gulick and Baker, 1989; Gulick and Baker, 1990). Since the valleys that are
associated with volcanic constructs probably formed much more recently than the other
valley networks described above, they have important implications for the climatic history
of Mars. In general, the martian valleys have widths ranging from < 1 km to about 10 km
and lengths ranging from < 5 km to nearly 1000 km (Mars Channel Working Group,
1983). The valleys are more similar than the outflow channels to terrestrial drainage

systems, consisting of narrow, sinuous valleys with developed tributary systems (Squyres,
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1984). Like the outflow channels, the valley networks are thought to have been formed by
running water, either from surface runoff or ground water sapping (Baker et al., 1992).

The occurrence of surface features indicative of running water on terrains with ages
Spanning geologic time presents a dilemma. However, it is generally hypothesized that the
martian valley networks on the ancient cratered highlands represent evidence for an early
warmer martian environment, probably with a much thicker atmosphere than exists today,
such that‘liquid water was stable on the surface of the planet. Subsequently, the younger
valley networks and outflow channels probably formed by the metastable flow of water in
more recent times, triggered by events such as volcanic eruptions (i.e., hydrothermal
systems) or impacts. In fact, Baker et al. (1992) state that "the problem of maintaining
surface-water flows on Mars under present conditions does not seem particularly serious
for short-duration floods." These authors cite many models to account for the flow of
water in an environment where liquid water is not the stable form of H>O. In any case, the
source of at least some (if not all) of the water which contributed to the formation of the
channels and valleys on Mars must be the planetary subsurface.

Most large crater ejecta deposits on Mars are quite different in morphology from, for
example, ejecg deposits on the Moon. The ejecta deposits of large martian craters are often
bounded by a low ridge or escarpment, with a lobate outer margin giving the appearance of
emplacement by the rapid flow of a highly mobile fluid (Squyres et al., 1992). Craters
possessing this type of ejecta deposit are known as rampart craters. The morphology of the
ejecta is more consistent with emplacement as a radially directed surface flow than a
ballistic emplacement (Squyres et al., 1992). According to Squyres et al. (1992) the most
probable explanation for the morphology of rampart craters is that the ejecta deposits are
emplaced as mud flows with the source of the volatiles being the melting of subsurface ice

during impact. Rampart craters are observed at all latitudes and elevations on Mars.
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As summarized above and in the cited references, there exists ample evidence for the
presence of H2O in the martian crust. However, little is known about the history of this
water reservoir, its size, D/H, or its interaction with other martian water reservoirs. The
existence of rampart craters at all latitudes on Mars implies that ground ice probably exists
at some depth over the entire planet. However, it should be noted that the average
minimum size of rampart craters is observed to decrease with latitude (Costard, 1989;
Kuzmin et al., 1988) from ~4 to 7 km near the equator to only 1 to 2 km at 50 to 60°
latitude, consistent with the presence of ground ice at shallower levels nearer to the polar
regions (Squyres et al., 1992). Modeling of the stability of ground ice in the current
martian environment has shown it to be stable poleward of mid-latitudes, but also that it
could be stable globally at high obliquity (Mellon and Jakosky, 1993). These authors also
report that the time scales for condensation of ground ice are comparable to that of the
obliquity variations, suggesting that, like the polar deposits, the distribution of ground ice
may be dependent on the orbital history of Mars. If this is the case, at least some water in
the martian crust might be expected to have elevated D/H due to interaction with the
atmosphere on geologically short time scales.

1.3.4 Planetary Interior

The water contained in the martian interior remains the largest mystery of all of the
water reservoirs on Mars. Neither the size, nor the D/H of this water reservoir is known.
However, researchers attempting to interpret the D/H value of the martian atmosphere
assume the D/H of this water, as outgassed by volcanic eruption, to be near the terrestrial
value of 1.5 X 104 (Owen et al., 1988; Yung et al., 1988). This may be a reasonable
assumption since the D/H of the water of hydration found in most meteorites is essentially
identical to terrestrial yalues (Robert and Epstein, 1982; Yang and Epstein, 1983). Also,

unlike the Earth, Mars is apparently free of subduction, although a recent paper on the
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possibility of plate tectonics on Mars has been published (Sleep, 1994). If subduction is an
unimportant process on Mars, the D/H of the interior water probably reflects its initial
value.

The amount of igneous activity on Mars has been estimated by measuring the area of
volcanic units on Mars, and estimating their thickness based on the partial burial of impact
craters by lava. Then, assuming the magmas all contained 1 wt. % water which
subsequently degassed, a total amount of outgassed water can be calculated. Using this
technique, the volume of volcanic rocks on the martian surface was found to be 202 million
km3, outgassing water that would correspond to a global layer 46 m deep (Greeley, 1987).
This estimate was subsequently updated to reflect the amount of intrusive material present
on Mars, assuming the Earth and Mars have similar intrusive-to-extrusive magma ratios.
The volume of magma generated on Mars was then reported to be 654 million km3
(Greeley and Schneid, 1991), corresponding to a global water layer ~150 m thick. There
are several problems with this technique, perhaps the most critical of which is the lack of
any foundation for the assumption that the magmas contained 1 wt. % water. This estimate
of magmatic water content was revised to 1.4 wt. % based on studies of the amphiboles
contained in thé SNC meteorites (thought to be martian samples - see Chapter 2). Using
this estimate, the amount of outgassed water on Mars was revised to a layer 210 m thick
(McSween and Harvey, 1993). This estimation of the magmatic water content is shown to
be flawed in Chapter 4 of this thesis. Thus, there is little constraint on either the amount of
water that has outgassed from the martian interior over geologic time, or on the amount
remaining.

Based on various geochemical arguments using the SNC meteorites, the martian
mantle has been previously postulated to be dry (hypothesized to contain ~36 ppm water)
(Carr and Wanke, 1992; Dreibus and Wanke, 1985; Dreibus and Wanke, 1987), in support

of homogeneous accretion models which predict the reduction of much of the accreted
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martian water by reaction with metallic Fe, and subsequent loss of the Hy during the
accretionary process (Wanke, 1981). The possibility of fractionating D from H during this
process has not been discussed, although perhaps it could have resulted in a post-accretion
D/H different from the terrestrial value. I have little confidence in the mantle water content
estimates mentioned above since it would be nearly impossible to estimate the water content
of the Earth's mantle by studying the volatile contents of only a small number of fully-
crystalliné, cumulate terrestrial rocks comparable to the SNC meteorites. However, based
on the above-referenced estimates (and the results presented in Chapter 4 of this thesis) it
seems possible that the martian mantle contains less water than the Earth's mantle, which

may contain ~150 ppm primordial water (Carr and Wanke, 1992).

1.4 SUMMARY AND UNANSWERED QUESTIONS

The heavy isotopes of hydrogen and nitrogen are enriched in the current martian
atmosphere relative to terrestrial values. Within uncertainty, carbon and oxygen isotopic
ratios are within the range of terrestrial values. These observations suggest a complex
history for Volatiles on Mars. Several pieces of evidence, including the observation of
ancient Valley:ietworks, suggest the presence of an early warmer, wetter climate on Mars.
The transition from this climate to the dry, thin atmosphere of today is not at all
understood.

Interaction between the four water reservoirs on Mars: the atmosphere, the polar
caps, the subsurface, and the planetary interior, seems assured. But the nature of this
interaction, especially input from the subsurface and interior volatile reservoirs is almost
completely unconstrained. In order to use the measured value of atmospheric D/H to
constrain the amount of water that has escaped from Mars over geologic time, we must

have some knowledge of the value of D/H of the water in the non-atmospheric water

reservoirs. Without ice samples from the polar regions, it will probably be impossible to
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determine the D/H of this water reservoir. However, it may be possible to constrain the
D/H of martian crustal and interior water using a group of samples thought to have been
excavated from Mars by impact and deposited on the Earth as meteorites. These samples,

called the SNC meteorites, are introduced in the next chapter.
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Table 1.1 Composition of the current martian atmosphere and isotope
ratios as compiled by Owen (1992). The sources of the data are given in that work.

Gas Abundance
COy 95.32 %
N2 2.7 %
40Ar 1.6 %
0)) 0.13 %
CO 0.07 %
H,O - 0.03 %*
36 +38A1 5.3 ppm
Ne 2.5 ppm
Kr 0.3 ppm
Xe 0.08 ppm
O3 0.04-0.2 ppm*
Isotope Ratios
Ratio Earth Mars
D/H 1.56 x 104 9+4x104
7.8+03x 104

12¢/13C 89 905
14N/I5SN 272 170 £ 15
1607180 489 490 £ 25

545 £ 20
160/170 2520 2655 £25
36Ar/38Ar 5.3 55%15
40Ar/36 Ar 296 3000 £ 500
129Xe/132Xe 0.97 2.5 %24

* Variable with season and location
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Figure 1.1.

The variation in the average column abundance of water vapor during martian northern
hemisphere spring and summer for the latitude bands 0-30°, 30-60°, and 60-90° (Haberle
and Jakosky, 1990; Jakosky and Haberle, 1992). Martian seasoﬁs are conventionally
expressed in terms of Lg, the aerocentric longitude of the Sun, with a martian year spanning
0 to 360 L. Lg =0 corresponds to the vernal equinox and Lg = 90 to the summer solstice.

Thus the scale in the figure covers ~350 Earth days, or just over one half of a martian year.
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Chapter 2.

Overview of the SNC Meteorites
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2.1 INTRODUCTION

Spacecraft missions to the planet Mars such as Mariner 9 and Viking 1 and 2 have
revealed an extraordinary amount about the history of that planet. However, as evidenced
by the otherwise unobtainable information about the Earth's Moon revealed by studies of
the Apollo samples, the value of rock samples in constructing a planet's geologic history is
beyond measure. Fortunately, although no martian samples have been returned to Earth by
spacecraft missions, a group of 10 igneous meteorites, collectively known as the SNC
meteorites, are thought to be samples ejected from Mars by one or more impact events that
have subsequently fallen to the Earth. If the hypothesis of martian origin for the SNCs is
correct, then these samples provide a unique window into martian geologic history
currently accessible by no other means.

Since the SNC meteorites are the focus of the study presented in this thesis (I have
worked on 8 of the 10 SNC samples during the course of my thesis research), I present
this chapter as an overview of the samples and their origin. This is not intended as an
exhaustive review of all SNC-related research, rather as enough of an introduction to the
samplés to -allg\w the reader to place the original research presentéd in Chapters 3 and 4 into
proper context. An excellent review of the current state of knowledge about the (then 8)
SNC meteorites in 1985 was given by McSween (1985). The classification and
nomenclature, and terrestrial histories of the meteorites are discussed in section 2.2. The
geochemistry and shock history of the meteorites are presented in section 2.3. With this
introduction to the samples, I review the evidence for a martian origin of the SNCs and
mechanisms of ejection from Mars in section 2.4. Finally, hydrous phases in the SNCs,

the specific focus of my thesis research, are introduced in section 2.5.



29

2.2 CLASSIFICATION AND TERRESTRIAL HISTORY

The SNC meteorites comprise the five shergottites, the three nakhlites and the unique
meteorite Chassigny. Each S-N-C subset groups meteorites according to similar
mineralogy and chemistry. The tenth SNC, an Antarctic find called Allan Hills (ALH)
84001 that was discovered to be part of the SNC association only this year (Mittlefehldt,
1994), does not strictly fall into any of the three sub-groupings.

Each sub-group is named after a type-sample. The shergottites are medium-grained
basalts, taking their name from several stones which fell in Shergotty, India in 1865.
Zagami, a second shergottite fell in Zagami, Nigeria in 1962. The other three shergottites
are Antarctic finds: Elephant Moraine (EETA) 79001 is a layered sample containing two
distinct lithologies and regions of glass produced by shock melting, ALHA 77005 (another
Allan Hills sample) and Lewis Cliff (LEW) 88516 are nearly identical feldspathic
harzburgites that are closely related to the shergottites.

The nakhlites are clinopyroxenites. The type-specimen for the nakhlites is Nakhla,
named for a shower of about 40 stones that fell in El Nakhla el Baharia, Egypt, in 1911
(Prior, 1912). One of the stones supposedly struck and killed a dog. The other two
nakhlites are f\iﬁds from Lafayette, Indiana and Governador Valaderez, Brazil. The lone
chassignite is the dunite meteorite Chassigny that fell in France in 1815.

Unlike any of the other 9 SNC samples, Antarctic meteorite ALH 84001 is an
orthopyroxenite. That is, it is not an S, an N, or a C. I will refer to it as an SNC
orthopyroxenite. The recent addition of this sample to the SNC association has initiated
discussion of dropping the "SNC" group name (Mittlefehldt, 1994) since it may act to
devalue samp1es like ALH 84001 (and ALHA 77005 and LEW 88516 which do not strictly
fit into the shergottite association) that do not fit well into any specified group. Mittlefehldt
(1994) has suggested that, since virtually all scientists that work on these meteorites do

indeed believe them to be martian samples, they should be referred to as "martian”
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meteorites. For example, Shergotty would be known as a martian basalt, Chassigny as a
martian dunite, etc. However, since this suggestion is quite recent and has not yet gained
acceptance, [ will continue to refer to the samples using the SNC nomenclature.

Although they represent at least four mineralogic types, the SNC meteorites are
considered a genetically related group, distinct from other meteorites, based on the
cohesion of their mineral chemistry, complex and distinctive trace element and REE
signatures, oxygen isotopic composition, and crystallization ages. All of these distinctive

characteristics will be discussed in the next two sections.

2.3 SAMPLE DESCRIPTION

The one generalization that can be made about the SNC meteorites with far greater
justification than for any other meteorite association is their remarkable similarity to
terrestrial igneous rocks. This similarity is observed in both major and trace elements, as
well as petrographically. Put simply, at first glance, these samples are largely
indistinguishable from terrestrial igneous rocks of similar affinity. Thus even before the
hypothesis. of martian origin of the SNCs was put forward, and supporting evidence
collected, thes\e samples were regarded as unique among meteorites. The following

paragraphs summarize the mineralogy of the SNCs and their chemistry, followed by a

discussion of possible parental magma compositions.

2.3.1 Mineralogy and Chemical Composition
McSween (1985) gives an exhaustive list of references on the mineralogy and
geochemistry of the SNCs up to 1985. Since then, petrography and mineral chemistry of
the ninth SNC, LEW 88516 have been reported by Harvey et al. (1993), and an initial
study of the major and trace element chemistry and petrography of ALH 84001 has been

made by Mittlefehldt (1994).
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The major minerals of the basaltic shergottites are clinopyroxenes pigeonite and
augite, and maskelynite, a diaplectic glass of plagioclase composition formed by shock
metamorphism (Stolper and McSween, 1979). All of these phases are zoned with the
pyroxenes containing with Fe-enriched rims and maskelynite containing Na-enriched rims.
Minor phases include titanomagnetite, ilmenite, fayalite, whitlockite, chlorapatite, and
pyrrhotite. In addition to the conventional shergottite phases, one of the two lithologies in
EETA 79001 (lithology "A") contains zoned xenocrysts of olivine, orthopyroxene and
chromite (McSween and Jarosewich, 1983). The other lithology in this sample (lithology
"B") is similar to Shergotty and Zagami. Harzburgites ALHA 77005 and LEW 88516
contain minerals of similar compositions to the xenocrysts in EETA 79001A, but the
composition of maskelynite, Fe-Ti oxides and phosphates are similar to the other
shergottites (Harvey et al., 1993; Ma et al., 1981; McSween et al., 1979b).

The nakhlites are made up largely of augite, with lesser amounts of olivine and
interstitial mesostasis. The mesostasis contains plagioclase (not maskelynite), alkali
feldspar, Fe-rich pigeonite and augite, and fayalitic olivine. Minor phases in the nakhlites
include titano‘magnetite with ilmenite lamellae, chlorapatite, and sulfides (Boctor et al.,
1976; Bunch ahd Reid, 1975; Burragato et al., 1975). The nakhlites contain a reddish-
brown mixture of hydrated clays and oxides (Bunch and Reid, 1975; Gooding et al., 1991;
Treiman et al., 1993) indicative of post-crystallization alteration (discussed further in
section 2.5).

The dunite Chassigny is composed primarily of olivine, with occasional augite,
orthopyroxene, and chromite. Plagioclase and alkali feldspar, chlorapatite, sulfides,
ilmenite, and rutile have been documented as interstitial phases in Chassigny (Floran et al.,
1978; Nehru et al., 1983). ALH 84001 contains predominantly homogeneous
orthopyroxene. Other phases include maskelynite, augite, chromite, apatite, pyrite and

Mg-Ca-Mn-Fe carbonate (Mittlefehldt, 1994).
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Although their mineralogy is variable, most (if not all) SNCs share a common
petrographic feature - cumulate textures. However, it is important to note that the grain
sizes of the SNCs are on the order of 1-3 mm. They are fine- to medium-grained rocks,
inconsistent with formation in plutonic settings like those of massive igneous layered
intrusions on the Earth (e.g., the Skaergaard intrusion). Moreover, Virtuélly all the
samples contain finer-grained mesostasis interstitial to the cumulus phases, probably
indicative of more rapid cooling at some stage in their history. Although (in my opinion)
no fully satisfying explanation for the physical mechanism and setting of SNC magma
emplacement has been described, the commonly held view is that they were emplaced in
shallow, tabular magma chambers or extruded as phenocryst-rich lava flows, with variable
amounts of crystallization and accumulation taking place prior to their final emplacerhent
(McSween, 1985).

As stated earlier, major element abundances in the SNCs are similar to those of
comparable terrestrial rocks (Boctor et al., 1976; Burghele et al., 1983; Burragato et al.,
1975; McCarthy et al., 1974; Smith et al., 1984). The exception to this is the presence of
high values o‘f‘Fe/(Fe+Mg), indicative of derivation of the SNCs from differentiated parent
magmas, or po;sibly from source rocks with high Fe/(Fe+Mg). Although not so closely
correspondent in their siderophile and chalcophile element abundances, the SNCs are also
remarkably similar to their terrestrial counterparts in their minor and trace element
compositions (Ma et al., 1981; McSween et al., 1979a; Nakamura et al., 1982a; Nakamura
et al., 1982b; Stolper and McSween, 1979; Stolper, 1979). An.example is shown in Fig.
2.1 where the abundance of selected trace elements for the shergottites are compared with
terrestrial basﬁalts (Stolper, 1979). Rare earth element (REE) patterns for the SNCs are
distinctive and highly fractionated. In general, the shergottites are light REE depleted and

the nakhlites and Chassigny light REE enriched (Nehru et al., 1983; Shih et al., 1982).
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2.3.2 Parental Magma Composition

Several approaches have been used to attempt to constrain the chemical compositions
of SNC parent magmas. Partial melting experiments on Shergotty and Zagami resulted in
probable source region compositions similar to the Earth's mantle (Stolper and McSween,
1979). Mineral compositions, experimental constraints and parameterization of liquidus
phase boundaries were used to calculate parental magma compositions for the nakhlites,
Chassigny and the xenocryst assemblage in EETA 79001A which were broadly similar to
basaltic komatiites (Longhi and Pan, 1989). However, since the SNCs are cumulate rocks,
obtaining information about the composition of their parent magmas is not straightforward.

Nearly all of the SNCs contain partially crystallized magmatic inclusions trapped
within olivine and pyroxene crystals as they grew from their parent melts (Floran et al.,
1978; Harvey and McSween, 1992; Harvey et al., 1993; Johnson et al., 1991; McCoy et
al., 1992; Treiman, 1985; Treiman, 1993). Some examples of SNC magmatic inclusions
are shown in Chapter 4, Fig. 4.1. The magmatic inclusions presumably sample the parent
magma and preserve, in some form, its chemical composition. Thus many workers have
attempted to use the magmatic inclusions to gain insight into the chemistry of SNC parent
melts (Harvey:md McSween, 1992; Harvey et al., 1993; Johnson et al., 1991; Treiman,
1985; Treiman, 1993). These studies assume the growing crystals trapped small volumes
of melt at an early stage of crystallization, isolating the melt from the parental magma.
Closed-system cooling is then assumed to produce further host-mineral crystallization,
followed by crystallization of daughter phases and quenching of glass. Thus, it should be
possible to calculate the composition of the parent melt (or at least an earlier melt than is
represented by the mineralogy of the bulk rock) by simply adding together the magmatic
inclusion composition and the appropriate amount of host-phase.

Determination of the bulk composition of the magmatic inclusions is complicated

because the they have partially crystallized to a variety of daughter phases including high-
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and low-Ca pyroxene, kaersutitic amphibole (the subject of the study presented in Chapter
4), Fe-Ti oxides, spinel, sulfides and phosphates (Floran et al., 1978; Harvey and
McSween, 1992; Harvey et al., 1993; Johnson et al., 1991; Treiman, 1985; Treiman,
1993). Two approaches have been used to calculate the inclusions compositions and
resulting parental melt compositions. Treiman (1993) used broad-beam or rastering
electron microprobe analyses to determine the average composition of magmatic inclusions
in Nakhla. Then, the amount of olivine added to this composition to complete an estimate
of the Nakhla parent magma composition was constrained by forcing the magma to be co-
saturated in olivine and augite (Treiman, 1993). Other workers have used electron
microprobe analyses of the individual daughter phases and host phases along with linear
regression techniques, constrained by requirements of mass balance and Mg/Fe equilibrium
between the host phase and the parent melt, to estimate the proportions of each inclusion
phase (including the host) in order to estimate the parental magma composition (Harvey and
McSween, 1992; Harvey et al., 1993; Johnson et al., 1991).

Several estimates of SNC parental melt composition, derived both from the magmatic
inclusion stud}es and other studies are shown in Fig. 2.2. The magmatic inclusion studies,
although some\what imprecise, all point to SNC parents which were Fe-rich, Al-poor
basalts. These determinations are consistent with the earlier-mentioned conclusions, based
on the similarity of the SNCs to their terrestrial counterparts with the exception of higher
indices of differentiation, that the SNCs appear to have been derived from an Fe-rich
terrestrial-like source region (McSween, 1985). It is tempting to try and relate all of the
SNCs to a common parent magma. However, based on the REE systematics and Sm/Nd
and Rb/Sr isotopic systematics of the samples, the shergottites are generally considered to
have formed from a different source region than the nakhlites and Chassigny (Nakamura et
al., 1982a; Nakamura et al., 1982b; Shih et al., 1982). Due to probable fractional

crystallization and possible magma mixing after the formation of the parental magmas of the
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meteorites by partial melting of the different source regions, it is difficult to define simple

relationships between most of the samples (McSween, 1985).

2.3.3 Shock Metamorphism

The shergottites are intensely shocked as evidenced by the complete conversion of
plagioclase to maskelynite and the presence of localized whole-rock impact melts, with
EETA 79001 showing the most pronounced melting effects. Estimates of the peak shock
pressures in the shergottites can be made using these observations as a guide. Shergotty
and Zagami are thought to have experienced shock pressures up to 30-35 GPa (Steele and
Smith, 1982) and bulk-rock melting may have required localized pressure upwards of 80
GPa (McSween, 1985). The intensity of shock for ALH 84001 was probably similar to
the shergottites since it contains maskelynite and "crushed zones" of apparent shock
derivation (Mittlefehldt, 1994).

Chassigny olivines and pyroxenes have documented effects of shock (Floran et al.,
1978) and peak shock pressures of 15-56 GPa have been estimated for this sample (Melosh
and Tfeiman? 1983). Perhaps surprisingly, the nakhlites are virtually unshocked

(McSween, 1985).

2.4 EVIDENCE FOR MARTIAN ORIGIN

Many authors began to propose a non-asteroidal origin for the SNCs starting in the
late 1970s, based on their young igneous crystallization ages (presented in section 2.4.2)
and their remarkable similarity to terrestrial igneous rocks. However, the first direct
evidence of martian origin was cited by McSween and Stolper (1980). They noted the
similarity of the shergottite bulk composition to the composition of the martian soil as
measured by the Viking landers (Baird and Clark, 1981; McSween and Stolper, 1980).

Since then several authors have summarized the arguments for martian origin of the SNCs
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(McSween, 1985; Wood and Ashwal, 1981). Most of the arguments infer a planetary
origin for the rocks, without being directly tied to the planet Mars. The evidence for
planetary origin is summarized below and includes inferential geochemical arguments
(section 2.4.1), young igneous crystallization ages compared to other meteorites (section
2.4.2) and distinctive oxygen isotopic composition (section 2.4.3). The only evidence that
ties the SNCs directly to Mars (other than the Viking soil comparison discussed above) is
the composition of gases trapped in impact melt glasses of Antarctic shergottite EETA
79001. These gases appear to represent a sample of the ambient atmosphere at the time of
meteorite ejection and resemble with remarkable accuracy the composition of the current
martian atmosphere as analyzed by Viking. The shock-glass data are discussed in section
2.4.4. Finally, assuming the SNCs do in fact come from Mars, I discuss the feasibility of
ejection from that planet in the context of SNC cosmic-ray exposure ages and shock

histories in section 2.4.5.

2.4.1 Geochemical Arguments

Only-a limited sample of the types of geochemical arguments that have been used to
infer a non-as?eroidal origin for the SNCs are included here. The data presented in the
three sections following this one represent the best arguments for martian origin. As stated
earlier, the complexity of the SNC petrogenesis as evidenced by REE and isotopic data has
been used as an argument against an asteroidal origin for the samples (Longhi, 1991; Ma et
al., 1981; Nakamura et al., 1982a; Nakamura et al., 1982b; Shih et al., 1982), since
several periods of melting and differentiation would be required to produce the observed
trace element gnd isotopic systematics. Additionally, the presence of cumulus pyroxenes in
the shergottites has been used to suggest a planetary origin since calculations showed that
the small crystals could have segregated from their parent melts only under the influence of

a planetary (i.e., large) gravitational field (Grimm and McSween, 1982).
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2.4.2 Igneous Crystallization Ages

The formation ages of virtually all non-SNC (and non-lunar) meteorites are near 4.5
billion years (Ga), the approximate age of the solar system. These samples are presumed
to have formed on asteroidal parent bodies where the heat source for melting was the decay
of short-lived radionuclides. Due to their small size, asteroids are thought to be unable to
retain this heat beyond very early in solar system history, thus explaining the ancient ages
of asteroid-produced meteorites. Quite in contrast to this, the SNC meteorites have
crystallization ages of ~1.3 Ga or younger. This fact, coupled with the apparent
relationship between planet size and duration of volcanic activity (McSween, 1985;
McSween and Stolper, 1980), shown in Fig. 2.3, is probably the strongest argument for a
planetary origin of the SNCs. Put simply, in order for a parent body to have retained
enough of its heat to produce partial melts at 1.3 Ga or later, the body must have been
planet-sized.

A large variety of dating techniques have been used to determine the ages of the SNC
meteofitesain_ciluding U-Th-Pb, Sm-Nd, Rb-Sr, Re-Os, and K (and Ar)-Ar. For the
nakhlites and Chassigny, both whole rock and mineral separate data point to a well-
constrained crystallization age of ~1.3 Ga (Bogard and Husain, 1977; Bogard and Nyquist,
1979; Nakamura et al., 1982b; Papanastassiou and Wasserburg, 1974; Wooden et al.,
1979). Unfortunately, due to the presence of intense shock effects, the chronology of the
shergottites is complicated and remains controversial. Whole-rock Sm-Nd isochrons
indicate an age of ~1.3 Ga for the shergottites (Nyquist et al., 1984), but internal isochrons
based on mineral separates yield Rb-Sr, Sm-Nd, and U-Th-Pb ages of approximately 180
million years (Ma) (Chen and Wasserburg, 1986; Jagoutz and Wanke, 1986; Shih et al.,
1982). Plagioclase shock melts and their associated crystallization products record an age

of ~15 Ma for ALHA77005, similar to the cosmic ray exposure age of this sample
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(Jagoutz, 1989). Initial results indicate that ALH 84001 may have a crystallization age >4
Ga (Jagoutz et al., 1994). However, these results are extremely preliminary at this time
and will not enter further into the following discussion. |

The seemingly conﬂictiﬂg chronologic data for the shergottites summarized above has
been interpreted in several ways. Until recently, it is my belief that it was generally
accepted that the shergottites crystallized at 1.3 Ga, consistent with the whole-rock Sm-Nd
ages, and identical to the timing of crystallization of the nakhlites and Chassigny. In this
view the 180 Ma ages are shock resetting ages corresponding to the formation of the
maskelynite and other shock features observed in the shergottites. It is then logical to
assume that this shock event was the one that ejected the shergottites (and probably the
nakhlites and Chassigny) from Mars in the form of large boulders which were
subsequently broken up in space to account for the significantly younger cosmic ray
exposure ages of the SNCs. The exposure ages are ~0.5 Ma for EETA 79001, ~2.5 Ma
for the remaining shergottites, and ~11 Ma for the nakhlites and Chassigny (Bogard et al.,
1984 Nishiizumi et al., 1986). This scenario is attractive because it allows all of the SNCs
to have crystallized around the same time and to have been ejected in one cratering event.
However, somg authors disagree with this interpretation and maintain that the 180 Ma age
is the crystallization age of the shergottites (Jagoutz, 1989; Jones, 1986; Longhi, 1991) and
that the samples were ejected from Mars only a few million years ago, in accordance with
their exposure ages. Jones (1986) presents rather convincing arguments for the 180 Ma
crystallization age of the shergottites, based largely on the preservation of such geochemical
signatures as major and trace element zoning which should have been disturbed by the
shock event if the isotopic systematics were so affected. It has been my observation that
the community is beginning to accept the 180 Ma age as a crystallization age and that S #
NC in age, as well as for other mineralogic and geochemical signatures previously

discussed (Longhi, 1991; Treiman, 1994).
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It is important to note that, despite the complications encountered when interpreting
the shergottite chronologic data, it seems assured that the SNCs (with the possible
exception of ALH 84001) crystallized no earlier than ~1.3 billion years ago, thus assuring

their unique place among all meteorites.

2.4.3 Oxygen Isotopic Composition

Anbther clue that the SNCs are unique among the meteorites currently in the world's
collections comes from measurements of their oxygen isotopic compositions. Various
groups of achondrites, and terrestrial and lunar samples have characteristic values of
180/160 and 170/160. These values reflect not only the processes that formed these rocks
on their parent bodies, but indeed define a unique composition of the parent body itself.
For example, all terrestrial and lunar samples lie along a line on a "three-isotope plot,” a
plot of 3170 versus 8180 (where the § notation is defined in Eqn. 1-1), of approximately
slope 1/2, reflecting the fractionation of isotopes by various geologic processes in a mass-
dependent way. All samples from the same parent body should lie along such mass-
fractionation lgles, however the initial oxygen isotopic composition of the parent body will
define the precise location of the fractionation line on the three-isotope plot. As shown in
Fig. 2.4, the SNCs define a mass fractionation line parallel to but clearly distinct from the
line defined by terrestrial and lunar samples, as well as that defined by the eucrites (Clayton
and Mayeda, 1983). The shift in this line has been described by the excess of 8170 at any
value of 8180, known as the value of A170. The SNCs have an average A170 value of
+0.3.

The oxygen isotope measurements provide a "fingerprint" for the SNCs, and are a
unique feature of this group of samples. Indeed, when it was suspected that ALH 84001
was an SNC, measurement of its oxygen isotopic composition confirmed its association

with the SNC group (Mittlefehldt, 1994). In summary, from the oxygen isotope
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measurements, it is clear that the SNCs were formed on a different parent body than other

igneous meteorites and also that they were not formed on the Earth or the Moon.

2.4.4 Trapped Gases

As stated earlier, the only evidence that directly ties the SNCs to the planet Mars
comes from the composition of gases trapped in shock-produced melt (i.e., impact melt)
found in Antarctic shergottite EETA 79001, which occurs as pockets and veins of
quenched glass in the sample. The unusual gases were discovered by Bogard and Johnson
(1983) while they were attempting to date the glass with the K-Ar technique. The authors
discovered that the glass contained larger concentrations of 40Ar and 36Ar than could be
attributed to the decay of K or to cosmic ray interactions with the sample. This led them to
study the nature of the noble gases contained in the shock glass. The results of this and a
subsequent study (Bogard and Johnson, 1983; Bogard et al., 1984) showed that the glass
contained a trapped component whose elemental and isotopic abundances of Ar, Kr, Xe
and possibly Ne are similar to the noble gases present in the martian atmosphere as
measured by \]\iking (Owen et al., 1977).

This discovery suggested another experiment, namely, to measure the isotopic
composition of nitrogen in the glass sample since the martian atmosphere was known to
contain nitrogen enriched in 15N relative to Earth, with a 81°NAIR value of +620 + 160
(Nier and McElroy, 1977). The results of these measurements are shown in Fig. 2.5.
Although not as !5N-enriched as the current martian atmosphere;, the combination of the N
and Ar data place the shocked glass samples unequivocally on a mixing line between the
martian atmosphere and a component similar in composition to the terrestrial atmosphere,
which is essentially indistinguishable (in N and Ar) from the composition of gases in EETA
79001 lithology A (Becker and Pepin, 1984; Wiens et al., 1986). Thus the low 315N

component represents either terrestrial contamination or contributions of the gas contained
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in the crystalline EETA 79001 (lithology A) sample. In fact, the relative and absolute
abundances of many noble gases, Np and CO3 in EETA 79001 and the martian atmosphere
are identical within error (Pepin, 1985; Wiens and Pepin, 1988), as shown in Fig. 2.6. It
has been experimentally shown that it is possible to implant noble gases into samples by
shock without fractionation (Wiens and Pepin, 1988) , adding credence to the hypothesis
that the unusual trapped component could be a sample of the martian atmosphere at the time
the sample was ejected.

The gases in the crystalline portions of the SNCs show various proportions of this
unusual component. It is generally observed that the crystalline shergottites lie on a mixing
line between the EETA 79001 gases and what are thought to be gases characteristic of the
martian interior as sampled by Chassigny (Ott, 1988; Ott and Begemann, 1985). Nakhla
does not fall on this mixing line, but its noble gas signature may have been affected by the
same events that produced the abundant hydrous alteration products in the nakhlites
(discussed below) (Drake et al., 1993).

Assuming all of the SNCs came from the same parent body (based on the oxygen
isotope measurements presented above), the remarkable correlation of the gases trapped in
EETA 79001 v;ith the composition of the martian atmosphere (Fig. 2.6) provides extremely
strong evidence that the samples were ejected from the planet Mars. It should be noted that
there are no other known solar system reservoirs that could produce the gas signature

observed in the EETA 79001 glass.

2.4.5 Ejection of Samples from Mars
Although impact is the only plausible means of ejecting samples from Mars, one of
the continuing difficulties with a martian origin for the SNCs is the actual conditions and
timing of their ejection. When the hypothesis of martian origin for the SNCs was initially

considered, one of the strongest arguments against it was the apparent lack of meteorites
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from the Moon. It seems logical that if no lunar meteorites had managed to make their way
to Earth, then it would be impossible to have martian meteorites. Since that time, on the
order of 10 lunar meteorites have been reported, largely from the Antarctic meteorite
c‘ollections (Eugster, 1989). These samples were relatively easily recognized as being of
Junar origin based on the knowledge of Moon rocks obtained from study of the Apollo
samples. Although the problem is complicated and a consensus has not been reached,
many authors have attempted to construct ejection scenarios to account for the SNCs young
crystallization ages, even younger COSIIC ray exposure ages, and differing degrees of
shock metamorphism (Bogard et al., 1984, Melosh, 1985; Nyquist, 1984; O'Keefe and
Ahrens, 1986; Vickery and Melosh, 1987). Also, there have been several attempts to
locate parent craters for the SNCs (McSween, 1985; Mouginis-Mark et al., 1992; Nyquist,
1983; Wood and Ashwal, 1981), since their young ages likely constrain their area of origin
to be the young volcanic units in the Tharsis region of Mars.

The timing of ejection is complicated by the controversy over the 180 Ma age of the
shergottites, compared with the exposure ages of between 0.5 and 2.5 Ma. The simplest
three séenario‘s for SNC ejection, as summarized by Vickery and Melosh (1987) are as
follows. (1) Tiie 180 Ma age represents a shock age, and all the SNCs were ejected at this
time in large blocks which were subsequently broken up in space to produce the variable
exposure ages. (2) The 180 Ma age is a crystallization age and the SNCs were ejected at
10 Ma in a single event and the shergottites were produced by break-up of a larger fragment
to explain their younger exposure ages. (3) All samples were ejected at times
corresponding to their cosmic ray exposure ages. None of these scenarios satisfactorily
explains all the data, especially when estimates of the size of the crater needed to eject the
SNCs (~10 - 100 km, depending on the researcher) is compared to the estimated cratering
flux. That is, it seems unlikely that two or three separate events would sample only the

youngest rocks on Mars, when these rocks cover only a small percentage of the planet's



43

surface. Put another way, if recent impacts are common enough to get martian samples to
the Earth, why are there no examples of the more extensive ancient cratered terrains in the
martian meteorites collection? In my opinion, this argues for a single, large cratering event
that ejected all the samples, as suggested by Vickery and Melosh (1985). However, as
stated earlier, the problem of ejection from Mars remains perhaps the most controversial

and most poorly constrained aspect of the history of the SNC meteorites.

2.5 HYDROUS PHASES

The original research presented in Chapters 3 and 4 of this thesis comprises a study
of the D/H of hydrous phases in the SNC meteorites. Thus, to conclude the overview of
the meteorite samples, I present below a summary of the occurrence and origin of the
hydrous phases in the SNC meteorites. The hydrous phases can be divided into two types.
Hydrous phases that crystallized directly from the SNC melts (i.e., primary igneous
hydrous phases) are discussed in section 2.5.1. Hydrous phases produced by secondary
alteration, after the samples crystallized, are discussed in section 2.5.2.

2.5.1 Primary‘lgneous Hydrous Phases

Primary igneous hydrous phases are relatively rare in meteorites, so their occurrence
in the SNCs is yet another unique attribute of these samples. Kaersutitic (Ti-rich)
amphibole, observed only within the partially crystallized magmatic inclusions discussed in
section 2.3.2, was first reported in Chassigny by Floran et al. (1978). These authors state
that the only other meteoritic amphibole occurrences are fluororichterites in two iron
meteorites, an enstatite chondrite, and an enstatite achondrite (Graham et al., 1976; Olsen,
1967; Olsen et al., 1973). Kaersutite was reported in Shergotty and Zagami inclusions by
Treiman (1985). Johnson et al. (1991) attempted to constrain the history of the Chassigny

parent magma by performing kaersutite stability experiments (although they were not
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successful at synthesizing kaersutites of the same composition as the Chassigny amphibole)
and calculations of parental magma composition. Johnson et al. (1991) also made another
interesting discovery, namely, a single 15 pm biotite grain in one of the larger Chassigny
inclusions they studied. D/H and water content measurements of several shergottite and
Chassigny amphiboles and the single biotite grain are reported in Chapter 4 of this thesis,
and the chemical compositions of these phases are given in Table 4.1. A 3 pm kaersutite
grain has also been reported in a magmatic inclusion in the Governador Valaderez nakhlite
(Harvey and McSween, 1992), but its identification as a kaersutite is in question (R. P.
Harvey, personal communication).

Although no previous measurements of the water content of the kaersutites and biotite
have been made, they were generally assumed to be hydrous based on low totals from
electron microprobe analyses and qualitative ion microprobe measurements (Floran et al.,
1978; Johnson et al., 1991; Treiman, 1985). Based on the crystallization sequence in the
inclusions, it was thought that the amphiboles (and biotite) were stabilized as a result of the
crystallization of anhydrous pyroxene and/or olivine until a sufficient amount of water was
concentrated in the melt (Johnson et al., 1991; McSween and Harvey, 1993).

The only\other significant igneous hydrous phase in the SNCs is apatite. Apatite
reportedly occurs both within magmatic inclusions in the nakhlites and Chassigny (Harvey
and McSween, 1992; Johnson et al., 1991; Treiman, 1993), and in the groundmass of
most of the SNCs (Bunch and Reid, 1975; Floran et al., 1978; McSween, 1985;
Mittlefehldt, 1994). A large proportion of the apatite grains, both inside and outside the
magmatic inclusions are extremely small (<1-5 pm) and thus difficult to study. However,
~ large (up to ~_1 mm) grains have been discovered in a late-stage lithology of Zagami,
inferred to have crystallized from a more volatile-rich melt than "normal" Zagami (McCoy
et al., 1993). D/H and water content measurements on one apatite grain in a late-stage

Zagami sample are also reported in Chapter 4.
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2.5.2 Secondary Alteration

In addition to the primary hydrous phases, the SNCs show evidence of secondary
alteration processes that produced hydrous products. The most extreme example is found
in the nakhlites, which are visibly altered to a reddish-brown material observed along
fractures and grain boundaries, and in the mesostasis regions. This alteration was
originally described (Bunch and Reid, 1975) as resembling terrestrial iddingsite (Wilshire,
1958), but no detailed mineralogic information on the alteration was presented. More
recently, detailed SEM and TEM studies have revealed that the alteration comprises a
mixture of Fe-rich smectite clays, anhydrous Fe-oxides, and ferrihydrite, and also contains
Ca-rich carbonates and sulfates (Gooding et al., 1991; Treiman et al., 1993). These
authors have argued that the alteration is pre-terrestrial (i.e., occurred before the sample fell
to Earth) based on the truncation and apparent devolatilization of the veins as they closely
approach the meteorites' fusion crust. I present unequivocal evidence that the alteration is
pre-terrestrial, through the study of hydrogen isotopes in the hydrous alteration products,
in Chapter 3 of this thesis. The temperature and conditions of formation of the alteration
are unknown, ;/ith estimates of the temperature of formation ranging from ~300-400°C
(Gooding et al., 1991) to less than 100°C (Treiman et al., 1993).

Carbonate and sulfate salts, thought to be pre-terrestrial in origin, have been reported
in shergottite EETA 79001 (Gooding et al., 1988) and Chassigny (Wentworth and
Gooding, 1991). Although the sulfate phases may contain hydrogen (i.e., gypsum), no
hydrous silicates comparable to those observed in the nakhlites have been reported in these
samples (Goqding, 1992). Carbonate is more abundant in SNC orthopyroxenite ALH

84001 than in any other SNC as evidenced by its relatively common occurrence in thin

section (Mittlefehldt, 1994).
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Although specific details of the physical setting in which the alteration took place are
unknown, the mineralogical evidence presented in this section suggests that all of the SNCs
may have interacted (albeit to varying degrees) with fluids on their parent body after they

crystallized. The hydrogen evidence presented in Chapter 3 strengthens this suggestion.

2.6 SUMMARY

In summary, the 10 SNC (or martian) meteorites are igneous rocks that are
remarkably similar to their terrestrial counterparts. Their young igneous crystallization ages
and oxygen isotopic composition are further unique features of the SNC association. The
composition of gases trapped in shock-derived glass in antarctic shergottite EETA 79001
provide convincing evidence that the samples were ejected from the planet Mars.
Assuming that the SNCs are indeed martian samples, the study of their hydrous phases

could teveal otherwise unobtainable insights into martian volatile evolution.

2.7 REFERENCES
Baird, A. K and Clark, B. C. (1981) On the original igneous source of martian fines.
Icarus 45, 113-123.

Becker, R. H. and Pepin, R. O. (1984) The case for a martian origin of the shergottites:
Nitrogen and noble gases in EETA79001. Earth Planet. Sci. Lett. 69, 225-242.

Boctor, N. W., Meyer, H. O. and Kullerud, G. (1976) Lafayette meteorite: Petrology and
opaque mineralogy. Earth Planet. Sci. Lett. 32, 69-76.

Bogard, D. D. and Husain, L. (1977) A new 1.3 acon-young achondrite. Geophys. Res.
Lett. 4, 69-71.

Bogard, D. D. and Johnson, P. (1983) Martian gases in an Antarctic meteorite. Science
221, 651-654.

Bogard, D. D. and Nyquist, L. E. (1979) 39 A1/40Ar chronology of related achondrites.
Meteoritics 14, 356.



47

Bogard, D. D., Nyquist, L. E. and Johnson, P. (1984) Noble gas contents of shergottites
and implications for the martian origin of SNC meteorites. Geochim. Cosmochim.
Acta 48, 1723-1739.

Bunch, T. E. and Reid, A. M. (1975) The nakhlites part I: Petrography and mineral
chemistry. Meteoritics 10, 303-315.

Burghele, A., Dreibus, G., Palme, H., Rammensee, W., Spettel, B., Weckwerth, G. and
Wanke, H. (1983) Chemistry of shergottites and the shergottite parent body (SPB):
Further evidence for the two component model of planet formation. Lunar Planet.
Sci. XIV, 80-81.

Burragatd, F., Cavarretta, G. and Funiciello, R. (1975) The new Brazilian achondrite of
Governador Valaderez (Minas Gerais). Meteoritics 10, 374-375.

Chen, J. H. and Wasserburg, G. J. (1986) Formation ages and evolution of Shergotty and
its parent planet from U-Th-Pb systematics. Geochim. Cosmochim. Acta 50, 955-
968.

Clayton, R. N. and Mayeda, T. K. (1983) Oxygen isotopes in eucrites, shergottites,
nakhlites, and chassignites. Earth Planet. Sci. Lett. 62, 1-6.

Drake, M. J., Owen, T., Swindle, T. and Musselwhite, D. (1993) Noble gas evidence of
an aqueous reservoir near the surface of Mars more recently than 1.3 Ga. Lunar
Planet. Sci. XXIV, 431-432.

Eugster, O. (1989) History of meteorites from the Moon collected in Antarctica. Science
245, 1197-1202.

Floran,\ R. J., Prinz, M., Hilava, P. F., Keil, K., Nehru, C. E. and Hinthorne, J. R.
(1978) The Chassigny meteorite: A cumulate dunite with hydrous amphibole-
bearing-melt inclusions. Geochim. Cosmochim. Acta 42, 1213-1229.

Gooding, J. L. (1992) Soil mineralogy and chemistry on Mars: Possible clues from salts
and clays in SNC meteorites. Icarus 99 28-41.

Gooding, J. L., Wentworth, S. J. and Zolensky, M. E. (1988) Calcium carbonate and
sulfate of possible extraterrestrial origin in the EETA 79001 meteorite. Geochim.
Cosmochim. Acta 52, 909-915.

Gooding, J. L., Wentworth, S. J. and Zolensky, M. E. (1991) Aqueous alteration of the
Nakhla meteorite. Meteoritics 26, 135-143.

Graham, A. L., Easton, A. J., Bevan, A. W. R. and R., H. (1976) The Mayo Belwa
(Nigeria) aubrite. Meteoritics 11, 292.

Grimm, R. W. and McSween, H. Y., Jr. (1982) Numerical simulation of crystal
fractionation in shergottite meteorites. In Proc. Lunar Planet. Sci. Conf. 13th, Part
1. J. Geophys. Res. 87, suppl. (pp. A385-A392).



48

Harvey, R. P. and McSween, H. Y., Jr. (1992) The parent magma of the nakhlite
meteorites: Clues from melt inclusions. Earth Planet. Sci. Lett. 111, 467-482.

Harvey, R. P., Wadhwa, M., McSween, H. Y., Jr. and Crozaz, G. (1993) Petrography,
mineral chemistry, and petrogenesis of antarctic shergottite LEW88516. Geochim.
Cosmochim. Acta 57, 4769-4783.

Jagoutz, E. (1989) Sr and Nd isotopic systematics in ALHA 77005: Age of shock
metamorphism in shergottites and magmatic differentiation on Mars. Geochim.
Cosmochim. Acta 53, 2429-2441.

Jagoutz, E., Sorowka, A., Vogel, J. D. and Wanke, H. (1994) ALH 84001: Alien or
progenitor of the SNC family? Meteoritics 29, 478-479.

Jagoutz, E. and Wanke, H. (1986) Sr and Nd systematics of Shergotty meteorite.
Geochim. Cosmochim. Acta 50, 939-953.

Johnson, M. C., Rutherford, M. J. and Hess, P. C. (1991) Chassigny petrogenesis: Melt
compositions, intensive parameters, and water contents of martian (?7) magmas.
Geochim. Cosmochim. Acta 55, 349-366.

Jones, J. H. (1986) A discussion of isotopic systematics and mineral zoning in the
shergottites: Evidence for a 180 m.y. igneous crystallization age. Geochim.
Cosmochim. Acta 50, 969-977.

Longhi, J. (1991) Complex magmatic processes on Mars: Inferences from the SNC
meteorites. In Proc. Lunar Planet. Sci. Conf. 21st. (pp. 695-709).

Longhi, J. and Pan, V. (1989) The parent magmas of the SNC meteorites. In Proc. Lunar
Planet. Sci. Conf. 19th. (pp. 451-464).

Ma, M.—S.,‘ Laul, J. C. and Schmitt, R. A. (1981) Complimentary rare earth element
patterns in unique achondrites, such as ALHA77005 and shergottites, and in the
Earth. In Proc. Lunar Planet. Sci. Conf. 12th. (pp. 1349-1358).

McCarthy, T. S., Erlank, A. J., Willis, J. P. and Ahrens, L. H. (1974) New chemical
analyses of six achondrites and one chondrite. Meteoritics 9, 215-222.

McCoy, T. J., Keil, K. and Taylor, G. J. (1993) The dregs of crystallization in Zagami.
Lunar Planet. Sci. XXIV, 947-948.

McCoy, T. J., Taylor, G. J. and Keil, K. (1992) Zagami: A product of a two-stage
magmatic history. Geochim. Cosmochim. Acta 56, 3571-3582.

" McSween, H. Y., Jr. (1985) SNC meteorites: Clues to martian petrogenic evolution?
Rev. in Geophys. 23, 391-416.

McSween, H. Y., Ir. and Harvey, R. P. (1993) Outgassed water on Mars: Constraints
from melt inclusions in SNC meteorites. Science 259, 1890-1892.



49

McSween, H. Y., Jr. and Jarosewich, E. (1983) Petrogenesis of the Elephant Moraine
A79001 meteorite: Multiple magma pulses on the shergottite parent body.
Geochim. Cosmochim. Acta 47, 1501-1513.

McSween, H. Y., Jr. and Stolper, E. M. (1980, June). Basaltic meteorites. Sci. Amer., p.
54-64.

McSween, H. Y., Jr., Stolper, E. M., Taylor, L. A., Muntean, R. A., O'Kelley, G. D,,
Eldridge, J. S., Biswas, S., Ngo, H. T. and Lipschutz, M. E. (1979a)
Petrogenetic relationship between Allan Hills 77005 and other achondrites. Earth
Planet. Sci. Lett. 45, 275-284.

McSween, H. Y., Jr., Taylor, L. A. and Stolper, E. M. (1979b) Allan Hills 77005: A
new meteorite type found in Antarctica. Science 204, 1201-1203.

Melosh, H. J. (1985) Ejection of rock fragments from planetary bodies. Geology 13,
144-148.

Melosh, H. J. and Treiman, A. H. (1983) Olivine composition glass in the Chassigny
meteorite. EOS Trans. AGU 64, 253.

Mittlefehldt, D. W. (1994) ALH84001, a cumulate orthopyroxenite member of the martian
meteorite clan. Meteoritics 29, 214-221.

Mouginis-Mark, P. J., McCoy, T. J., Taylor, G. J. and Keil, K. (1992) Martian parent
craters for the SNC meteorites. J. Geophys. Res. 97, 10213-10225.

Nakamura, N., Komi, H. and Kagami, H. (1982a) Rb-Sr isotopic and REE abundances in
the Chassigny meteorite. Meteoritics 17, 257-258.

Nakamhra,-» N., Unruh, D. M., Tatsumoto, M. and Hutchison, R. (1982b) Origin and
evolution of the Nakhla meteorite inferred from the Sm-Nd and U-Pb systematics
and REE, Ba, Sr, Rb abundances. Geochim. Cosmochim. Acta 46, 1555-1573.

Nehru, C. E., Prinz, M. and Delaney, J. S. (1983) Brachina: A new type of meteorite, not
a chassignite. In Proc. Lunar Planet. Sci. Conf. 14th, Part 1. J. Geophys. Res.
88, Suppl. (pp. B237-B244).

Nier, A. O. and McElroy, M. B. (1977) Composition and structure of Mars' upper
atmosphere: Results from the neutral mass spectrometers on Viking 1and 2. J.
Geophys. Res. 82, 4341-4349. :

Nishiizumi, K., Klein, J., Middleton, R., Elmore, D., Kubik, P. W. and Arnold, J. R.
(1986) Exposure history of shergottites. Geochim. Cosmochim. Acta 50, 1017-
1021.

Nyquist, L. E. (1983) Do oblique impacts produce martian meteorites? In Proc. Lunar
Planet. Sci. Conf. 13th. (pp. A785-A798).




50

Nyquist, L. E. (1984) The oblique impact hypothesis and relative probabilities of lunar and

martian meteorites. In Proceedings of the Fourteenth Lunar and Planetary Science
Conference. Part 2. J. Geophys. Res. 89 (pp. B631-B640).

Nyquist, L. E., Wooden, J., Bansal, B., Wiesmann, H. and Shih, C.-Y. (1984) Sr and
Nd isotopic systematics of EETA 79001. Meteoritics 19, 284.

O'Keefe, J. D. and Ahrens, T. J. (1986) Oblique Impact: A process for obtaining
meteorite samples from other planets. Science 234, 346-349.

Olsen, E. (1967) Amphibole: First occurrence in a meteorite. Science 156, 61-62.

Olsen, E., Huebner, J. S., Douglas, J. A. V. and Plant, A. G. (1973) Meteoritic
amphiboles. Am. Mineral. 58, 869-872.

Ott, U. (1988) Noble gases in SNC meteorites: Shergotty, Nakhla, Chassigny. Geochim.
Cosmochim. Acta 52, 1937-1948.

Ott, U. and Begemann, F. (1985) Are all the "martian" meteorites from Mars? Nature
317, 509-512.

Owen, T., Biemann, K., Rushneck, D. R., Biller, J. E., Howarth, D. W. and Lafleur, A.
L. (1977) The composition of the atmosphere at the surface of Mars. J. Geophys.
Res. 82, 4635-4639.

Papanastassiou, D. A. and Wasserburg, G. J. (1974) Evidence for late formation and
young metamorphism in the achondrite Nakhla. Geophys. Res. Lett. 1, 23-26.

Pepin, R. O. (1985) Evidence of martian origins. Nafure 317, 473-475.

Prior, G. T. (1912) The meteoric stones of El Nakhla El Baharia (Egypt). Min. Mag. xvi,
274-281.

Shih, C.-Y., Nyquist, L. E., Bogard, D. D., McKay, G. A., Wooden, J. L., Bansal, B.
M. and Weismann, H. (1982) Chronolgy and petrogenesis of young achondrites
Shergotty, Zagami and ALHA 77005: Late magmatism on a geologically active
planet. Geochim. Cosmochim. Acta 46, 2323-2344.

Smith, M. R., Laul, J. C., Ma, M.-S., Huston, T., Verkouteren, R. M., Lipschutz, M. E.
and Schmitt, R. A. (1984) Petrogenesis of the SNC (shergottites, nakhlites,
chassignites) meteorites: Implications for their origin from a large dynamic planet,
possibly Mars. In Proc. Lunar Planet. Sci. Conf. 15th, Part 2. J. Geophys. Res.
89, suppl. (pp. B612-B630).

" Steele, I. M. and Smith, J. V. (1982) Petrography and mineral chemistry of two basalts
and olivine-pyroxene-spinel fragments in achondrite EETA79001. In Proc. Lunar
Planet. Sci. Conf. 13th, Part 1. J. Geophys. Res. 87, suppl. (pp. A375-A384).

Stolper, E. and McSween, H. Y., Jr. (1979) Petrology and origin of the shergottite
meteorites. Geochim. Cosmochim. Acta 43, 1475-1498.



51

Stolper, E. M. (1979) Trace elements in shergottite meteorites: Implications for the origins
of planets. Earth Planet. Sci. Lett. 42, 239-242.

Treiman, A. H. (1985) Amphibole and hercynite spinel in Shergotty and Zagami:
Magmatic water, depth of crystallization, and metasomatism. Meteoritics 20, 229-
243.

Treiman, A. H. (1993) The parent magma of the Nakhla (SNC) meteorite, inferred from
magmatic inclusions. Geochim. Cosmochim. Acta 57, 4753-4767.

Treiman, A. H. (1994) Two source areas for the SNC meteorites: Petrologic, chemical and
chronologic evidence. Lunar Planet. Sci. XXV, 1413-1414.

Treiman, A. H., Barrett, R. A. and Gooding, J. L. (1993) Preterrestrial aqueous alteration
of the Lafayette (SNC) meteorite. Meteoritics 28, 86-97.

Vickery, A. M. and Melosh, H. J. (1987) The large crater origin of SNC meteorites.
Science 237, 738-743.

Wentworth, S. J. and Gooding, J. L. (1991) Carbonate and sulfate minerals in the
Chassigny meteorite. Meteoritics 26, 408-409.

Wiens, R. C., Becker, R. H. and Pepin, R. O. (1986) The case for a martian origin of the
shergottites, II. Trapped and indigenous gas components in EETA 79001. Earth
Planet. Sci. Lett. 77, 149-158.

Wiens, R. C. and Pepin, R. O. (1988) Laboratory shock emplacement of noble gases,
nitrogen, and carbon dioxide into basalt, and implications for trapped gases in
shergottite EETA 79001. Geochim. Cosmochim. Acta 52, 295-307.

Wilshire, H. G. (1958) Alteration of olivine and orthopyroxene in basic lavas and shallow
intrusions. Am. Mineral. 43, 120-147.

Wood, C. A. and Ashwal, L. D. (1981) SNC meteorites: Igneous rocks from Mars? In
Proc. Lunar Planet. Sci. Conf. 12th. (pp. 1359-1375).

Wooden, J. L., Nyquist, L. E., Bogard, D. D., Bansal, B. M., Wiesmann, H., Shih, C.-
Y. and McKay, G. A. (1979) Radiometric ages for the achondrites Chervony Kut,
Governador Valaderez and Allan Hills 77005. Lunar Sci. X, 1380-1381.



52

1%
1%~ K P
Ni. ®
100 [~ Cu
7 n
— Ga o
% 10| Rb.
E Ippm CGe
& e S *s5
= 100 |- I r
% B T e® Se
= 10f ® /Ag
o Au
= b
AR
.II‘
.01 ppb | | | | I l | I
Olppb .1 lppb 10 100 1ppm 10 100 .1% 1%
Shergottites
Figure 2.1.

A comparison of trace element abundances in shergottites to those in average terrestrial
basalts as compiled by Stolper (1979). The diagonal line represents a 1:1 correlation. All

abundances are weight fractions.
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A summary of proposed parental magma compositions for the SNC meteorites, modified
from Treiman (1993). The projection is after Longhi (1991) and displays compositions
calculated in oxygen units of olivine (Ol), wollastonite (Wo), orthopyroxene (Opx), and
plagioclase (P1). The compositions are projected from Ol onto the Wo, Opx, P1 plane. The
liquidus phase\field boundaries are from Longhi (1991). Proposed parental magma
compositions are: SZ, Shergotty and Zagami, from Stolper and McSween (1979); Eg,
EETA 79001, from Longhi and Pan (1989); NKT, Nakhla, from Treiman (1993); NKH,
GVH, and NAH, Nakhla, Governador Valaderez, and an average nakhlite composition,
respectively, from Harvey and McSween (1992); NKL, Nakhla, recalculated from Longhi
and Pan (1989) by Treiman (1993) using correct core augite compositions; CL, Chassigny,
~ from Longhi and Pan (1989); and CJ, Chassigny, from Johnson et al. (1991). Treiman
(1993) concludes that the likely parental magma composition of the nakhlites projects inside

the dashed ellipse.
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Apparent correlation between planet size and the duration of volcanic activity presented by
A McSween and Stolper (1980) and McSween (1985). As discussed in the text, the range of
possible ages-for the SNC meteorites are ~180 Ma to 1.3 Ga, shown by the heavy box.
The ages argue for the origin of SNCs from a large planet. The estimates of the duration of

volcanic activity on the planets were determined from crater counting on volcanic units.
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Figure 2.4.

Three-isotope plot showing the oxygen isotopic composition for selected SNC meteorites
after Clayton and Mayeda (1983). The samples are grouped along a mass-fractionation line
of approximately slope 1/2, suggesting origin from a common parent body. In order of
increasing 8180 the data points represent the following whole-rock samples: Chassigny,
EETA 79001A, EETA 79001B, Zagami, Nakhla, Shergotty, and Lafayette. Also shown
~ are similar mass—fractionation lines determined for terrestrial (plus lunar) samples and

eucrites.
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The isotopic composition of nitrogen versus *0Ar/14N for three glass samples from
Antarctic shergottite EETA 79001 after Becker and Pepin (1984) and Wiens et al. (1986).
The line is a fit to the data and defines a mixing line between the current martian atmosphere
as measured by Viking (Nier and McElroy, 1977; Owen et al., 1977) and an end member
consistent wiih either the current terrestrial atmosphere (i.e., contamination) or gases

indigenous to the crystalline portions of EETA 79001.
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Concentration of gases in the ground-level martian atmosphere versus the concentration in
the shocked glass in Antarctic shergottite EETA 79001 as compiled by Pepin (1985) and
Wiens and Pepin (1988). The line represents a fit to the nitrogén and noble gas data and
~ indicates emplacement with 100 % efficiency of martian atmosphere into the glass. No

other known solar system reservoir could produce such a correlation.
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Chapter 3.

The Abundance and Hydrogen Isotopic Composition of Water Extracted

from Bulk SNC Meteorite Samples
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3.1 INTRODUCTION

The current martian atmosphere contains water with a D/H approximately 5 times
greater than terrestrial water (Bjoraker et al., 1989), corresponding to a oD value (using
Eqn. 1-1) of ~+4000. As discussed in Chapter 1, the D-enrichment in the current martian
atmosphere, although not understood in detail, is generally thought to be the result of
preferential loss of H relative to D from the top of the martian atmosphere over time (Owen
et al., 1988; Yung et al., 1988). In order to constrain the D/H of other water reservoirs on
Mars, a comprehensive study of water in SNC meteorites (presumably martian samples;
see Chapter 2) is presented in this and the following chapter. Even if the SNC meteorites
are ultimately shown to originate from a non-martian parent planet, this study will provide a
foundation for understanding D/H on whatever SNC parent planet is discovered.

The nakhlites contain reddish-brown alteration products which have been
characterized as being very similar to terrestrial iddingsite (Bunch and Reid, 1975; Gooding
et al., 1991; Treiman et al., 1993), containing smectite clays, hydrous Fe-oxides and
carbonates. Minor carbonate and sulfate have been reported in Chassigny (Wentworth and
Gooding, 199>~1~) and shergottite EETA 79001 (Gooding et al., 1988), however the
alteration in these samples did not appear to result in the ubiquitous formation of hydrated
silicates as was the case for the nakhlites, and, in fact, the occurrence of alteration of any
kind in Chassigny and EETA 79001 are far rarer than in the nakhlites. Note also that no
alteration products have been reported in the other shergottite samples (Gooding, 1992),
but perhaps this is simply due to lack of careful study. SNC orthopyroxenite ALH 84001
~ contains relatively abundant ~100 wm carbonate grains associated with pyrite (Mittlefehldt,
1994), but again, no hydrous silicates have been reported in ALH 84001. If the alteration
products observed in the SNCs are preterrestrial (i.e., were formed on Mars before the

meteorites were ejected from that planet), then isotopic characterization of these materials
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should provide insight into the characteristics of the reservoir of volatiles from which they
formed, presumably martian crustal fluids containing water and CO».

Since the SNC samples contain few primary, igneous water-bearing phases (with the
exception of rare magmatic inclusion phases and apatite -- see Chapter 4), water released
by heating of bulk samples should primarily originate from two sources: post-
crystallization alteration products, and terrestrial contamination. This chapter describes
heating of bulk SNC samples and isotopic analysis of the water (hydrogen) released with
the goal of constraining the isotopic composition of the alteration products, which should
allow constraints to be placed on the isotope geochemistry of martian crustal fluids.
Results of the isotopic analysis of CO» also released while heating the bulk samples are
presented in Appendix 1 of this thesis. Previous isotopic studies of water in SNC
meteorites are described in section 3.2. The experimental methods, including the extraction
procedure and use of standards are discussed in section 3.3. The results and discussion are
presented in sections 3.4 and 3.5, respectively. Finally, the conclusions of this part of the
study are given in section 3.6.

3.2 PREVIOUS WORK

Previous hydrogen isotopic measurements on various SNCs have yielded highly
variable results. SNC hydrogen isotopic measurements prior to this study have been
published in three extended abstracts (Fallick et al., 1983; Kerridge, 1988; Yang and
Epstein, 1985). In all of these works, a pre-heating step was evmployed which involved
~ heating of the sample to temperatures of 350-450°C. This step was intended to eliminate
terrestrial contamination by organic matter and/or adsorbed water. However, terrestrial
iddingsite, similar to the alteration material in the nakhlites, is typically comprised of a

mixture of phases including goethite, smectites, and sometimes carbonates, and begins to



61

break down at temperatures as low as ~250°C (Wilshire, 1958). Thus valuable information
on the alteration phases may be lost in the pre-heating step employed by previous workers.
My approach, therefore, has involved heating of bulk samples in many steps, to monitor
the breakdown of hydrous phases, retaining the gases released at all temperatures. In
addition, the study presented in this chapter contrasts with the previous work described
below by providing an extensive data set from the study of a large number of the SNC
samples (7 of the 10 whole-rock samples plus shock-glass from EETA 79001) by the same
experimental procedure, and also addresses the dramatic differences amongst the previous
workers' results.

The two earliest works (Fallick et al., 1983; Yang and Epstein, 1985) both utilized
very small (<100 mg) samples and their studies concluded that the isotopic composition of
the hydrogen contained in SNC meteorites was indistinguishable from terrestrial water.
Fallick et al. (1983) reported data for Nakhla, Chassigny and Shergotty. They found 1.1
umole Hy per gram of sample (0.0020 wt. % water) with a dD value of -37 for Nakhla,
1.3 umole Hy per gram of sample (0.0023 wt. % water) with a oD value of -37, and 0.9
wmole Hp pér gram of sample (0.0016 wt. % water) with a 8D value of -32 for Chassigny.
These data were collected as a single combustion step after pre-combustion at 350°C (440°C
in the case of Shergotty). Yang and Epstein (1985) found somewhat similar results for
Shergotty. They also employed a pre-heating step to 350°C, but did report the yield and
isotopic composition of the water released at low temperature. The pre-heating step in this
case was a pyrolysis. Gases were then collected in three subse(juent combustion steps at
350, 600, and 1100°C. The total yield for all temperatures was 28.3 umoles Hy per gram
of sample (0.051 wt. % water), but taking blanks into account (Yang and Epstein,
unpublished data) their yield over the same temperature range is similar to that of Fallick et

al. (1983). Yang and Epstein (1985) observed terrestrial-like 6D values at all temperatures
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with the exception of a 8D value of +52 in the 350-600°C step (although these authors
placed little significance on this result). The D/H returned to a terrestrial-like value of -15
in the final heating step. However, the data were reported without blank corrections and
the highest temperature step (600-1000°C) would have been made up almost entirely of
blank (Yang and Epstein, unpublished data).

The results of the first two hydrogen isotopic studies differ significantly from those
of the third abstract (Kerridge, 1988). In this work, significantly larger samples of
Lafayette (2.8 g) and Shergotty (2.0 g) were combusted in two temperature steps above the
pre-combustion step at 450°C, reaching a high temperature of 1050°C. For Lafayette,
Kerridge (1988) reports 29.2 umoles Hy per gram of sample (0.052 wt. % water) released
between 450-1050°C with a 8D value of +456. A yield of 6.6 umoles Hy per gram of
sample (0.012 wt. % water) was found for Shergotty with a 6D value of +878 for
hydrogen released between 450 and 1050°C.

An additional study of water in SNC samples looked at both 170 and 180 in the water
released by stepwise heating from 7 SNCs (Karlsson et al., 1992). As discussed in
Chapter 2 (.andushown in Fig. 2.4), the whole-rock SNC meteorites are grouped along a
mass-dependent fractionation line on a 8170 v. 8180 diagram that is displaced from the
terrestrial fractionation line by ~0.3 %o (known as A170 of 0.3) (Clayton and Mayeda,
1983). Karlsson et al. (1992) studied the oxygen in the SNC water in search of the same
effect. Their results showed that most of the water released at low temperatures (<350°C)
had a A170 value between 0.0 (terrestrial) and 0.3 (presumably Ihartian). However, above
350°C, Nakhla, Lafayette and Chassigny (and possibly Zagami) showed Al70 values
above 0.3, implying that the water in these samples is not in isotopic equilibrium with the
host rock and that there were at least two isolated oxygen isotopic reservoirs on the SNC

parent body (Karlsson et al., 1992). Simply put, these results imply that there is a volatile
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reservoir (a "hydrosphere," Karlsson et al., 1992) which has rémained isotopically isolated
from the lithosphere, or silicate, portion of the SNC parent planet. This divergence in
isotopic composition could be a result of accretionary processes, which left the two
reservoirs isotopically distinct from the time of their formation, or could have been caused
by atmospheric loss processes which have only affected the volatile reservoir (Jakosky,
1993: Karlsson et al., 1992). Some of the hydrogen isotopic results reported in this work
were obtained with the same experimental procedure used by Karlsson et al. (1992), thus

facilitating easy comparison of both hydrogen and oxygen isotopic data for SNC water.

3.3 METHODS
3.3.1 Initial Studies

Initial extractions on aliquots of Nakhla were undertaken to determine the feasibility
of the project. These studies were performed on first, a previously powdered sample and
subsequently, an uncrushed (prior to analysis) chunk with fusion crust attached. Although
the results of this reconnaissance work were promising (6D values up to +127 were
observed), these samples were run with a procedure relatively poorly suited to the problem
at hand. Specifically, a large-volume extraction line was used, and samples were heated in
a large Pt crucible by an induction furnace. The extraction set-up used for the initial study
has been previously described by Thinger (1991). The problems with this experimental
configuration were threefold: first, the large volume extraction line and large amount of
uranium (used for reduction of HoO to Hj - see below) present were not well suited to the
small (~5-20 pmole) hydrogen samples obtained in this study; second, the temperature at
any setting of the induction furnace (set on a variac) is poorly known (estimations are good
to perhaps only ~100°C and the same variac settings do not give reproducible temperature

readings over time); and third, the blanks in this procedure are high [~6 pmoles; (Thinger,
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1991)], in some cases comparable to or exceeding the size of the actual hydrogen sample
being collected. Even a Nakhla sample run on the same extraction line with heating by a
resistance furnace so that the temperatures were well characterized still suffered from the
effects of the large volume line and higher blanks than were desirable. Since the goal of
this work was to characterize the release patterns and isotopic composition of small
hydrogen samples at specific temperatures, a set-up specifically designed for this work was
built.

The first small-volume extraction line designed and built by Professor Epstein and me
for this study was found to suffer from a major design flaw. Specifically, the uranium
furnace in this set-up (used to convert H2O to Hy for isotopic analysis - see below for more
complete description of extraction and gas handling techniques) was kept at room
temperature until needed and was exposed to air when samples were loaded. Despite
efforts to bake-out the uranium after samples were loaded and the extraction system
evacuated, significant amounts of air were found to be present in the hydrogen collected.
Although the 8D values observed for the one Nakhla sample run using this extraction
system were higher than the previous runs on the larger-volume line discussed above [6D
up to +518; (Watson et al., 1992)], the results were definitely compromised by
contamination by air from the uranium furnace. Thus after the problem was identified by
repeated testing with standards and performing mass scans on the hydrogen mass
spectrometer to confirm the presence of contamination, the faulty extraction line was
replaced with the final design described in the next section.v Detailed results of the
preliminary extractions are reported in two abstracts (Watson et al., 1992; Watson et al.,
1991) which are included as appendices to this thesis. Since the specific results have been
superseded by those obtained with the new extraction system, they will not be discussed in

detail here.
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3.3.2 Final Experimental Set-up and Extraction Techniques

The final extraction line, designed and built by Professor Epstein and me, is depicted
in Fig. 3.1. The features of the line include (as keyed to Fig. 3.1) the sample arm (A), the
sample, contained in a quartz boat (B), a resistance furnace which can be easily removed
from the sample arm (C), a copper-oxide finger (D) with accompanying furnace (not
shown), two u-tubes used as cryogenic traps (E, H), a u-tube filled with uranium shavings
heated by resistance furnace to 750°C (referred to as the "uranium furnace" - G), a vacuum
gauge (I), a Toepler pump (J), and an exit port (K). A mercury diffusion pump was used
to evacuate the system.

The general procedure for loading a sample onto the vacuum extraction line involved
opening the line to air by removing the closest stopcock to the sample arm (A) and
"blowing" open the sample arm at "A" by heating the glass until melted. A sample
contained in a quartz boat was then carefully lowered to "B" using a wire hook and the
opening at "A" resealed. The stopcock was then replaced and the system evacuated. The
glass was répeatedly heated with a flame and sparked with a Tesla coil to facilitate the
removal of adsorbed water or other contaminants which may have entered the system while
open to the air. The copper oxide finger (D), which was at room temperature and open to
air when the sample was loaded, was then heated to ~850°C to remove any contaminants.
~ The line was pumped for a full day and heated again the next morning to insure low
background. Samples were never extracted the same day as they' were loaded, rather, only
~ after the line had been under vacuum overnight.

The specific heating steps used will be discussed for each sample individually,
however the general extraction procedure is presented here. The sample arm (B) was

heated to a desired temperature, with the temperature monitored by a chromel-alumel
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thermocouple, with the resistance furnace (C) while open to cryotrap E which was held at
liquid nitrogen temperature. For combustion experiments (extraction in the presence of
oxygen) the copper-oxide was hot during this time (generally ~800°C). The copper-oxide
provides oxygen that oxidizes all reduced species (e.g., organics or Hp) to HO and CO2
allowing previously non-condensable gases to be frozen in the cryotrap. After the sample
spent a specified time at the temperature of interest, the copper-oxide furnace was slowly
cooled to ~500°C, allowing most of the oxygen produced at higher temperature to be
retained through back-reaction to copper-oxide (thus prolonging the lifetime of the copper-
oxide). The cryotrap was then isolated from the sample and copper-oxide furnace by
closing a stopcock. A slush of dry ice and M17 (an organic solvent consisting of
methylene chloride, methyl chloroform, and tetrahydrofuran), was used to separate
cryogenically the CO, from the HyO. The CO; was expanded through "F" to avoid the
uranium furnace and into the Toepler pump (J). Repeated cycling of the mercury in the
Toepler pump allowed all the gas to be collected in the manometer, where the yield was
measured. If the isotopic composition of the COy was to bg determined, the gas was
collected into asample tube connected at the exit port (K). The water remaining in cryotrap
E was then expanded over the hot (750°C) uranium by letting the cryotrap come to room
temperature. The uranium furnace is used to reduce the HpO to Hj, since isotopic
measurement is performed on the reduced gas species (Bigeleisen et al., 1952). During the
expansion of the HyO, cryotrap "H" was held at liquid nitrogen temperature to prevent any
H,O that might avoid reduction from entering the Toepler purﬁp and sample tube. The
~ volume of HyO that was not reduced by the uranium was negligible. The H gas was then
expanded into the Toepler pump, collected in the manometer where the yield was

measured, and collected in a sample tube at "K" for isotopic measurement. Finally, the
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sample arm (B) was heated to the next temperature in the heating procedure and the entire
process repeated at each temperature step.

In pyrolysis (pure vacuum) experiments, the copper-oxide furnace was kept at room
temperature. The procedure was otherwise the same for the pyrolysis experiments except
that the yield of non-condensable gases was measured or approximated from the reading on
the vacuum gauge before separation of the frozen CO2 and H,0. The yield of non-
condensable gas was never large enough to allow identification of the species present (e.g.,
by mass scans of the non-condensable in a mass spectrometer, as discussed for COy
samples in Appendix 1), however, the yields of non-condensable gases were generally
negligible or a very small percentage of the total yields. Several of the later runs were
performed by pyrolysis only and the copper oxide finger was completely removed from the
set-up during this time. A new copper-oxide finger was attached and used in the extraction
of the EETA 79001 glass.

To summarize, the most important features which make the extraction system well-
suited for this study are as follows: the samples are heated in a quartz boat (rather than in
Pt) and by a resistance furnace, with the temperature precisely monitored by a chromel-
alumel thermocouple; the volume of uranium is ~53-10 times less than in the larger volume
line; the manometer used for measuring yields is more sensitive than the other extraction
system, allowing small yields to be determined with better precision; fewer stopcocks are
used than in the larger volume system. All of these features provide the two most
important aspects of the experiments: precise temperature controI, and small blanks.

Blanks for the extraction system are indeed much smaller than the large-volume line
[which had a consistent blank of ~6 pmoles of Hy for heating to ~1200°C; (Ihinger,
1991)]. Data for a blank collected using a four-temperature step heating procedure,

identical to that used for most of the meteorite samples, are reported in Table 3.1. The
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results of this blank are comparable to other blanks run on the extraction system. In
general, blanks were below a few tenths of a umole of Hy at all temperature steps, and
were less than 1 umole of Hy over the entire experiment. The blank is apparently both
time- and temperature- dependent. That is, in general, the blank increases with both
temperature of the sample arm, and the amount of time the sample arm is at a given
temperature. However, for the duration of any temperature step for the meteorite
extractions (discussed in section 3.3.4), the contribution of the blank is very small, as
shown in Table 3.1.

Another difficulty with the extraction procedure for hydrogen is the so-called
"memory effect” of the uranium furnace (Bigeleisen et al., 1952). That is, a heavy sample
passed over the uranium immediately after a lighter one will have an observed oD value
somewhat lower than the true value. The size of the memory effect depends mainly on the
size of the sample and the recent history of the uranium furnace. In order to "reset" the
uranium to a uniform value, after most meteorite extractions, an aliquot of pyrophyllite was
decomposed and the extracted water passed over the uranium. Thus the magnitude of the
memory effect-can be assessed by studying the results of the pyrophyllite extractions (see
section 3.3.3). Yields and isotopic compositions of meteorite samples are reported without
a correction blanks and the memory effect. If a correction were made, however, it would
be largest for the high temperature steps of the meteorite extractions since they have the
highest D/H and lowest yields and would thus be most affected be a contribution from a
blank with terrestrial composition. I estimate that any correctioh, accounting for both the
memory effect and blank contribution, would be no larger than ~50 %o and would not

affect the interpretations presented.
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3.3.3 Pyrophyllite standard

In order to minimize variation due to the uranium memory effect and provide some
check on the extraction line's consistency, aliquots of pyrophyllite from the Caltech
working collection were extracted between most meteorite samples, and after any changes
were made to the extraction system. This pyrophyllite was also used by Newman et al.
(1986) as a standard. The formula for pyrophyllite is Al4[SigO20](OH)4 and the
stoichiometric mineral contains 5.00 wt. % water. Aliquots of between 4.1 and 11.3 mg
were hand picked and weighed on a Cahn microbalance (in all but three cases - see Table
3.2). The uncrushed "needles" of pyrophyllite were loaded onto the extraction line using
the procedure outlined above. The first few samples were heated to ~125°C for ~15
minutes to determine if significant adsorbed water was released at this temperature. After
repeated yields of <0.1 pmole, this initial step was discontinued for subsequent samples.
Samples were heated to a temperature of ~850-900°C, more than sufficient to dehydrate the
pyrophyllite (Deer et al., 1992). The temperature was raised slowly over the course of
approximately 1 hour and the sample was held at high temperature for at least 1 hour. The
water was then-collected using the procedure described above.

The results of 21 pyrophyllite extractions are shown in Table 3.2 and Fig. 3.2. Both
pyrolysis and combustion extractions were performed, and the resulting yields for each
group of experiments are indistinguishable from each other and from the ideal pyrophyllite
water content within error. Not including sample NNLPyro.4*, which was not heated to
high enough temperature, the average yield of 8 combustion samples was 5.03 £0.23 (20)

- wt. % water. Not including sample NNLPyro.17 which had a low yield for an

* The pyrophyllite samples are named NNLPyro.X where X is a sequential number. NNL
stands for "New New Line" since pyrophyllite samples extracted on the first extraction line
built for this study, which was subsequently scrapped (see section 3.3.1) were designated
NL... for "New Line."



70

unexplained reason, the average yield of 11 pyrolysis analysis was 4.93 £0.23 (20) wt. %
water. These values are not corrected for blanks. The blank is ~0.3 £ 0.1 pmoles for each
sample (corresponding to an average of 0.07 wt. % water), comparable to the measurement
error which averages ~0.4 Lumoles based on a precision in manometer measurement oft1
mm. Note also that this blank contribution, if assumed to have a 8D value of ~-120,
consistent with the value reported by Thinger (1991), would have an average effect of ~1 %o
on the reported pyrophyllite 8D values, which is less than the measurement error of ~2 %o
associated with each 8D determination.

The results of the D/H measurements on the pyrophyllite samples shed some light on
the magnitude of the uranium memory effect, since pyrophyllite samples were run after
most meteorite samples. Unfortunately, the results of the pyrophyllite D/H measurements
indicate that the memory effect problem is a complex one, however, it is possible to use the
pyrophyllite data to estimate the maximum influence the memory effect could have on the
meteorite D/H results. Based on consecutive measurements of the pyrophyllite, so that the
measured 8D value approaches the true value unaffected by the uranium memory, the true
8D value of the pyrophyllite is about -30 £ 2. In some cases, -the pyrophyllite 6D value
showed little or no memory of the previous high D/H sample. The two best examples of
this are for samples NNLPyro.15 and .19. NNLPyro.15 was run after Nakhla sample
USNMS5891.9 which had a high-temperature 8D of +714. NNLPyro.19 was run after
SNC orthopyroxenite ALH84001 sample 84001.1 which had a high-temperature 6D of
+700. The greatest memory effect was observed for NNLnyo.l 1, run after Lafayette
~ sample Laf.2. The final temperature step of Laf.2 had a 8D value of +772 and
NNLPyro.11 had a 3D value of -11, equivalent to a memory effect of ~19 %o. The
heaviest meteorite sample, Sherg.1, with a high-temperature step oD of +2061, resulted in

a 8D value of -16 for pyrophyllite sample NNLPyro.19.
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A more rigorous treatment of the memory effect is presented in Fig. 3.3. As stated
earlier, the magnitude of the memory effect depends on both the D/H of the previous
samples in contact with the uranium, and the size of the samples in question. For example,
if a 10 umole sample and a 20 pmole sample were both passed over the uranium following
two identical, heavy samples, presumably the 10 pmole sample should be more greatly
affected by the memory effect. In order to attempt to quantify this I have calculated for
each meteorite sample, the 8D value of the amount of hydrogen equivalent to the
pyrophyllite sample run after each meteorite sample and compared this to the size of the
memory effect in Fig. 3.3. This is best illustrated by an example. Take the pair of
experiments Laf.1 and NNLPyro.10. NNLPyro.10 was a 21.34 wmole Hp sample, with a
dD value of -21, corresponding to a memory effect of 9 %o. Thus, for this sample, I
calculate the integrated 8D of the last 21.34 pmoles of Hp from Laf.1 as follows: [(8.55
moles)(+872) + (12.79umoles)(+728)]/21.34 umoles = +786. In this case, 8.55 pmoles
is the yield of the 600-1050°C ternperature step and I took 12.79 pmoles of the 400-600°C
step to make the total of 21.34 pumoles, to match the size of the pyrophyllite sample
extracted afterLaf.1. As can be seen in Fig. 3.3, this calculation also produced ambiguous
results for the consistent magnitude of the memory effect, although perhaps a general trend
of increasing memory effect with increasing "effective” 6D for the previous meteorite
sample is present. In any case, since the difference in 8D value between the pyrophyllite
samples and the high temperature water from the meteorite samples is comparable to or
larger than any difference in 6D between any two sequential ’temperature steps in the
~ meteorite extractions, I believe the memory effect on any given meteorite temperature step
8D value to be less than 20 %.. Thus, although it is not possible to correct quantitatively
for this problem, the magnitude of the memory effect will have no effect on the conclusions

of this work.
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3.3.4 Meteorite Extraction Procedure

For this study, volatiles were extracted from whole-rock samples of the following
SNC meteorites: Shergotty, Zagami, Nakhla, Lafayette, Governador Valaderez,
Chassigny and ALH 84001. These meteorites cover all of the SNC mineralogical types, as
well representing a complete sampling of the three nakhlites. In addition, water released
from an aliquot of the shocked glass in shergottite EETA 79001 (known as "lithology C*)
was studied. This is a sample of the same glass in which martian atmospheric nitrogen and
noble gases have been documented (Becker and Pepin, 1984; Bogard and Johnson, 1983).

In order to minimize the effects of the adsorption of water onto crushed surfaces, the
whole-rock meteorite samples (and a terrestrial control sample from Dish Hill, CA) were
coarsely crushed in air, in an agate mortar and pestle with no solvent, immediately prior to
loading onto the extraction line. The samples are sufficiently friable that this crushing was
straightforward. The samples were crushed to a grain size of less than ~1 mm. In order to
preserve the whole-rock nature of the samples, no sieving was performed. Crushed
aliquots were weighed on a Sartorius Research balance and transferred to a quartz boat for
immediate loading onto the vacuum extraction line. Aliquot sizes ranged from 0.42 to 2.56
grams. The mass of sample used for an individual extraction was determined (ideally) by
the yield expected at each temperature step from comparison with the water yields of
Karlsson et al. (1992), or with my own early work on Nakhla, knowing that at least ~5
umoles of Hy was needed to make a D/H measurement at flﬂl pressure on the mass
~ spectrometer, or (non ideally) by limitations in the amount of sample allocated to me for the
study.

Since the nakhlites contain preterrestrial alteration products (Bunch and Reid, 1975;

Gooding et al., 1991; Treiman et al., 1993; Wentworth and Gooding, 1990) similar to
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terrestrial iddingsite (Wilshire, 1958), the breakdown of these phases should be the
overwhelming source of water in nakhlite samples. Indeed, Karlsson et al. (1992) found
Nakhla and Lafayette to be the most water-rich SNC samples. Thus the most detailed work
was done on the nakhlite samples. After preliminary studies (described in section 3.3.1)
on samples already in the possession of Prof. E. Stolper proved interesting, a large (~20
gram) aliquot of Nakhla was obtained from the U. S. National Museum of Natural History
(Smithsonian Institution sample number USNM5891). Smaller splits of Lafayette (from
the Field Museum of Natural History in Chicago, sample number Me 2116) and
Governador Valaderez (from Universita "La Sapienza" in Rome, no sample number given)
were also obtained to complete the study of the nakhlites.

For Nakhla and Lafayette, experiments were performed in pairs, one combustion and
one pyrolysis. Two separate pairs of these experiments were performed for Nakhla to
check reproducibility and one set for Lafayette to facilitate comparison to the Nakhla data.
Unfortunately, only one (pyrolysis) experiment could be completed on the small amount of
Governgdor Valaderez received (<0.5 grams). In addition, a fifth Nakhla aliquot was
extracted with-the same procedure used for aliquots of Chassigny, Shergotty, Zagami and
ALH 84001 to facilitate direct comparison to the results obtained for these meteorites. The
heating procedure for these samples was identical to that of Karlsson et al. (Karlsson et al.,
1992), so direct comparison to the Al70O data is possible as well.

The first two Nakhla experiments (USNM5891.5 and USNM5891.6, a combustion
and pyrolysis experiment, respectively) involved heating the s’amples to 1000°C in six
~ temperature steps. Gases were collected at 120, 200, 300, 400, 600 and 1000°C. The
subsequent pair of Nakhla experiments (USNMS5891.7 and USNMS5891.8, also a
combustion and pyrolysis, respectively) were performed 18 months later and involved the

same temperature steps except the final step which reached 1050°C. The samples were held
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at each temperature for between 2 and 2.5 hours. Each experiment was performed over the

course of two consecutive days, with three temperature steps completed on each day. The

sample was left at room temperature overnight. On the second day, no gas was evolved

from the sample upon heating to the previous day's highest temperature. The final Nakhla

sample (USNM5891.9) was extracted over the course of one day in four 1-1.5 hour
' temperature steps. Gases were collected at 150, 350, 600 and 1000°C.

The experimental procedure for the pair of Lafayette samples (Laf.1 and bLaf.Z, a
combustion and pyrolysis experiment, respectively) was identical to Nakhla experiments
USNM5891.7 and USNMS5891.8; heating in six temperature steps to a final temperature of
1050°C. The single Governador Valaderez experiment (GV.1) was a pyrolysis. Since the
sample was too small to utilize the same temperature steps used for Nakhla and Lafayette, a
slightly different heating procedure was employed. Gases were collected at 120, 300, 600
and 1050°C. However, this heating procedure allows direct comparison to the Nakhla and
Lafayette data since it involves a simple combination of the six temperature steps into four
(ie., the 200 and 300°C step and the 400 and 600°C step were combined).

Two grams of Chassigny were obtained from the Museum National D'Histoire
Naturelle in Paris (sample number 2524) and two Chassigny extractions were performed.
The first (Chas.1) was a combustion experiment similar to USNM5891.7 and Laf.1. The
second Chassigny sample (Chas.2) as well as the other three whole-rock experiments
(Sherg.1, Zag.1 and ALH84001.1) involved a four-step pyrolysis procedure identical to
USNMS5891.9. The Shergotty sample was obtained from the British Museum of Natural

~ History (sample number BM1985, M171 [16886]), the Zagami sample from the Geological
Survey of Nigeria through Dr. I. Hutcheon and the laboratory of Prof. G. Wasserburg (no
sample number given), and the ALH 84001 sample from the Antarctic meteorite collection

at the Johnson Space Center in Houston (sample number ALH 84001,68).
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In addition to the meteorite samples, an altered spinel peridotite xenolith from Dish
Hill, CA (supplied by Dr. D. Bell) was extracted as a terrestrial control sample. The
nodule contains iddingsite-like alteration, similar in appearance to the alteration in the
nakhlites. The terrestrial control extraction was a pyrolysis, with a heating procedure
identical to USNM5891.8 and Laf.2.

In order to assess the feasibility of studying EETA 79001 glass, three small chips of
the glass were obtained from the Antarctic meteorite collection at the Johnson Space Center
in Houston (sample number EETA 79001,343 ,344 and ,345). In order to estimate the
water content of the glass, samples of the chips were doubly-polished and run on a Nicolet
60SX Fourier-transform infrared spectrophotometer (FTIR) using methods similar to those
previously described by Newman et al. (1986). The IR spectra were consistent with a
water content of between 150 and 300 ppm for the EETA 79001 glass. Thus, a larger
sample suitable for extraction was requested and received from the Antarctic meteorite
collection at the Johnson Space Center in Houston (sample number EETA 79001,262).
The aliquot comprised a single piece of meteorite containing both a dark, microcrystalline-
to-glassy region and a crystalline portion of EETA 79001. This sample was crushed in air,
fragments smaller than 150 pum were removed by sieving, and glass pieces less than ~500-
1000 um in diameter were hand picked to avoid the crystalline part of the bulk sample. In
addition, several smaller glass pieces remaining from splits EETA 79001,343 ,344 and
,345 were added to the larger ,262 split in order to increase the size of the sample. Just
over 0.6 grams of sample was extracted. I estimate perhapé 5 % contamination by
crystalline EETA 79001 due to errors in hand-picking. The sample was loaded on the
extraction liné in the same fashion as the other meteorite samples. In the presence of
oxygen, the sample was heated slowly over the course of 6 hours to 1050°C and held at

this high temperature for 1.5 hours.
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3.3.5 Mass Spectrometry

For the determination of D/H, a McKinney-Nier single-focusing, double-collecting
mass spectrometer (McKinney et al., 1950; Nier, 1947) was used. Similar to previous
studies (e.g., Ihinger, 1991), I estimate the precision of the 6D values to be * 2 %o for
samples with 8D < +a few hundred. However, the etrors may be somewhat greater for the
heavier samples, perhaps + 5 %o. An Hj sample size of at least 5 pmoles is needed to run
the mass spectrometer at full signal. However, the D/H of samples as small as ~1-2
umoles can be measured at lower signal, with an accompanying loss of precision. This
was done in a few cases which are noted in the "Results" section. Errors associated with
the small volume measurements could be up to ~20 %o or more. However, one
pyrophyllite standard run at full signal, and then at lower signal gave identical results
within 1.5 %o, suggesting the errors associated with low-signal D/H determinations may be
much smaller. In any case, the uncertainties of the measurements are very small relative to
the size of the isotopic effects discovered.
3.4 RESULTS

3.4.1 The Nakhlites

The yields and hydrogen isotopic data for the five Nakhla extractions are reported
individually in Tables 3.3, 3.4, 3.5, 3.6 and 3.7 and compared in Table 3.8. Nakhla
results are shown graphically in Fig. 3.4. Results of the two Lafayette extractions are
~ shown in Tables 3.9 and 3.10 and Fig. 3.5. Fig. 3.6 shows a comparison of the identical
| pyrolysis and combustion extractions of Nakhla and Lafayette (USNM5891.7 and Laf.1 -
combustion; USNM5891.8 and Laf.2 - pyrolysis). The Governador Valaderez results are
shown in Table 3.11 and Fig. 3.7, and are compared to Nakhla extraction USNM5891.8 in
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Fig. 3.8. The amount of water released from all Nakhla samples and Governador
Valaderez between 600 and 1000 (or 1050)°C was too small for isotopic measurement.
The 300—400°C Laf.1 sample was lost (due to a leaky sample tube) and thus not analyzed
isotopically.

For all nakhlite samples, the largest amount of water is released during the 120 (or
150)°C step, and in general, the hydrogen yields decrease with increasing temperature, with
the exception of a leveling out or slight peak in the 200-300°C step. This peak is more
pronounced in the combustion samples. The integrated total hydrogen yields for Nakhla
extractions 5891.7, 8, and .9 and Laf.1 and Laf.2 are essentially identical to those found
by Karlsson et al. (Karlsson et al., 1992) with Nakhla containing 60.9 to 63.8 umoles per
gram of sample (corresponding to 0.110 to 0.115 weight % water) and Lafayette
containing 209.2 to 215.4 umoles per gram (0.377 to 0.388 weight % water). In fact,
yields for all five of the Nakhla extractions are very similar, with 5891.5 and .6 containing
just over 0.01 wt. % more water than the subsequent three Nakhla runs. However, this
excess is eliminated by examining yields only for temperatures above the 120°C step (Table
3.8), suggesbt‘in‘g‘ that the discrepancy may simply be due to larger terrestrial component
released at low temperature (see "Discussion"). Yields for the each experiment within the
three pairs of combustion/pyrolysis (5891.5 and .6, 5981.7 and .8, and Laf.1 and .2)
experiments are very similar, consistent with the presence of a small percentage of the total
yields coming off as a non-condensable gas in the pyrolysis experiments (although it is
impossible to perform a mass balance calculation using thé concentration of non-
~ condensable since the chemical species present in the non-condensable fraction are
unidentified). The Governador Valaderez sample contained 62.6 pmoles Hy per gram of

sample (0.113 wt. % water), a yield identical to that observed for Nakhla.
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In all cases the 8D values increase with increasing temperature. The highest 6D
values for Nakhla, measured in the 400-600°C step (or 350-600°C in the case of 5891.9),
range from +558 to +714. The 3D value of +937 measured in run 5981.5 is somewhat
suspect. This was a rough D/H determination in which the sample signal in the mass
spectrometer dropped off rapidly during the first standard/sample comparison. (I ran this
sample before I knew how to analyze properly samples at lower pressure on the mass
spectrometer.) Even heavier (if the +937 value is disregarded) is the water collected in the
600-1050°C steps of the two Lafayette aliquots, with 6D values of +872 and +772 for the
combustion and pyrolysis samples, respectively. The Governador Valaderez 300-600°C
temperature step had a 8D value of +255. There is no systematic difference in D/H
between the combustion and pyrolysis experiments. Nakhla combustion sample 5891.5
and Lafayette combustion sample Laf.1 contain slightly more D-enriched water than their
pyrolysis counterparts, samples 5891.6 and Laf.2, respectively, while this trend is

reversed for 5891.7 and .8.

3.4.2 The ShéTgottites

Yield and hydrogen isotopic data are reported for the Shergotty extraction in Table
3.12 and Fig. 3.9 and for the Zagami extraction in Table 3.13 and Fig. 3.10. There was an
experimental problem with the lowest (150°C) Zagami temperature step and no gas was
collected.

Shergotty had an integrated yield of 23.4 pmoles H per gfam of sample (0.042 wt.
~ % water), and Zagami, less the 150°C step, contained 21.3 pmoles Hy per gram of sample
| (0.038 wt. % water). The Shergotty yield is ~1/3 lower than previously reported while the
three temperature steps of Zagami contain ~20 % more water than the same three steps in

previous work (Karlsson et al., 1992) .
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Yields are observed to drop with temperature, from a peak in the 150-350°C
temperature step. Relative to the nakhlites, however, a significantly larger percentage of
the total water is retained until the highest temperature step. While only zero to 1 % of the
total hydrogen yield is released from Nakhla between 600 and 1000 or 1050°C, 6-8 % from
Lafayette, and 1 % from Governador Valaderez, 13 % of the hydrogen in Shergotty is
released between 600 and 1000°C.

Similar to the nakhlites, 8D values increase with increasing temperature for both
Shergotty and Zagami with 3D values in the 600-1000°C step reaching +2061 and +1236,
respectively. This discrepancy between the two shergottite samples is reduced by
examining the combination of the two highest temperature steps, since the water released
from Zagami between 350 and 600°C had a 6D value of +942 while the equivalent step for
Shergotty measured +666. Thus, the integrated 8D values from 350-1000°C are +1142 for

Shergotty and +1084 for Zagami.

3.4.3 ALH 84001 ,

Results of the ALH 84001 pyrolysis are given in Table 3.14 and Fig. 3.11. The
isotopic measurement for the 600-1000°C step was made at lower-than-normal pressure on
the mass spectrometer since the sample contained only 2.2 pmoles of Hp. This
measurement could have an error of up to + 20 %o.

ALH 84001 had an integrated yield of 47.0 pmoles Hy per gram of sample (0.085
wt. % water). This measurement represents the first hydrogén data on this recently
~ discovered member of the SNC association (Mittlefehldt, 1994) and thus the yield cannot
be compared to previous work. The release pattern again shows the yield to drop with
temperature above 350°C, although the first two temperature steps have nearly identical

water contents (0.029 and 0.030 wt. % water). Similar to all previous samples, 6D values
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increase with increasing temperature, reaching a high of +700 in the 600-1000°C step.
Overall, this sample is most similar to Nakhla in its release pattern and oD with a few
significant differences. 84001 retains a higher percentage (31 %) of its total water to
temperatures above 350°C than does Nakhla (17 %), although this effect is not as
pronounced as in Shergotty (39%). Also, the total water content of 84001.1 is less than

Nakhla, although still twice that of Shergotty.

3.4.4 Chassigny

The results of the two Chassigny extractions, six-step combustion Chas.1, and four-
step pyrolysis, Chas.2 are given in Tables 3.15 and 3.16, respectively. The results are
shown graphically in Fig. 3.12. The 600-1000°C step of Chas.2 contained only 1.3
umoles of Hy and was run at low pressure on the mass spectrometer. This measurement
could have an error of up to x 20 %eo.

Chas.1 had an integrated yield of 70.6 umoles Hp per gram of sample (0.127 wt. %
water), Yand Chas.2 contained 54.7 umoles Hy per gram of sample (0.099 wt. % water).
The Chas.2nyield is very similar to a previously measured Vaiue of 0.102 wt. % water
(Karlsson et al., 1992) . The Chas.1 yield is significantly higher, reflecting a contribution
from reduced gases that were oxidized to condensable species in the presence of oxygen.
Both samples show a peak in yield at moderate temperatures with the highest yield for
Chas.1 coming in the 300-400°C step, and for Chas.2 in the 150-350°C step.

Unlike all other SNC samples studied, Chassigny 6D values are indistinguishable
- from terrestrial at all temperatures. For Chas.1 dD values ranged from a low in the 200-
300°C step of -84 to a high in the 400-600°C step of -27. After a low of -61 in the 150-
350°C step of Chas.2, 8D values rose to a high of +26 in the 600-1000°C step.
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3.4.5 Terrestrial Control Sample

Results of the Dish Hill pyrolysis are given in Table 3.17 and Fig. 3.13. This sample
had an integrated yield of 152.9 pmoles H per gram of sample (0.275 wt. % water), more
water than any meteorite sample except Lafayette. Unlike the meteorite samples, the yield
was relatively constant for the first four temperature steps, and increased significantly in the
last two steps. In fact, 55 % of the total water was released above 400°C. 8D values were
relatively constant, and did not increase with temperature. The highest oD value, measured
in the first temperature step was -54 and the values for the other five steps ranged from =75
to -88. No pyrophyllite was extracted subsequent to the sample run before this one (GV.1)
so the 8D value of the first temperature step may be slightly elevated due to the uranium

memory effect.

3.4.6 EETA 79001 Glass (Lithology C)

The extraction of water from the EETA 79001 glass was performed in one
temperature step. The 0.60519 gram sample yielded 10.56 pmoles of Hp, corresponding
to a total wétef?eontent of 314 ppm (0.031 wt. %). The 8D of the sample was +1707. The
blank for this heating procedure was measured to be 0.50 pmoles Hy. Assuming a 6D
value for the blank of -120, the corrected yield and 8D for the EETA 79001 extraction are
10.06 umoles Hy (300 ppm) and +1792, respectively. This 6D should probably be taken
as a lower limit to the true value. It is likely that some terrestrial contamination in the form
of adsorbed water was included in the hydrogen sample since gés from room temperature
~ to 1050 °C was collected in a single aliquot. However, Newman et al. (1986) found the
amount of adsorbed water on rhyolites with crushed grain sizes >150 um to be smail.
Thus I assume the effect of this low-temperature terrestrial component should be relatively

small for this sample as well.
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3.5 DISCUSSION

Discussion of the results of individual experiments follows, however, some general
trends in the data are worthy of discussion up front, in order to have a framework within
which to consider the individual sample results. In general, meteorite hydrogen yields
decrease with increasing temperature and, for all meteorite samples except Chassigny, 6D
values increase with increasing temperature to values that far exceed terrestrial values. The
high water content and low, indistinguishable from terrestrial oD values observed at low
temperature suggest the presence of a component that has exchanged with terrestrial water,
while the high 8D values prove unequivocally that at least some water contained in the
samples is extraterrestrial. Although no 8D values as high as that observed in the current
martian atmosphere [8D ~+4000; (Bjoraker et al., 1989)] were found, the elevated D

values in the meteorite samples are consistent with a martian origin for the SNC meteorites.

3.5.1 The Nakhlites

All nakhlite hydrogen samples collected above 200°C have 3D values heavier than any
known terrestrial hydrogen. Assuming the source of the hydrogen is the breakdown of the
alteration phases (see below), these data prove absolutely that the alteration material in the
nakhlites could not have formed on Earth, confirming previous conclusions based first on
H-isotopic measurements (Kerridge, 1988; Watson et al., 1992; Watson et al., 1991) and
later on oxygen isotopic measurements (Karlsson et al., 1992) and mineralogical studies
~ (Gooding et al., 1991; Treiman et al., 1993) that the alteration is preterrestrial.

My results agree with those of Kerridge (1988) who measured a oD of +456 for
Lafayette between 450 and 1050°C, however, a direct comparison to his data is difficult

due to the difference in heating procedure. However, it would appear that, as is also the
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case for Shergotty, the 8D values reported here are higher than those observed by Kerridge
(1988). This may be due to the presence of a "significant background" (the size of which
is unreported) in Kerridge's work.

The most striking feature of the nakhlite results is the similarity in release patterns and
isotopic compositions of hydrogen from Nakhla and Lafayette, despite a greater than three-
fold difference in their total water contents (Fig. 3.6). These results suggest that Lafayette
was simply weathered to a higher degree in an environment similar to that in which Nakhla
was altered. This is consistent with my qualitative observation of thin sections of the two
meteorites that showed a significantly higher proportion of alteration in Lafayette. This
observation was also noted by Treiman et al. (1993) in their mineralogic study of the
alteration of Lafayette. The Governador Valaderez results show that this sample is
essentially identical to Nakhla in its degree of alteration, since the two samples have
identical water content, although Governador Valaderez 8D values are slightly lower than
Nakhla (Fig. 3.8). Little is known about the handling of the Governador Valaderez sample
before it came to me so it is difficult to say if the difference is real, or possibly the result of
terrestrial prbcesses.

The higher yield and lower 8D observed for hydrogen released in the lowest
temperature fractions suggest the presence of a component that has exchanged with
terrestrial water. Since even the low temperature steps of the Nakhla versus Lafayette
extractions have the same shape of release pattern (i.e., the ratio of the amount of hydrogen
released from Lafayette versus Nakhla is relatively constant with temperature), actual
~exchange of low-temperature water rather than simple adsorption, which should depend
largely on sample size, is probable. However, the high 8D relative to typical terrestrial
materials in all but the lowest temperature steps and the progressive increase in 6D with

temperature indicates that there is still some extraterrestrial component present in all but the
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Jowest temperature step (and perhaps even in this one). This observation argues against the
practice of discarding water extracted in these low temperature steps, as was done by
previous workers (Fallick et al., 1983; Kerridge, 1988). The pattern of increasing oD
value with temperature is interpreted to represent a mixing relationship between terrestrial
water released at low temperatures and a high-temperature extraterrestrial (martian)
component. Alternatively, this can be thought of as a decrease with temperature in the
percentage of extraterrestrial water that has undergone exchange with terrestrial water.
Unfortunately, however, I can probably never be sure that even the highest temperature
(and thus highest 8D) hydrogen I measure represents an end member in this mixing
relationship. Thus even the highest 8D values observed may represent lower limits to the
original true values.

Although the presence of a terrestrial component in the low temperature steps may
indicate that even the highest 8D values should be taken as lower limits to those actually
present in the alteration products at the time of their formation, the observation that both
Nakhla\and Lafayette, samples with different terrestrial histories and total water contents,
contain water of similar hydrogen isotopic composition, may)imply that a 8D value of
~+800-900 is close to the original true value. In addition, it is possible that most of the
variations in yield and isotopic composition between replicate analyses and
combustion/pyrolysis experiments may simply be due to natural variations in the samples.

Since the alteration materials in the nakhlites are generally present as microscopic
fillings in cracks (Gooding et al., 1991; Treiman et al., 1993), it is nearly impossible to
confirm directly that the alteration products are the source of the water being released from
the samples upon heating. However, a few qualitative observations can be made. The
"rusty" appearance of the samples before extraction, a result of the alteration material, has

completely disappeared after extraction, presumably indicating the breakdown of the
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alteration material into anhydrous phases. Additionally, the nakhlite water release pattern,
with a slight peak at ~200-300°C and the lack of any significant water release above 600°C,
is similar to that observed for terrestrial iddingsite (Wilshire, 1958). This evidence, though
indirect, points strongly towards the source of the water in the nakhlites samples being the
breakdown of alteration materials observed in these samples (Gooding et al., 1991;

Treiman et al., 1993).

3.5.2 The Shergottites

The high-temperature fraction 8D value of +2061 in Shergotty is the highest ever
reported for a whole-rock SNC heating step. The shergottites clearly contain D-enriched
water, consistent with the results of Kerridge (1988) and strongly suggesting that the
carlier data of Fallick et al. (1983) and Yang and Epstein (1983), collected from very small
meteorite samples, were probably compromised by terrestrial contamination. The
discrepancy between the results of Kerridge (1988) (8D = +878 from 450 to 1050°C) and
this work (8D = +1142 from 350 to 1000°C) may be due to the presence of a "significant
backgroundb" component in Kerridge's work. The high 8D values observed in the bulk
shergottites are also consistent with the results of the ion microprobe D/H measurements on
individual amphibole and apatite grains in Shergotty and Zagami presented in Chapter 4,
which also show D-enrichments (8D values up to ~+1700 for the amphiboles and ~+4300
for the apatite).

Overall, the general trend of decreasing yield and increasiﬁg oD with temperature is
similar to the nakhlites, again consistent with low temperature water being dominated by a
terrestrial component and high temperature water by an extraterrestrial component.
However, the high-temperature hydrogen in the shergottites is heavier than in the nakhlites

(and ALH 84001). Whether this observation represents a real effect (i.e., the original
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extraterrestrial hydrogen in these samples is heavier) or simply means that the shergottites
have undergone less exchange with terrestrial water than the nakhlites (and ALH 84001) is

unknown, and probably impossible to determine from studies of bulk samples.

3.5.3 ALH 84001
As ALH 84001 has only recently been recognized as a member of the SNC group
(Mittlefehldt, 1994), there are no previous volatile data available for comparison with the
results given in this work. However, as with the nakhlite and shergottites, the general
trends of decreasing yield and increasing 8D with increasing temperature are observed.
This, along with the high 8D values of up to ~+700, is very consistent with the
classification of this sample as an SNC meteorite. This sample is more similar to Nakhla

than the shergottites in its yield and isotopic composition.

3.5.4 Chassigny

I will concentrate more on the results of extraction Chas.2 in this discussion of the
Chassigny results since I have some question about the accuracy of the data for Chas.1.
Although I cannot prove that the Chas. 1 data are inaccurate, this was the last sample run
before replacing the old uranium furnace with a fresh one. During the Chas.1 extraction, a
larger-that-usual (but still not incredibly significant, generally <1 pmole) fraction of the
H>O collected in the liquid nitrogen trap ("E" in Fig. 3.1) was not reduced to Hp upon
passage over the hot uranium. Although the results of Chas.1 are broadly consistent with
- Chas.2, I am much more confident in the results of the later extraction.

The Chassigny data are easily the most puzzling results presented in this thesis.
Since essentially no deviation from terrestrial values was observed, with the exception of a

hint of heavy water (8D = +26) in the 600-1000°C step of Chas.2, I am tempted to
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conclude that most of the hydrogen measured in this sample is terrestrial, either as a result
of natural processes of weathering or of handling of the sample after collection, although
terrestrial weathering seems unlikely given that Chassigny was a fall. Perhaps the sample
was sawed under water at some point in its history; this is unknown. However, I hesitate
simply to conclude that the results have been compromised by terrestrial contamination
based on two observations: first, the oxygen data of Karlsson et al. (1992) (more fully
compared with the hydrogen results in section 3.4.1.6), which were obtained on a split of
Chassigny from the same museum source, show similarly elevated values of A170 to those
observed in Nakhla and Lafayette, and second, I report in Chapter 4 of this thesis D
values of up to ~+1800 measured in Chassigny amphiboles by ion microprobe. The
release of water from these rare amphiboles may, in fact, account for the slight increase n
8D observed in the highest temperature step of Chas.2. In the end, however, I must
conclude that most of the water released from the whole-rock Chassigny samples does
represent terrestrial contamination. Otherwise, I cannot conceive of a scenario on the SNC
parent planet to explain these data that would be consistent with the high oD values

observed in‘all“other SNC samples studied.

3.5.5 Terrestrial Control Sample
The water released upon stepwise heating of obsidian has been found to become D-
enriched with increasing temperature (Newman et al., 1986), although the affect was small
(~140 %o) relative to the range in 6D observed in most of the meteorite extractions
~ presented in this work. Nonetheless, the terrestrial control sample was run as an attempt to
prove that the observed meteoritic D-enrichments were not the result of the experimental
procedure. The ideal terrestrial control sample would be one in which the water yield

decreased with temperature, similar to the general trend in the meteorite samples. Although
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the altered spinel peridotite from Dish Hill, CA was selected based on the similarity in
appearance of the alteration present to the alteration in the nakhlites, the release pattern of
water turned out to be different from the meteorite samples. This may be due to differences
in mineralogy of the alteration in the Dish Hill sample. However, even though the release
pattern is different, I believe the isotopic results show unequivocally that the D-enrichments

observed in the meteorite samples could not have been an experimental artifact.

3.5.6 EETA 79001 Glass (Lithology C)

As discussed in Chapter 2, the EETA 79001 glass has been previously shown to
contain noble gases and CO3 in abundances that are essentially indistinguishable from the
current martian atmosphere (see Fig. 2.6), presumably implanted by the shock event that
ejected this sample from Mars (Pepin, 1985; Wiens and Pepin, 1988). The water
extraction results on the EETA 79001 glass, that show a water content of 300 ppm, are
consistent with the water content estimated for the glass using FTIR. However, unlike the
noble gases and COy, the abundance of water in the glass is not equivalent to the amount in
the current martian atmosphere. For example, using a value of 90 for No/H0 in the
current martian atmosphere (Owen, 1992) and an abundance of N in the EETA 79001
glass of 0.2 ppm (Wiens et al., 1986), the glass should contain <<1 ppm water if the
source of the dissolved water was the martian atmosphere. Even though, as discussed in
Chapter 1, the water content of the martian atmosphere is variable with season and location,
it is impossible to account for the concentration observed in thé glass with atmospheric
water alone. Thus, I conclude that the water in the EETA 79001 glass cannot be derived
from the same source as other trapped volatiles.

The abundance and D/H (8D = +1792) of the water in EETA 79001 is relatively

similar to the high temperature water released from bulk Shergotty (Table 3.12). I assume
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that bulk EETA 79001 would contain generally similar water to the other shergottites. It
seems at least possible that water contained in the bulk sample was directly incorporated
into the shock glass. In fact, as shown in Fig. 2.5, nitrogen isotopic measurements on the
glass indicate that the nitrogen isotopes may represent a mixture of martian atmospheric
nitrogen with gas indigenous to the rock (Becker and Pepin, 1984; Wiens et al., 1986).
The most abundant source of water when the shock glass was formed was probably the
water contained in the rock itself, not the atmosphere. A possible, but highly
unconstrained alternative to this scenario would be that the source of water in the glass was

the impactor (e.g., a comet) that ejected the sample from Mars.

3.5.7 Comparison to Oxygen Isotopic Data

The similarity of the extraction procedure for samples USNM5891.9, Sherg.1,
Zag.1, and Chas.2 to the experiments of Karlsson et al. (1992) allows direct comparison of
my hydrogen data to their oxygen measurements. The results of the A170 measurements
from Kgrlsson et al. (1992) are shown for reference in Fig. 3.14. Again, A170 represents
a measure of the deviation of a sample from the line defined by terrestrial and lunar samples
on a 8170 vs. 8180 plot (thus terrestrial samples have a A170 of 0.0). Whole-rock SNC
samples have a A170 of ~0.3. Thus, any water in equilibrium with the oxygen in the rock
should also contain oxygen with a A170 of ~0.3. A mixture of terrestrial contamination
and martian water (in equilibrium with the oxygen in the rock) should have a A170 value
between 0.0 and 0.3. |

Karlsson et al. (1992) measured values of A170 higher than 0.3 for many high-
temperature water aliquots (Fig. 3.14), suggesting that the water in at least some of the
SNCs is not in equilibrium with the host rock, but may have evolved as a separate

reservoir. This could be achieved either by late input of water to the planet that was not
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incorporated into the planetary interior, or by a non-mass-dependent loss process which
affected the isotopic composition water reservoir (Jakosky, 1993; Karlsson et al., 1992).
Assuming the hydrogen in the SNC bulk samples reflects that of crustal water that
has become D-enriched by atmospheric loss processes (see next section), it seems
reasonable that the oxygen and hydrogen enrichments might be coupled in some way, and
indeed the hydrogen results presented here appear to be broadly consistent with those of
Karlsson et al. (1992). However, in detail, the comparison is not so favorable. As shown
by Fig. 3.14, the highest values of Al70 are found in the nakhlites and Chassigny, while
Shergotty and Zagami appear to contain water that is largely in equilibrium with the whole-
rock oxygen. This is almost exactly opposite to the results of the hydrogen analysis, which
show the shergottites to contain the most D-enriched water of any SNCs and Chassigny
water to be indistinguishable from terrestrial at all temperatures. I do not have a good
explanation for the differences in the hydrogen and oxygen data for SNC water. Oof
course, the assertion that these two isotopic systems should be related in these samples may
be incorrect. Nonetheless, one possible explanation for the discrepancy between the
nakhlite and shergottite hydrogen and oxygen data (excluding the Chassigny results) is that
the event which introduced the water into the shergottites may have been a higher
temperature, or lower water:rock ratio (w/r) event than the comparable event for the
nakhlites. This could explain the difference in alteration products observed in the two
samples. At high temperature or low w/r, the oxygen in the water could have more readily
exchanged with the silicate reservoir and come to equilibriuni with the host rock, but
 retained its high D/H signature due to the lack of significant hydrogen in the rock for
exchange. A possible explanation for the higher D/H of the shergottite water compared to

the nakhlites is presented in the next section.
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3.5.8 The Source of Water in SNC Meteorites and Implications for Water on Mars

The source of the water released by heating of the bulk SNC samples is important if
inferences about martian water reservoirs are to be made from the data. As already
discussed for the nakhlites, the release pattern of water in these samples, along with the
definitive mineralogical evidence of alteration, leads to the conclusion that the source of
water in these samples in the breakdown of the low-temperature alteration products. These
alteration products were formed after the igneous minerals crystallized by interaction of the
crystalline rock with fluids, probably derived from volatiles in the martian crust. This
process can be envisioned as being comparable to terrestrial magmatic hydrothermal
systems where ground waters are circulated through newly crystallized rocks, driven by the
heat from the igneous event from which the rocks were formed. As such, the hydrogen
isotopic composition of the water in the nakhlite alteration products would be directly
reflecting that of water in the martian crust.

The source of water in the bulk shergottites remains poorly constrained. No
alteration minerals have been documented in Shergotty or Zaganﬂ, but gypsum and other
alteration pdeucts have been reported in shergottite EETA 79001 (Gooding, 1992;
Gooding and Muenow, 1986; Gooding et al., 1988). However, the occurrence of the
EETA 79001 alteration is far more rare than in the nakhlites, where alteration is abundant in
thin section. This lack of obvious alteration is consistent with the lower total water content
of the shergottite samples compared to the nakhlites. However, the observation of elevated
D/H in the water released from the shergottites suggests that, er the nakhlites, these

“samples have interacted with crustal fluids containing water with a high D/H.

As stated earlier, the reported D/H values are probably lower limits for most samples,

but the data clearly show that the water in the martian crust is enriched in D over terrestrial

water. I interpret this as an indication that the water in the crust has been interacting with
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water in the atmosphere, which is D-enriched as a result of loss processes, over geologic
time. The exact nature of this interaction and the extent of the D-enriched crustal water
reservoir remain unknown.

Finally, a bit of speculation. The shergottites contain water with a higher D/H than
the nakhlites and ALH 84001. The shergottites are probably younger than the rest of the
SNCs, with a crystallization age of 180 m.y. (Jones, 1986) , although there is controversy
about this age (see Chapter 2 for a discussion of this). Moreover, the shergottites are
probably among the shallowest-emplaced SNCs based on their fine grain size and
mineralogy (McSween, 1985). Thus, if the observed difference in hydrogen isotopic
composition is real, it may imply that the water that the shergottites interacted with had
evolved to a heavier D/H between the time of nakhlite formation and shergottite formation.
Another possibility is that these rocks sampled different ground water regions, which
contained water with different history of interaction with the atmosphere and thus different
D/H. It is conceivable to envision water residing in the martian crust closer to the surface
being more D-enriched than deeper crustal water, since interaction with shallow water
could occur on-shorter time scales. If the shergottites truly were emplaced nearer the
surface than the nakhlites, then the water that they interacted with may have been more D-
enriched for this reason. Alternatively, if the nakhlite alteration took place deeper in the
martian crust than the shergottite alteration, the nakhlite alteration may have been more
deuteric in nature, with contribution to the hydrothermal fluids from both D-enriched

crustal water and "magmatic" water with (presumably) a more terrestrial-like D/H.

3.6 CONCLUSIONS
In summary, all of the SNC samples studied, except Chassigny, contain water with a

D/H significantly higher than terrestrial water. This D-enriched water is released from the
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samples at high temperatures and is consistent with a martian origin for the SNC
meteorites, since the current martian atmosphere has a high D/H. The presence of alteration
products in at least some of the samples indicates that the D-enriched water was probably
incorporated into the SNC samples after they crystallized from their parent magmas through
the interaction of the samples with ground water. Thus, it is a general conclusion of this
work that the crustal water on Mars is D-enriched, with a D/H perhaps even as high as the
current martian atmospheric value (8D =~ +4000). The crustal water reservoir has probably
become D-enriched through interaction with the atmospheric reservoir. However, the size

and detailed history of this possibly extensive water reservoir remains unknown.
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Table 3.1.
Blank (4 temperature steps)

Comments: Ran empty sample boat by four step heating method

Pyrolysis
H>
Temperature ~ Wmoles  cumulative  timeat T
&9 collected umoles (minutes)
150 0.10 0.10 75
350 0.26 0.37 105
600 0.13 0.50 70
1000 0.20 0.70 70
total (all T) 0.70
150-1000°C 0.60

350-1000°C 0.33
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Table 3.3.
Nakhla (USNMS5891.5)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNMS5891
Sample weight: 1.2107 g

Combustion
H»
Yield
Temperature ~ Umoles  pmoles per  cumulative wt. % SD
(°C) collected gram sample [moles/g water
120 33.94 28.03 28.03 0.051 -56
200 16.03 13.24 41.27 0.024 -16
300 19.54 16.14 57.41 0.029  +107
400 10.39 8.58 65.99 0.015 +454
600 5.49 4.53 70.53 0.008 4937
1000 0.64 0.53 71.06 0.001 nd
total (all T) 71.06 0.128  +114%*
120-600°C 43.02 0.078  +227
200-600°C 29.78 0.054  +337

nd = not determined
* up to 600°C
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Table 3.4.
Nakhla (USNMS5891.6)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNMS5891
Sample weight: 1.0579 g

Pyrolysis
H»
Yield
Temperature ~ (moles  pmoles per  cumulative wt. % D
(°O) collected gram sample umoles/g water
120 28.47 26.91 26.91 0.048 -38
200 13.05 12.34 39.25 0.022 -20
300 13.35 12.62 51.87 0.023  +130
400 9.76 9.23 61.09 0.017  +310
600 8.38 7.92 69.01 0.014  +558
1000 0.52 0.49 69.51 0.001 nd
total (all T) 69.51 0.125  +111*
120-600°C 42.59 0.077 4206
200-600°C 30.26 0.055 4300

nd = not determined
* up to 600°C
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Table 3.5.
Nakhla (USNM5891.7)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNM5891
Sample weight: 1.2560 g

Combustion
H>
Yield
Temperature ~ Mmoles  pmoles per  cumulative wt. % SD
(°C) collected gram sample pmoles/g water
120 25.66 20.43 20.43 0.037 -74
200 16.60 13.22 33.65 0.024 -43
300 21.57 17.17 50.82 0.031 +90
400 9.85 7.84 58.66 0.014 +409
600 5.97 4.75 63.41 0.009 +688
1050 0.13 0.10 63.51 0.000 nd
total (all T) 63.51 0.114 +94%*
120-600°C 43.08 0.078 +174
200-600°C 29.86 0.054 +270

nd = not determined
* up to 600°C

o
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Table 3.6.
Nakhla (USNMS5891.8)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNM5891
Sample weight: 1.3065 g

Pyrolysis
H>
Yield
Temperature ~ {moles  Wmoles per  cumulative wt. % SD
(°O) collected gram sample pmoles/g water
120 28.91 22.13 22.13 0.040 -55
200 16.60 12.71 34.84 0.023 -35
300 16.02 12.26 47.1 0.022 +140
400 10.19 7.80 54.9 0.014 +372
600 7.77 5.95 60.85 0.011 +706
1050 0.07 0.05 60.90 0.000 nd
total (all T) 60.90 0.110 +118*
120-600°C 38.77 0.070 +216
200-600°C 26.06 0.047 +339

nd = not determined
* up to 600°C



102

Table 3.7.
Nakhla (USNMS5891.9)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNMS5891
Sample weight: 0.5803 g

Pyrolysis
H> -
Yield
Temperature ~ (moles  Umoles per  cumulative wt. % SD
O collected gram sample umoles/g water
150 15.49 26.69 26.69 0.048 -74
350 15.21 26.21 52.90 0.047 +82
600 5.92 10.20 63.10 0.018 +714
1000 0.42 0.72 63.82 0.001 nd
total (all T) 63.82 0.115  +118*
150-600°C 37.13 0.066  +259
350-600°C 10.92 0.019 +714

nd = not determined
* up to 600°C
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Table 3.8.

Nakhla - comgarison of extraction results

H>
Experiment  , wt. %  wt. % water  cumulative oD
number ’ water  (less Iststep) oD (all T) (400-600°C)

USNM5891.5 c 0.128 0.078 +114 +9377?
USNM5891.6 p 0.125 0.077 +111 +558
USNMS5891.7 c 0.114 0.078 +94 +688
USNM5891.8 p 0.110 0.070 +118 +706
USNMS58919 p 0.115 0.067% +118 +7141

*c = combustion, p = pyrolysis

72 see text for description of this measurement

¥ first step heated to 150°C, all others first step heated to 120°C
350-600°C
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Table 3.9.
Lafayette (Laf.1)

Sample source and museum number: Field Museum of Natural
History, Chicago; Me 2116
Sample weight: 0.6124 g

Combustion
H>
Yield
Temperature ~ Umoles  moles per  curmulative wt. % SD
(°C) collected gram sample pmoles/g water
120 37.45 61.16 61.16 0.110 -63
200 23.98 39.16 100.32 0.071 -23
300 25.79 42.12 142.43 0.076  +263
400 19.96 32.60 175.03 0.059 nd
600 16.15 26.37 201.40 0.048  +728
1050 8.55 13.96 215.36 0.025 +872
total (all T) 215.36 0.388  +206*
120-1050°C 154.21 0.278  +342%*
200-1050°C 115.05 0.207  +515*%

nd = not determined - 400°C sample lost due to leaky sample tube
*not including 400°C step -

~.
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Table 3.10.
Lafayette (Laf.2)

Sample source and museum number: Field Museum of Natural
History, Chicago; Me 2116
Sample weight: 0.5626 g

Pyrolysis
H>
Yield
Temperature ~ [moles  pmoles per  cumulative wt. % SD
(°O collected gram sample pmoles/g water
120 38.64 68.69 68.69 0.124 -70
200 - 18.40 32.71 101.39 0.059 -30
300 19.00 33.77 135.17 0.061  +198
400 16.37 29.10 164.27 0.052  +451
600 15.47 27.50 191.77 0.050  +578
1050 9.79 17.40 209.17 0.031 4772
total (all T) 209.17 0.377 4207
120-1050°C 140.48 0.253  +343

200-1050°C 107.78 0.194 4456
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Table 3.11.
Governador Valaderez (GV.1)

Sample source and museum number: Universita "La Sapienza," Rome;
no number given
Sample weight: 0.4638 g

Pyrolysis
H»
Yield
Temperature ~ Mmoles  pmoles per cumulative wt. % SD
°O) collected gram sample pmoles/g water
120 9.07 19.56 19.56 0.035 -74
300 11.01 23.74 43.30 0.043 +41
600 8.68 18.72 62.01 0.034  +255
1050 0.26 0.56 62.58 0.001 nd
total (all T) 62.58 0.113 +70%*
120-600°C 43.02 0.078  +136
300-600°C 19.28 0.035 4255

nd = not determined
*up to 600°C
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Table 3.12.
Shergotty (Sherg.1)

Sample source and museum number: British Museum of Natural
History, London; BM1985, M171 [16886]
Sample weight: 1.8695 g

Pyrolysis
H>
Yield
Temperature ~ [moles  pmoles per  cumulative wt. % SD
(°C) collected gram sample pmoles/g water
150 11.58 6.19 6.19 0.011 -69
350 15.11 8.08 14.28 0.015 -36
600 11.26 6.02 20.30 0.011 +666
1000 5.82 3.11 23.41 0.006 +2061
total (all T) 23.41 0.042 +415
150-1000°C 17.22 0.031 +589

350-1000°C 9.14 0.016 +1142
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Table 3.13.
Zagami (Zag.1)

Sample source and museum number: Geological Survey of Nigeria
(obtained through 1. Hutcheon at Caltech), no sample number given °
Sample weight: 2.5609 g

Pyrolysis
H>
Yield
Temperature ~ {moles  pmoles per  cumulative wt. % SD
(°C) collected gram sample pmoles/g water
150 nd nd nd nd nd
350 26.85 10.48 10.48 0.019 -1
600 14.26 5.57 16.05 0.010 +942
1000 13.38 5.22 21.28 0.009  +1236
total (all T)
150-1000°C 21.28 0.038 +549
350-1000°C 10.79 0.019 41084

nd = not determined - a problem with the extraction line prevented collection
of the 150°C step
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Table 3.14.
ALH 84001 (84001.1)

Sample source and museum number: Antarctic meteorite collection,
NASA Johnson Space Center, Houston; ALH 84001, 68
Sample weight: 1.0910 g

Pyrolysis
H>
Yield
Temperature ~ Wmoles  [imoles per cumulative wt. % SD
®) collected gram sample pmoles/g water
150 17.45 15.99 15.99 0.029 -51
350 18.01 16.51 32.50 0.030 +33
600 13.62 12.48 44.99 0.022 +532
1000 2.18 2.00 46.99 0.004 +700%*
total (all T) 46.99 0.085 +165
150-1000°C 30.99 0.056 +277
350-1000°C 14.48 0.026 +555

*#Small sample run at low pressure on mass spectrometer. Error could be ~t 20 %eo.
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Table 3.15.
Chassigny (Chas.1)

Sample source and museum number: Museum National D'Histoire
Naturelle, Paris; 2524
Sample weight: 1.5312 g

Combustion
H>
Yield
Temperature ~ {moles  [imoles per  cumulative wt. % D
(°O) collected gram sample pmoles/g water
120 24.61 16.07 16.07 0.029 -61
200 13.70 8.94 25.01 0.016 -73
300 17.23 11.25 36.27 0.020 -84
400 28.13 18.37 54.64 0.033 -58
600 14.02 9.15 63.79 0.016 =27
1050 10.48 6.84 70.64 0.012 -51
total (all T) 70.64 0.127 -60
120-1050°C 54.57 0.098 -60
200-1050°C 45.62 0.082 -57

NOTE: As discussed in the text, these results may be inaccurate. The uranium furnace
showed signs of dying during this experiment (a detectable amount of water was not
reduced to Hy upon the first pass through the uranium). The experiment was repeated after
replacement of the uranium furnace, although with a different heating procedure, in sample
Chas.2.
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Table 3.16.
Chassigny (Chas.2)

Sample source and museum number: Museum National D'Histoire
Naturelle, Paris; 2524
Sample weight: 0.4233 g

Pyrolysis
H>
Yield
Temperature ~ MWmoles  moles per  cumulative wt. % SD
°O collected gram sample umoles/g water
150 6.59 15.57 15.57 0.028 -40
350 8.84 20.88 36.45 0.038 -61
600 6.45 15.24 51.69 0.027 -12
1000 1.26 2.98 54.67 0.005 +26%*
total (all T) 54.67 0.099 -36
150-1000°C 39.10 0.070 -35
350-1000°C 18.21 0.033 -6

*Small sample run at low pressure on mass spectrometer. Error could be ~t 20 %e.
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Table 3.17.
Dish Hill (Dish.2)

Sample source and museum number: Spinel peridotite xenolith from
Dish Hill, CA, courtesy of Dr. D. Bell
Sample weight: 1.1220 g

Pyrolysis
H>
Yield
Temperature ~ Umoles  [moles per  cumulative wt. % D
(°O) collected gram sample umoles/g water
120 21.27 18.96 18.96 0.034 -54
200 19.17 17.09 36.04 0.031 -75
300 16.61 14.80 50.85 0.027 -79
400 18.00 16.04 66.89 0.029 -87
600 51.77 46.14 113.03 0.083 -88
1050 44.70 39.84 152.87 0.072 -83
total (all T) 152.87 0.275 -80
120-1050°C 133.92 0.241 -84

200-1050°C 116.83 0.211 -85
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Figure 3.1.

A schematic diagram of the vacuum line used for extraction of volatiles from SNC
meteorite samples. The features of the line include: the sample arm (A), the sample,
contained in a quartz boat (B), a resistance furnace which can be easily removed from the
sample arm (C), a copper-oxide finger (D) with accompanying furnace (not shown), two u-
tubes used as cryogenic traps (E, H), a u-tube filled with uranium shavings heated by
resistance furnace to 750°C (referred to as the "uranium furnace" - G), a vacuum gauge (I),
a Toepler pump (J), and an exit port (K). A mercury diffusion pump was used to evacuate
the system. Details of the procedure for the extraction of volatiles from samples using this

system are given in the text.

.
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Figure 3.2.
The (a) yield, and (b) 8D value for 21 extractions of hydrogen from the pyrophyllite used

as a standard for this work. The data are shown in time sequence, arranged by experiment
number. The yields are given in wt. % water and the stoichiometric water content of
pyrophyllite, 5.00 wt. % water, is indicated by the dashed line in (a). Uncertainties in the
yields are on the order of 0.1 wt. %. Sample number 4 had a low yield due to an error in
heating procedure, and I cannot explain the low yield for sample 17. The true isotopic
composition of the pyrophyllite is ~+30 + 2, shown by the shaded bar in (b). The
uncertainty in individual 8D values is = 2 %o0. The variation in isotopic composition of the
samples is due to the memory effect of the uranium furnace (see detailed discussion in the
text). The pyrophyllite extractions that immediately followed a specific fneteorite extraction
are marked with the experiment number of that meteorite extraction in (b). For example,
pyrophyllite e);faction 8 followed the extraction of Nakhla sample USNM5891.7. These
data show that the memory effect is complicated, but probably never exceeds ~20 %o for
any of the meteorite temperature steps, since the difference between the 8D values of the
highest temperature meteorite extractions and the pyrophyllite samples was approximately
equal to or less than the difference in dD between sequential temperature steps in the

meteorite extractions.
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—

The results of an attempt to quantify the uranium memory effect using the pyrophyllite
extraction data. The calculation is described in detail in the text. The memory effect on the
pyrophyllite sample extracted immediately after each meteorite sample was calculated as
shown on the y-axis. The plot shows the variation of the memory effect with the 3D value
of the amount of hydrogen from the previously-extracted meteorite sample which has the
same size (i.e., number of pmoles) as the pyrophyllite sample. See the text for a sample
~ calculation. Ip general, the results of the calculation show that memory effect is not a
simple function of sample size and isotopic composition, but as expected, the memory

effect does appear to increase with 6D of the previous sample.
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Figure 3.4.

The results of the analysis of Hp released by vacuum extraction of five Nakhla aliquots, all
taken from sample number USNM5891. On each graph, the name of the meteorite is
followed by the experiment number in parentheses. Solid lines show the yield and filled
circles connected by the dashed lines show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of
each step. Arrows indicate the bulk 8D values for each sample. All results for Nakhla are
plotted on the same scale. In all cases for the Nakhla extractions, there was not enough
hydrogen released in the highest temperature step to allow an isotopic measurement to be

made.

a. USI\{M5891.5, sample weight: 1.2107 g; combustion.
b. USNMS89I6, sample weight: 1.0579 g; pyrolysis.
c. USNM5891.7, sample weight: 1.2560 g; combustion.

d. USNM5891.8, sample weight: 1.3065 g; pyrolysis.

e. USNMS5891.9, sample weight: 0.5803 g; pyrolysis.
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Figure 3.5.

The results of the analysis of Hj released by vacuum extraction of two Lafayette aliquots,
both taken from sample number Me 2116. On each graph, the name of the meteorite is
followed by the experiment number in parentheses. Solid lines show the yield and filled
circles connected by the dashed lines show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of
each step. Arrows indicate the bulk 8D values for each sample. Data for both Lafayette

extractions are plotted on the same scale.
a. Laf.1, sample weight: 0.6124 g; combustion; a leaky sample tube prevented D/H
measurement of the 400°C temperature step (and thus the arrow shows the bulk

composition less this step).

b. Laf.2, sample weight: 0.5626 g; pyrolysis.
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Figure 3.6.

A comparison of hydrogen data for two nakhlites: Nakhla and Lafayette. The combustion
data are the result of extractions USNM5891.7 (Nakhla) and Laf.1 (Lafayette), and the
pyrolys{s data are the result of extractions USNMS5891.8 (Nakhla) and Laf.2 (Lafayette).
Stepped lines show the yield and filled circles/open triangles coﬁnected by the lines show
the hydrogen isotopic composition for each temperature step. Isotopic composition data
are displayed at the middle temperature of each step. Dashed lines show the Nakhla data
and solid lines show the Lafayette data. Lafayette contains about three times more water
than Nakhla but the shape of the water release pattern and the isotopic composition at each
temperature step is remarkably similar for the two meteorites, Suggesting Lafayette was
- simply altered to a higher degree than Nakhla. These data also suggest that the low
temperature water in these samples is exchanged, not adsorbed, since it depends on the

amount of alteration, not the total amount of sample.
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The results of the analysis of Hp released by vacuum extraction of Governador Valaderez
(experiment number GV.1; sample weight: 0.4638 g; pyrolysis). | The solid line shows the
~yield and filled circles connected by the dashed line show the hydrogen isotopic
composition for each temperature step. Isotopic composition data are displayed at the
middle temperature of each step. The arrow indicates the bulk 6D value for the sample.

The 600-1050°C step contained too little hydrogen for isotopic measurement.
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Figure 3.8.

A comparison of hydrogen data for two nakhlites: Nakhla and Governador Valaderez.
Both samples were pyrolysis experiments, the result of extractions USNMS5891.8 (Nakhla)
and GV.1 (Governador Valadere;). Stepped lines show the yield and filled circles/open
triangles connected by the lines show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of
each step. Dashed lines show the Nakhla data and solid lines show the Governador
Valaderez data. Due to the limited size of the Governador Valaderez sample, it was
extracted in only four temperature steps. The Nakhla data displayed here are recalculated to
fit these steps (i.e., the 120-200°C and 200-300°C steps were combined, and the 300-
400°C and 400-600°C steps were combined) in order to display the data together. Nakhla
and GO\;ernadog\ \Valaderez have identical total water contents, buf there is some indication
that Governador Valaderez has undergone more extensive exchange with terrestrial water,

since it has lower 8D values.
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Figure 3.9.

The results of the analysis of Hj released by vacuum extraction of Shergotty (experiment
number Sherg.1; sample weight: 1.8695 g; pyrolysis). The solid line shows the yield and
filled circles connected by the dashed line show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of
each step. The arrow indicates the bulk 8D value for the sample. The 6D value of +2061,
from the 600-1050°C step, is the highest measured in this or any previous work on bulk

SNC samples.
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Figure 3.10.

The results of the analysis of Hy released by vacuum extraction of Zagami (experiment
number Zag.1; sample weight: 2.5609 g; pyrolysis). The solid line shows the yield and
filled circles connected by the dashed line show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of
each step. The arrow indicates the bulk 6D value for the sample. An experimental problem
prevented collection of the 25-120°C step (and thus the arrow shows the bulk composition

less this step).
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Figure 3.11.

The results of the analysis of Hj released by vacuum extraction of ALH 84001 (experiment
number 84001.1; sample weight: 1.0910 g; pyrolysis). The solid line shows the yield and
~ filled circles connected by the dashed line show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of

each step. The arrow indicates the bulk 8D value for the sample.
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Figure 3.12.

The results of the analysis of Hj released by vacuum extraction of two Chassigny aliquots,
both taken from sample number 2524. On each graph, the name of the meteorite is
followed by the experiment number in parentheses. Solid lines show the yield and filled
circles connected by the dashed lines show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of
each step. Arrows indicate the bulk 8D values for each sample. Data for both Chassigny
extractions are plotted on the same scale. Unlike all other SNC samples studied, the
Chassigny 8D values are indistinguishable from terrestrial at all temperatures. This is

interpreted to reflect extensive terrestrial contamination of the bulk sample.

a. Chas. 1; sample weight: 1.5312 g; combustion; uranium furnace may have been
malfunctioning (see text for discussion). The uranium furnace was replaced before Chas.2

was extracted.

b. Chas.2; sample weight: 0.4233 g; pyrolysis.
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Figure 3.13.

The results of the analysis of Hy released by vacuum extraction of an altered spinel
peridotite xenolith from Dish Hill, CA, used as a terrestrial control sample (experiment
number Dish.2; sample weight: 1.1220 g; pyrolysis). The solid line shows the yield and
filled circles connected by the dashed line show the hydrogen isotopic composition for each
temperature step. Isotopic composition data are displayed at the middle temperature of
each step. The arrow indicates the bulk 6D value for the sample. The lowest temperature
3D value is probably elevated above the true value due to the uranium memory effect (see
further discussion in text). The relatively constant isotopic signal is taken as evidence that
the elevated 8D values observed for most high-temperature meteorite samples is not an

experimental artifact.
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Figure 3.14.

The results of the Karlsson et al. (1992) measurements of the oxygen isotopic composition
of water released from vacuum extraction of bulk SNC meteorite samples (a.) Nakhla,
Lafayette, and Chassigny, and (b.) Shergotty, Zagami (2 experiments), and a terrestrial
control sample. The data were collected as pyrolysis experiments in four temperature
steps, equivalent to the heating procedure used for my samples USNM5891.9, Sherg.1,
Zag.1, 84001.1, and Chas.2. The plots show the excess of 8170 at any value of 8130,
known as Al70. This can be viewed as the displacement of the sample in 8170 from the
terrestrial fractionation line on a 8170 vs. 8180 plot. Terrestrial rocks thus have a AI70
value of 0.0, as shown on the plots. Whole-rock SNCs have a A170 value of +0.3
(Clayton and Mayeda, 1983), also shown by a line on the plots. Uncertainties in individual
Al70 d;:termiqa\ltions are = 0.1 (Karlsson et al., 1992). The results of the Karlsson et al.

(1992) work are discussed and compared with the hydrogen isotopic results in the text.
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Chapter 4.

Ion Microprobe Measurements of D/H and Water Contents of Igneous

Hydrous Phases in the SNC Meteorites
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4.1 INTRODUCTION

The water in the present martian atmosphere is strongly deuterium enriched relative to
water on Earth with a D/H approximately 5 times higher than terrestrial (Bjoraker et al.,
1989), corresponding to a 8D value (using Eqn. 1-1) of +4000. As discussed in Chapter
1, it is generally assumed that Mars and Earth originally had similar values of D/H (~1.5 x
10-4) but that escape of hydrogen (relative to heavier deuterium) from the martian upper
atmosphere throughout the planet's history has led to the observed D-enrichment (Owen et
al., 1988; Yung and Dissly, 1992; Yung et al., 1988). It may be possible to test this
presumption since the D/H of the martian interior has likely retained its original value.
Unlike the Earth with its subduction zones, recycling of near—surface and atmosphere—
derived (meteoric) waters into the martian mantle is generally considered to be an
unimportant process [(Carr and Wanke, 1992; Francis and Wood, 1982) but see (Sleep,
1994) for an alternative view]. Thus, a direct measurement or even an indirect inference of
the value of D/H of martian magmatic (interior) water could provide a fundamental
constraint on the extent of hydrogen loss on Mars. Moreover, neither the abundance nor
the hydfogen isotopic composition of water in the martian crust (present either as a meteoric
component or in hydrogen-bearing minerals) are well characterized (Yung and Dissly,
1992). However, a significant component of the martian water budget could be present in
this crustal reservoir, and determination of its D/H would constrain the nature of its
interaction with the atmosphere.

Post-crystallization alteration products that include clay minerals (Gooding et al.,
1991; Treiman et al., 1993) show conclusively that the nakhlites (3 of the 10 SNCs)
 interacted with fluids in the martian crust at low temperatures after the magmas solidified.
In Chapter 3, I presented evidence that showed that these post-crystallization alteration

products in the nakhlites (as well as more-elusive hydrous phases in the shergottites)
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contain D-enriched water, suggesting that martian crustal water has become D—enriched
through interaction with the atmosphere.

The objective of the work presented in this chapter was to attempt to constrain the
D/H of "magmatic water" on the SNC parent planet, presumably Mars, by measuring the
D/H of primary igneous hydrous phases in the SNC meteorites. If the results of the
measurements showed that the D/H of the samples did not appear to reflect their primary
crystallization (i.e., the magmatic water signal was not preservéd), then I hoped to gain
further insight into post-magmatic processes on Mars.

Since the igneous hydrous phases in the SNC meteorites occur only as rare, tiny
grains of amphibole, biotite and apatite, a different approach than the conventional
heating/extraction techniques discussed in Chapter 3 was needed. In this chapter, I report
D/H measurements and water contents of individual kaersutitic (Ti-rich) amphiboles (10—
80 um in size) in the Chassigny, Shergotty and Zagami meteorites, of one 15 [im biotite in
Chassigny (the only biotite thus far reported in the SNCs) (Johnson et al., 1991), and of
one ~1 mm long apatite in Zagami. The measurements were made on the samples in thin
section Vusing‘ an ion microprobe. The composition and petrographic description of the
hydrous phases‘ are discussed in section 4.2. The methods, including location of the
phases in the studied samples, and ion microprobe set-up are given in section 4.3. The
results of the D/H and water content determinations are reported and discussed in section

4.4 and the conclusions of this part of the study are summarized in section 4.5.

4.2 SAMPLES
4.2.1 Amphiboles and Biotite
The kaersutites and biotite in the SNC meteorites are found only inside partially
crystallized magmatic inclusions enclosed within olivine and pyroxene crystals (Fig. 4.1).

Magmatic inclusions are essentially droplets of melt that are trapped within igneous
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minerals as they grow from a magma. In the case of the SNC magmatic inclusions, the
droplet of magma partially crystallized subsequent to entrapment. In addition to high-silica
to feldsphathic glasses, the magmatic inclusions found in shergottite samples contain
augite, kaersutite, spinel, pyrrhotite, magnetite, ilmenite, and whitlockite (Treiman, 1985)
and the Chassigny inclusions contain low- and high-calcium pyroxene, kaersutite,
chromite, chlorapatite, troilite, pentlandite and the single occurrence of biotite (Floran et al.,
1978; Johnson et al., 1991). Magmatic inclusions are also observed in the nakhlites
(Harvey and McSween, 1992; Treiman, 1993) [and were mistaken for chondrules in the
initial description of Nakhla (Prior, 1912)], however, the only reported kaersutite [in the
Governador Valaderez nakhlite (Harvey and McSween, 1992)] is ~3 um in size and its
identification as an amphibole is suspect (R. P. Harvey, personal communication).

The kaersutites and biotite in these meteorites have been previously described (Floran
et al., 1978; Harvey and McSween, 1992; Johnson et al., 1991; McCoy et al., 1992;
Treiman, 1985; Treiman, 1993) and the inclusion compositions used to constrain the nature
of SNC parental liquids since the meteorites are at least partial cumulates (McSween, 1985)
and thus are not directly representative of the liquids from which they crystallized. (See
Chapter 2 for a discussion of SNC parental magma composition estimates from magmatic
inclusions). The chemical compositions of the kaersutites and biotite are given in Table
4.1. The amphiboles are true kaersutites (Johnson et al., 1991; Treiman, 1985), containing
well over the 5 wt. % TiO» required for such classification (Leake, 1968). The Chassigny
kaersutites contain an average of 7 wt. % TiO; (Johnson et al., 1991) while the shergottite
kaersutites contain ~9 wt. % TiO7 (Treiman, 1985). The biotite is also extremely Ti-rich,
| containing 9 wt. % TiOy (Johnson et al., 1991). The conditions that led to the formation of
such Ti-rich amphiboles and biotite, which are well outside the range of typical terrestrial
amphibole and biotite compositions (Boettcher and O'Neil, 1980; Patino Douce, 1993), are

not well understood.
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Although the bulk SNCs are poor in water, the residual melt in the magmatic
inclusions has been previously suggested to have concentrated magmatic water through
crystallization of anhydrous phases until the hydrous kaersutites (and biotite) were
stabilized (Johnson et al., 1991; McSween and Harvey, 1993; Treiman, 1985). Although
the water contents of the kaersutites and biotite have not previously been measured directly,
based on the crystal chemistry of the amphibole group and electron microprobe and
qualitative ion microprobe analyses (Floran et al., 1978; Johnson et al., 1991; Treiman,
1985), the kaersutite crystals have been suggested to contain hydroxyl as a major
constituent. For example, Johnson et al. (1991) estimated that the Chassigny kaersutites
contain 1.5 wt. % water as hydroxyl (a fully hydroxylated amphibole would contain ~2 wt.

% water).

4.2.2 Apatite

The apatite crystal in Zagami (Fig. 4.2) studied in this work is not contained within a
magmatic inclusion; rather, it occurs in a unique Zagami lithology referred to as Zagami DN
(Vistisen et a{., 1992). Based on mineralogy and phase composition, which includes
phenocrystic, Fe-rich whitlockite, sodic maskelynite, and a fayalite (Fagp-9¢)-rich
intergrowth, Zagami DN has been interpreted to represent a late—crystallizing melt (McCoy
et al., 1993; Wadhwa et al., 1993). Like the amphiboles and biotite, no direct
measurement of the water content of the Zagami DN apatite has been made previously.
However, based on electron microprobe analyses indicating low totals and stoichiometric
deficiencies in F and Cl, McCoy et al. (1993) suggested that the apatite could contain ~1
 wt. % water. The chemical composition of the Zagami DN apatite is given in Table 4.1.
Unlike the SNC amphiboles and biotite, the apatite is similar in composition to many

terrestrial apatites (Deer et al., 1992).
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4.3 METHODS

The D/H of the SNC kaersutites, biotite, and apatite cannot be determined by
conventional isotopic heating/extraction techniques because the crystals are too small and
few in number. Consequently, the D/H of individual crystals were measured in situ, in the
thin sections discussed in Section 4.3.3, using an ion microprobe and a technique known

as Secondary Ton Mass Spectrometry (SIMS).

4.3.1 Location of Igneous Hydrous Phases

Several of the samples studied were loaned along with notes on hydrous phase
locations. One of the Chassigny samples (thin section USNM 624-1) was the same section
studied by Johnson et al. (1991). Dr. M. Johnson generously loaned me her notes on
kaersutite-bearing inclusion locations along with a whole thin section photomosaic. I
located the kaersutite crystals within the noted kaersutite-bearing inclusions by the method
described below. The Zagami DN apatite (in thin section UH 234) and the largest
kaersutite studied (in Chassigny thin section UH 106) were discovered by Dr. T. McCoy
who paésed» thc?{n along to me for study. All phases studied were located and documented
as described below.

Whole thin sections were photographed with a slide duplicating device borrowed
from Prof. A. Albee. The photos were enlarged and used as maps for noting the location
magmatic inclusions (or the apatite in the case of Zagami DN section UH 234). The thin
sections were then examined systematically under an optical microscope at 20x
magnification. The amphiboles are brown in thin section, entrapped within relatively
~ colorless pyroxenes or olivines so their appearance stands out. When an amphibole was
located, the inclusions location was marked and given a number on the photo-map and the
inclusion examined under higher magnification. Since the amphiboles, especially in the

shergottites, are so small (typically ~10 wm), most of the crystals encountered occurred
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beneath the surface of the thin section, as determined by examination in reflected light. All
amphiboles were photographed on the optical microscope and examined on the scanning
electron microscope (SEM). Those inclusions which had amphibole on the surface (as
confirmed by energy dispersive analysis on the SEM) were photographed at several
different magnifications in electron backscatter and reflected light, since locating small
crystals on the ion microprobe requires "steering" utilizing cracks in the thin section, visible
in the reflected light image seen through the ion microprobe eyepiece. Additionally, if the
kaersutite-bearing inclusion was far from the edge of the thin section, reflected light maps

were constructed to facilitate the location of the inclusion on the ion microprobe.

4.3.2 Measurement of D/H and Water Content with the Ion Microprobe

4.3.2.1 Introduction to the Ion Microprobe

I will provide only a brief overview of the ion microprobe. More detailed discussions
of both the instrumentation [e.g.,(Deloule et al., 1991b; Huneke et al., 1983; Slodzian,
1980)] and application of the ion microprobe to geochemical measurements (Deloule et al.,
1991a; éhinﬁzg and Hart, 1982; Williams, 1985) are available, both in above-cited journal
articles and other Caltech Ph.D. theses [e.g., (Brigham, 1990; Navon, 1989; Sheng,
1992)].

Measurements were made with a modified Cameca IMS-3f instrument (Huneke et al.,
1983) which consists of an ion-sputtering source and a double-focusing mass
spectrometer. A beam of O- is produced in the source, a hollow cathode duoplasmatron,
by ionizing oxygen gas in an arc maintained between a Ni cathode and anode. This
primary beam is accelerated, mass analyzed, and focused by a series of three electrostatic
lenses as it travels along the primary column toward the sample. The primary beam is

inclined at a 60° angle to the surface of the sample.
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The concentration of the isotope of interest is determined by measurement of the
number of secondary ions of that isotope (e.g. hydrogen and deuterium in this case)
produced upon collision of the primary beam with the sample surface. Positive secondary
jons are accelerated away from the sample by a 4500 V potential toward the immersion
lens. Following the immersion lens is a set of three electrostatic transfer lenses used to
control the magnification of the sample image. The original Cameca design allowed only
the immersion lens and one transfer lens to be energized simultaneously, producing fixed
image field sizes of 400, 150, or 25 pum. Normally, for isotope measurements the ion
microprobe is operated with a 150 pm diameter field image, but for the D/H measurements
the sensitivity was increased by approximately a factor of two by energizing two transfer
lenses to produce a 75 pm image field. This modification also improved our ability to
control the instrumental fractionation of D and H (discussed below). Following the
transfer lens assembly are two apertures, placed near focal planes and used to limit the
divergence of the ion beam, and an adjustable entrance slit, so that ions with large
transverse velocities are not permitted to enter the mass spectrometer.

The double-focusing mass spectrometer separates ions according to both their masses
and energies. The secondary ions pass through an electrostatic analyzer which separates
the ions by energy and a limited range of energies is selected by adjustment of an energy
slit. In this study the slit was opened to give an energy bandpass of ~50V. The secondary
ions are then focused into the magnet where they are separated according to their
mass:charge ratio. An adjustable exit slit controls the range of mass:charge ratio transferred
out of the magnet. The mass resolution and peak width are determined by suitable
| adjustment of the entrance and exit slits. The mass spectrometer is equipped with a dual
detector system. The secondary ions can be focused to form an image of the analyzed area
that can be seen on a viewing screen so that the distribution of the selected isotope on the

sample surface can be monitored. Alternatively, the ion beam can be passed through a
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second electrostatic analyzer into the ion counting system, where the secondary ion

intensity is registered by an electron multiplier operated in pulse counting mode.

4.3.2.2 Ton Microprobe Procedure for D/H Measurement

Although I performed most of the D/H and water content measurements myself, the
tuning and set-up of the ion microprobe for analysis sessions was completed and plentiful
advice on the acquisition of data given by Dr. I. Hutcheon. Measurements were made
using a mass resolving power of ~1200, sufficient to resolve D+ and Hpt, and an 160-
primary beam of ~1.5-3.1 nA focused to a diameter of 3-8 um. During the course of each
complete D/H measurement, a hole with a depth of a few microns was formed by the
impact of the primary beam on the surface of the sample.

Standards were mounted with epoxy in standard ion microprobe "bullets" and were
gold-coated. Meteorite samples were carbon-coated. The primary beam was allowed to
sputter through the carbon-coat for at least 5 minutes before each D/H analysis. As most of
the meteoritic kaersutites and biotite were so small, location of these phases on the ion
microprbbe was challenging. As discussed above, photographs were used to locate the
grains through the ion microprobe eyepiece. If there was some question about the exact
placement of the beam, ion imaging of major elements was used to locate the phase. This
procedure was undesirable, however, since imaging tended to remove the conductive
carbon coat, causing the sample to charge, and re-establishing the magnet hysteresis loop
with sufficient precision for D/H measurement after imaging at higher mass was difficult
(due to the lack of water-rich phases in the meteorite on which to check the instrument
tuning).

Each meteorite D/H measurement took ~40-60 minutes, depending on the number of
times data were collected at each mass setting. The data were collected in "cycles," with

one cycle corresponding to jon counting at mass 0.95 amu (background), 1.00 (H*), 1.95
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ahd 1.96 (D*), and 2.00 (Hp*). Each cycle took ~1 minute. Careful set-up of the mass
spectrometer was required to obtain reproducible D/H measurements, primarily for two
reasons. First, the Dt intensity in the samples was very low, typically ~1 to 10 counts per
second (cps), and was always either approximately equivalent to or less than that of
neighboring Hp*. At such low mass the peak tops were narrow, typically only 5-7
magnetic field steps wide. Since the D+ intensity for the meteoritic samples was so low
(due to their low total water content, not to a low D/H, see "Results and Discussion"), it
was not possible to use computer-controlled peak centering to locate the D+ peak. Instead,
the position of the D* peak was determined relative to that of the Hy* peak on a water-rich
sample (lawsonite) at the beginning of each analysis session and generally whenever
samples were changed. During the analyses, the position of the D* peak was fixed
according to this value and the centering of the Ho* peak monitored as a surrogate for D*.
The D™ intensity was measured at two positions on the peak top, three field steps apart
(corresponding to the nominal masses of 1.95 and 1.96). Proper centering of the D* peak
was checked by requiring that the D*(1.95)/H* and D*(1.96)/H* values were equal within
analytic;al uncertainty. Isotope ratios were collected in a peak jﬁmping mode. In order to
make sure that the peaks remained properly centered within the exit slits, every 5 cycles the
magnetic field was stepped from the low-mass half-intensity position, to the centroid, to the
high-mass half-intensity position for the H* and Hp* peaks. If the relative half-maximum
intensities were unequal, the magnetic field position was automatically adjusted on the
following cycle. No shifts larger than *2 field steps were required in any of the analyses.
The side peak counting times were 1 second each. Counting times at each on-peak mass
| were 2 seconds at 0.95, 1 second at 1.00 and 2.00, and 20 seconds at 1.95 and 1.96.

The value of D/H was calculated for each cycle by dividing Dt cps by H* cps.
Additionally, the value of Hy*/H*, a good tracer of contamination by adsorbed water on

sample surfaces [(Deloule et al., 1991b) and further discussed below] was also calculated
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in this manner (i.e., the ratio of the intensities at mass 2.00 and 1.00). The error on a ratio
was calculated as twice the standard deviation of the mean based on the reproducibility of
individual cycles. As a measure of performance, the error expected on the basis of
counting statistics was also calculated. Normally, the measured error does not exceed the
statistical error by more than a factor of 1.5. The error calculation was performed using
computer programs previously developed by Dr. I. Hutcheon. Average D/H measurement
errors were ~+ 40 %o for kaersutite measurements, = 20 %o for the biotite measurement,
and ~+ 20 %o for apatite measurements.

After ion microprobe measurement, samples were examined and photographed under
an optical microscope and SEM to determine the precise location of the sputtered holes.
The sputtered holes were observed to overlap from the targeted, hydrous phase onto
neighboring phases in a few cases (e.g., Fig. 4.1D), since the size of many of the studied
grains was on the same order as the diameter of the primary beam. Since the phases
surrounding all the hydrous crystals were anhydrous, a slight overlap of the primary beam
onto neighboring phases should result only in a reduced count rate, but should not affect
the D/H except perhaps by allowing a larger fractional contribution of the background to

sample with reduced count rates (see section 4.4.2.2).

4.3.2.3 Standards

Lawsonite (CIT museum number 2243) from Tiburon Peninsula, California, was
used as a standard for tuning the instrument for hydrogen measurement. The lawsonite
contains ~11.5 wt. % water (Newman et al., 1986) and thus provided high enough count
rates for location of peaks and refinement of peak shapes. Specifically, the D* intensity

was sufficiently high to determine precisely the position of the D* peak relative to the Hp*
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peak. During the course of the four occasions when ion microprobe data were collected for
this work, the lawsonite was periodically measured to refine the peak locations as needed.
Previous ion microprobe studies of terrestrial silicates have shown that, due to
instrumental mass fractionation favoring H*, measured values of D*/H* differ substantially
from the true D/H of the sample being studied (Deloule et al., 1991b). The magnitude of
the fractionation is strongly dependent on major element composition, requiring the use of
standards similar in chemical composition to the samples being studied. Deloule et al.
(1991a,b) were able to devise a correction technique for the measurement of D/H by
measuring the ion yields of major elements in their unknowns and using a calibration
constructed utilizing the major element ion yields of standards. Specifically, they

demonstrated that the value of o, the instrumental fractionation factor, defined as:
o = (D/H)measured/(D/H)true (4-1)

could be expressed as a linear combination of the secondary ion intensity of certain major
elements. The}\l found the instrumental fractionation to be most sensitive to the Mn and Ti
content of the sémples studied. More practically, o0 was also found to depend on the mean
atomic mass-to-charge ratio (m/c) of the octahedrally-coordinated cations in the sample
(Deloule et al., 1991b). Thus the instrumental fractionation is at least partially controlled
by the configuration and bonding energy of the OH-sites (i.e., the local environment of the
OH) in the minerals, similar to the effect found for the fractionation between OH-bearing
minerals and water (Suzuoki and Epstein, 1976).

Initially, I made an attempt to devise a correction procedure similar to that of Deloule
et al. (1991). I obtained amphibole and biotite samples, studied by Boettcher and O'Neil
(1980), from Prof. A. Montana; a hornblende sample with a known D/H from Prof. J.
O'Neil; and several of the standards used by Deloule et al. (1991) from Dr. E. Deloule.
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Although the samples proved useful for discovering the range of possible o values and for
the calibration of the water content measurements, I was not successful at producing an
acceptable o, vs. m/c calibration. The results of the study of the mineral standards are listed
in Table 4.2 and the results of the attempted calibration are shown in Figs. 4.3 and 4.4.
Fig. 4.3 shows the lack of simple correlation between (D/H)measured and (D/H)¢rye and Fig.
4.4 shows the unsatisfactory results of the attempt to correlate the instrumental fractionation
with m/c.

Even if the measurement of the terrestrial samples had resulted in a useful calibration,
the fact remains that the SNC samples are outside the range of terrestrial kaersutite and
biotite compositions, contaiﬁing significantly more Ti (Johnson et al., 1991; Treiman,
1985). Since the value of o was previously found to be strongly dependent on Ti content
(Deloule et al., 1991b), a more appropriate approach is to synthesize standards of the same
bulk composition as the samples to be studied, thus allowing the value of o for the
composition of interest to be measured directly. Thus, I synthesized three standard glasses
with the same bulk composition as the Chassigny kaersutite (from Johnson et al., 1991 and
given 1n Table 4.3), containing dissolved water spanning a largé range of D/H (0D = +48,
+592, and +1130), in a piston—cylinder apparatus at 10 kbar and 1550°C. The starting
material for the piston-cylinder experiments was a glass formed by melting a starting oxide
mix in a one-atmosphere gas-mixing furnace at 1375°C and an fO, equivalent to the Ni-NiO
buffer. The starting oxide mix was melted in an Fe-saturated Pt crucible, to minimize Fe-
loss. The average of seven electron microprobe analyses (perfofmed by Dr. M. Baker) of
. the starting glass (referred to as "Kaers 1" or "K1") is given in Table 4.3. The starting
glass and waters of various D/H were then loaded into 0.15 inch Pt capsules and held at
10kb and 1550°C for ~5 minutes. The goal of the experimental approach was to minimize
Fe-loss and H-exchange, and to prevent quench crystals from forming by melting the

samples at very high temperatures for very short times.
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After each experiment, several small chips of the resulting glass were doubly-
polished and run on a Nicolet 60SX Fourier-transform infrared spectrophotometer using
methods described by Newman et al. (1986) to confirm the presence of dissolved water. A
chip of each successful experiment was then mounted, polished, and gold-coated for ion
microprobe analysis and the remainder of the sample was extracted on the vacuum system
used for bulk meteorite extractions described in Chapter 3 (see Fig. 3.1). The extraction
procedure involved slowly heating the glass to 1050°C over the course of ~10-12 hours.
From these extractions, the water content and dD¢ye value of each standard glass was
determined. The results of the extractions of the three standard glasses are given in Table
4.4, In order to minimize the uranium memory effect on the 6D values (discussed in
section 3.3.3) sealed capillaries containing the same water used in each glass synthesis
experiment were broken in the extraction system and the water passed over the uranium.
The blank for the extraction procedure was measured to be 0.5 umoles Hp, and the 6D
value assumed to be -120. The results of each extraction were corrected for this blank
(Table 4.4).

At the bgginning of each of the four occasions when ion microprobe data were
collected for this work, ion microprobe analyses of the standard glasses were used to
calculate the instrumental fractionation factor. For each set of experiments, an average ot
was calculated from multiple glass standard analyses. The results of the standard glass
measurements and o. determinations are given in Table 4.5 and an example from the March
run is shown in Fig. 4.5. The value of o was used to correct the measured D*/H* values
for all kaersutites and the biotite and only the corrected values are reported. The value of o
| ranged from 0.592 £ 0.006 to 0.631 + 0.006, depending slightly on the instrument tuning
in each analysis session. A terrestrial apatite from Pacoima Canyon, CA was used as a
standard for the apatite analyses of D/H and water content. The Zagami DN apatite 8D

values have been corrected for instrumental mass fractionation using an o value of 0.706 +
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0.024, determined from analyses of the Pacoima Canyon, CA apatite (Table 4.5). The

uncertainty in the 8D values is reported as twice the standard deviation of the mean and
includes the uncertainty in o from the standard analyses.

Since the meteoritic kaersutites and biotite do not all have the same chemical

composition as the Chassigny kaersutites, an additional uncertainty in the 6D values for the
shergottite kaersutites and the Chassigny biotite may be anticipated. However, based on
D/H meaéurements of the mineral standards discussed above, which have a much larger
range in major element composition (and m/c) than that of the meteorite samples, I place an

upper limit of 20% (relative) on the magnitude of the uncertainty in o for the shergottite
kaersutites and Chassigny biotite. This uncertainty has no effect on the conclusions of this

work.

4.3.2.4 Water Content Measurements

The total water contents of the kaersutites and biotite were calculated from
measurements of 1H+/30Si* secondary ion ratios using a calibration between measured
LH+/308i+ secondary ion ratios and true OH and Si contents determined from analyses of
the kaersutite glass standards and terrestrial kaersutite and biotite mineral standards (Table
4.6 and Fig. 4.6). The "zero" of the calibration was determined from 1H+/30Si+ analyses
of ahhydrous olivine and glass in Chassigny sample UH 106 (also given in Table 4.6).
The water contents of the kaersutites and biotite were calculated from the regression

equation given in Fig. 4.6:
H,0 (wt. %) = {[IH*/30Si* * SiO; (wt. %)] — 0.40}/17.63 (4-2)

The water content of the Zagami DN apatite was determined from measured 1H*/44Ca*

secondary ion ratios (Table 4.6) using a sensitivity factor determined from analysis of the
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Pacoima Canyon apatite (and assuming the standard and sample have the same CaO

content).

4.3.3 Summary of Igneous Hydrous Phases Studied by Ion Microprobe

The meteorite D/H data were collected on four separate occasions in 1993. I will
refer to them as the January, March, June, and August runs. I report the results of eleven
successful kaersutite D/H measurements and three measurements found to have been
affected by terrestrial contamination (as defined below), for a total of fourteen D/H
determinations on kaersutites. One biotite analysis is reported as well as seven analyses of
a single apatite in Zagami DN. Of the kaersutite measurements, nine were made on
kaersutites in Chassigny, three in Shergotty, and two in Zagami. The January run
produced four D/H measurements on four separate grains contained in three inclusions
(inclusions #6, 28, and 30 - inclusion #30 contains the two separate grains) in Chassigny
thin section USNM 624-1, borrowed from the Smithsonian Institution in Washington. The
March run produced the three contaminated analyses; one was a replicate analysis of the
kaersutite in U§NM 624-1 inclusion #28, and two were on kaersutites in two separate
inclusions in Shergotty thin section AMNH 3937-1, borrowed from the American Museum
of Natural History in New York. The June run consisted of three measurements of a single
kaersutite in Chassigny section UH 106, borrowed from the University of Hawaii; two
kaersutites in separate inclusions in Zagami sample UNM 991, borrowed from the
University of New Mexico; and two measurements on the apatite in Zagami DN section
UH 234, also borrowed from the University of Hawaii. Finally, the August run produced
the USNM 624-1 biotite analysis, and a replicate analysis of one of the two kaersutites in
inclusion 30 (first measured in the January run) since this inclusions also contains the

biotite; a single kaersutite analysis in Shergotty section USNM 321-1, also borrowed from
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the Smithsonian Institution in Washington; and five additional analyses of the Zagami DN

apatite grain (section UH 234).

4.4 RESULTS AND DISCUSSION
4.4.1 Water Content Measurements

Although the ideal experiment would involve measurement of both D/H and water
content of every grain studied, due to the nature of the instrument tuning required for
precise D/H measurement, it proved impossible to measure the 1H*/30Si+ secondary ion
ratio (used to calculate the water content) in conjunction with each D¥/H* measurement.
Thus, water contents were measured on only a few selected grains. These analyses were
performed on one Chassigny kaersutite (in section UH 106), one Zagami kaersutite (in
section UNM 991), the Chassigny biotite (in section USNM 624-1), and two
measurements on the Zagami DN apatite grain (in section UH 234), all reported in Table
4.7. Based on these measurements, the kaersutites contain only ~0.1 — 0.2 wt. % water,
an order of magnitude less than the amount previously assumed (Floran et al., 1978;
Johnson et al,,\ 1991; McSween and Harvey, 1993; Treiman, 1985). The biotite contains
~0.5 wt. % watér and the Zagami DN apatite grain contains ~0.3 — 0.4 wt. % water.

Initial estimates and measurements of the water content of the kaersutites, reported in
abstract form (the abstracts are included as Appendices to this thesis), were slightly higher
than those reported above. The first reported value of <0.3 wt. % (Watson et al., 1993b)
was based solely on the H* count rates (rather than the TH*/30Si* secondary ion ratios) of
Chassigny kaersutites relative to the glass standards and was intended as only a rough
 estimate. The second estimate of ~0.5 wt. % (Watson et al., 1993a) was an upper limit
based on one Shergotty and one Chassigny measurement made during the March run.
Based on the measured Hyt/H*, used as an indicator of terrestrial contamination (see

section 4.4.2.2), both of these analyses were subsequently discovered to have been
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affected by overwhelming terrestrial contamination and these data have been superseded by
the data reported above and in Table 4.7.

The low hydroxyl content of the SNC kaersutitic amphiboles combined with their low
F and CI contents (Floran et al., 1978; Johnson et al., 1991; Treiman, 1985) suggests the
presence of a significant oxy—amphibole component (O2- substitutes for OH- in the
amphibole O3 site; e.g., Popp and Bryndzia, 1992). Although some terrestrial oxy—
amphiboles may form by post-eruptive oxidation or mantle metasomatism involving
oxidation of Fe2+ and corresponding loss of H (Dyar et al., 1993a; Dyar et al., 1993b;
Popp and Bryndzia, 1992), terrestrial kaersutites display a negative correlation between Ti
content and the sum of OH + F + CI (Popp and Bryndzia, 1992), consistent with primary
incorporation of the oxy—amphibole component at the time of crystallization with the OH
concentration strongly influenced by crystal chemical factors. Thus, the low hydrogen
contents of the SNC amphiboles are consistent with their high Ti contents [7 % TiO for
Chassigny kaersutites (Johnson et al., 1991) and ~9 % TiO; for shergottite (Treiman,
1985) kaersutites]. Note also that the water content of the biotite, though higher than those
of the kélersutitgs, is still lower than typical terrestrial biotites (Boettcher and O'Neil, 1980;
Dyar et al., 1993a; Patino Douce, 1993). The Chassigny biotite contains ~9 wt. % TiO7
(Johnson et al., 1991) and thus, like the kaersutites, may be expected to have a low water
content based on its bulk composition and the presence of an oxy-component.

The assumption of nearly fully hydroxylated amphiboles has led to estimates of SNC
magmatic water content (Johnson et al., 1991; McSween and Harvey, 1993) which, based
on the water content measurements presented above, are probably erroneous. These
 estimates were made in the following way: first, the kaersutites were assumed to be
essentially fully hydrated, then, the results of a phase equilibria study, which showed that
~4-5 wt. % water is needed in a magma in order to stabilize hydrous amphibole

(Merzbacher and Eggler, 1984), were used to infer that the water contents of the residual
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melts in the SNC magmatic inclusions at the time of kaersutite crystallization were ~4 wt.
%. Finally, mass balance calculations were used to predict the amount of crystallization
that had taken place in the magmatic inclusions prior to kaersutite crystallization. Assuming
the water content of the melt was 4 wt. % at the time of kaersutite crystallization, the
amount of water in the melt at the time of inclusion entrapment can be calculated. For
example, Johnson et al. (1991) calculated that Chassigny kaersutites formed after 64 %
crystallization of the inclusions. Thus, at the time of inclusion entrapment and assuming
that water acted as a highly incompatible oxide, the magma contained: (4 wt. %)*(1 -
0.64) ~ 1.5 wt. % water. McSween and Harvey (1993) used the same method to calculate
the magmatic water contents for other SNC meteorite melts at the time of inclusion
entrapment and suggested an average value of 1.4 wt. %. In addition to the calculated
magmatic water contents at the time of inclusion entrapment, the fact that the melts
contained ~4 wt. % water was used to constrain the depth of kaersutite crystallization on
Mars (Johnson et al., 1991), since at least ~1.5 kbar of pressure (corresponding to a depth
of ~11 km on Mars) is needed to dissolve 4 wt. % water in a basaltic melt (Hamilton et al.,
1964).

These estimations of magmatic water content suffer from two major flaws. First, the
assumption that the kaersutites are nearly fully hydroxylated was clearly erroneous. Even
before the measurements of water content presented in this thesis were made, examination
of the water contents of terrestrial kaersutites (e. g., in Boettcher and O'Neil, 1980) would
have revealed that most terrestrial kaersutites contain far less water than predicted by
amphibole stoichiometry. In fact, an oxy-amphibole component is present in terrestrial
| kaersutites essentially without exception (Boettcher and O'Neil, 1980; Dyar et al., 1993a;
Dyar et al., 1993b; Popp and Bryndzia, 1992). Second, the application of the work of
Merzbacher and Eggler (1984) to the study of kaersutites is not warranted. These authors

do not report the chemical composition of the amphibole in their experiments. However,
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since the aim of the study of Merzbacher and Eggler (1984) was to constrain the
crystallization histories of dacitic magmas such as those found at Mount St. Helens, and
based on a complementary set of experiments in another study (Rutherford and Devine,
1988) in which the amphibole compositions were reported, I think it is fairly safe to
assume that the amphiboles in their study were not kaersutitic.

In summary, in the absence of phase equilibrium data appropriate to amphiboles of
kaersutitic compositions, it is difficult to make quantitative inferences about the water
content of the parent magmas of the SNC meteorites. Furthermore, the published estimates
of magmatic water content discussed above, based on phase equilibria of non—kaersutitic
amphiboles (Merzbacher and Eggler, 1984) and on the assumption that the water contents
of the SNC amphiboles are about an order of magnitude higher than they actually are
(Johnson et al., 1991; McSween and Harvey, 1993), are probably invalid. The water
contents of the SNC parent magmas at the time of inclusion entrapment were most
plausibly substantially lower than the reported estimates of 1.4 — 1.5 wt. % (Johnson et al.,
1991; McSween and Harvey, 1993).

4.4.2 D/H Meésurements
4.4.2.1 D/H Values and H Count Rates of SNC Kaersutites. Biotite and Apatite

The D/H values measured in the SNC hydrous minerals exhibit two striking features:
first, large enrichments in D relative to terrestrial materials, with 6D values up to ~+4400
and, second, large variability in the D/H both among different amphiboles and within
individual crystals. The samples and phases studied and the hydrogen isotopic results are
' summarized in Table 4.8 and Fig. 4.7. Detailed resuits of the D/H measurements are given
in Table 4.9. Eleven kaersutite analyses on eight individual crystals produced 8D values
ranging from +512 * 89 to +1879 £ 48, the biotite gave 8D = +987 + 40, and seven

analyses of the Zagami DN apatite yielded 8D values between +2962 + 139 and +4358 =
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185. H+ ion yields for the kaersutite analyses ranged from ~2300 to 7900 cps/nA. The ion
yield on the biotite was ~12500 cps/nA, and ranged from ~7700 to 11600 cps/nA for the
apatite analyses. In the next few sections, I discuss the possible origins and implications of

the high and variable D/H of SNC igneous hydrous phases.

4.4.2.2 Terrestrial Contamination/Background Contribution

Unfértunately, the discovery that the kaersutites contain an order of magnitude less
water than previously assumed means that the measurements of D/H are complicated by the
possible influence of the machine background which generally consists of contamination by
terrestrial water adsorbed on thin section surfaces. That is, since the meteoritic kaersutites
are so water-poor and have a D/H so different from terrestrial values, a small contribution
to the D* and/or H* signal from terrestrial water could change the observed D/H by a large
amount. Although some of the variability in the measured D/H may be attributable to such
contamination by terrestrial water (which has a 6D = -200), based on the evidence
presented below, I beliéve the samples are intrinsically heterogeneous in D/H.

Aé discu§§¢d by Deloule et al. (1991), the value of H2+/H“L can be used as a tracer of
contamination by adsorbed water. The magnitude of the contamination is related to the
amount of time a sample is left in the ion microprobe before measurement, since the amount
of adsorbed water decreases with the amount of time that the sample is under vacuum
(Deloule et al., 1991b). In order to test the affect of the background on the measured D/H
with time after a sample is loaded, and to constrain the value of Hy*/H* below which the
background contribution is unimportant, a sample with known low water content and high
| D/H was studied. The sample, called ABOR 20, was an albite-orthoclase glass prepared
by Dr. P. Dobson in conjunction with studies of isotopic fractionation of hydrogen
between vapor and melts at low pressure (Dobson et al., 1989). According to my own

vacuum extraction measurements, the glass contains ~0.14 wt. % water (essentially
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identical to the SNC kaersutites) with a 8D value of +390. Four ion microprobe D/H
measurements were made on this glass over the course of a day. The results, shown in
Fig. 4.8, clearly demonstrate the effect of time in the machine on the values of 8Dmeasured
and Hyt/H*. With time, the value of Hy*/H* decreased and 6Dmeasured increased, leveling
out at a 8Dpeasured value of ~-55 £ 65 (corresponding to an o value of ~0.68, which is
entirely appropriate for a sample of this bulk composition) and an Hy*/H* value of
~7 x 104 after ~6 hours in the machine. By reporting data only for meteoritic phase
analyses with Hyt/Ht <7 x 10-4, T have tried to minimize the effects of contamination on
the results.

It should be emphasized that the contribution of the background hydrogen signal is
most important for the SNC kaersutites, since the crystals are so water—poor. In fact, three
kaersutite D/H measurements are not reported with the data above (although they are given
in Table 4.9 for completeness) due to the presence of overwhelming terrestrial
contamination (as evidenced by Hp*/H* values of > 7 x 104, and also by anomalously
high H+ intensity) . This is demonstrated in Fig. 4.9, a plot of all of the kaersutite D/H
data arc; against the value of Hp*/H*. In this figure a higher Vélue of Hy*/H* indicates a
more significant contribution from terrestrial contamination by water with a low D/H (6D ~
-200). Thus the three measurements with the highest values of Hy*/H* are interpreted to
have been overwhelmingly affected by terrestrial contamination and have not been included
in the interpreted data set.

Although the samples shown in Fig. 4.9 with the highest Hy+/H* values clearly have
been affected by terrestrial contamination, the question remains, is the variation in the
samples with-Hyt/Ht <7 x 104 real, or are slight but variable contributions from
terrestrial adsorbed water also causing the observed 8D variation between ~+500 and

+1900? The strongest-argument that contamination is unimportant in the analyses with
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Ho*/H* < 7 x 10-4 is provided by analyses of kaersutite and biotite in the same inclusion
(in Chassigny section USNM 624-1, inclusion 30). The biotite contains ~3 times more
water than the kaersutite, so if the background H* signal were comparable to or larger than
the indigenous H* signal of the water-poor kaersutite, then the water-rich biotite, having a
much smaller fractional contribution from this contaminant, should have a significantly
higher measured D/H. However, within error, both phases contained in this inclusion have
identical D/H: 8D = +1014 £ 101 for the kaersutite and 8D = +987 + 40 for the biotite
("B" in Fig. 4.9). Thus, I conclude that for analyses with Hy*/H* <7 x 10-4, the
fractional contribution from the background to the total H* and D+ signals is small and
furthermore, that a significant fraction of the measured variability between +500 and +1900
in SNC kaersutites reflects intrinsic grain-to—grain variations in 8D. Likewise, the 3D
variation observed in the single apatite grain is much larger than the uncertainty of the
measurements. I believe the variation observed in the apatite also reflects real heterogeneity
in D/H within this crystal.

Kaersutite samples run after the discovery of the contamination problem were left in
the ion Vmicrop{g)be overnight, under vacuum, in the presence‘of a liquid nitrogen trap.
This appeared effectively to eliminate the adsorbed water contamination problem.
However, it should be noted that D/H measurements on one Shergotty section (AMNH
3937-1) gave the two most contaminated D/H values of -80 and -12 (and the highest values
of Hy+/H+). This appeared to be an extremely thin section, which was completely
impregnated by epoxy. Tests performed by purposely placing the ion microprobe primary
beam directly on epoxy-filled cracks in other thin sections confirmed that epoxy can also be
the source of high values of Hy*/H*, since the epoxy contains a significant amount of

hydrogen. Thus I also took care to try and avoid cracks in the thin sections when making
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D/H measurements. However, this was often quite difficult since the samples are highly
fractured.

Although evidence for a significant contribution of an adsorbed water component is
not observed (i.e., only those analyses for which Hyt/H* <7 x 104 are included in the
interpreted data set), the 8D values of all of the samples could still be affected by some
contribution from the machine background. Some D/H measurements of the machine
background, made on anhydrous phases in the SNC samples are given in Table 4.10.
Unfortunately, several of the background measurements also had high values of Hy*/H*
and are not included in Table 4.10. The average ion yield of the five background
determinations is ~2000 cps/nA of H* with a 8Dmpeasured value of ~-440. An interesting,
but unexplained feature of the background measurements is that the pyroxenes had higher
Ht count rates than olivines.

The kaersutites are most susceptible to a significant background contribution since
they contain the least intrinsic hydrogen. It is difficult to correct quantitatively for this
background contribution other than to apply a constant correction, an unquestionably
inaccurate appfoach. In order to take a conservative approach, no background correction
was made. However, I have attempted to estimate the maximum effect a background
correction would have on the reported data. Since the background is characterized by a low
D/H, any background correction will act to increase the reported 6D values. If a correction
were made, it would raise the 8D values of the Chassigny kaersutites by no more than
~500%o, taking an average background contribution of ~1/5 the total H* count rate (from
the olivine background analyses reported in Table 4.10). In addition, the small size of the
 Kaersutites can also contribute to lower H* count rates due to overlap of the primary beam
onto neighboring anhydrous phases. This problem was observed (by microscopic
examination of the samples after measurement) to be most pronounced in the shergottite

kaersutites since they are the smallest measured (~10 um - Fig. 4.1). Thus, the shergottite
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kaersutites had lower H* count rates than the Chassigny samples and could need a
maximum correction of ~+1500%., taking an average background contribution of ~2/5 of
the total H+ count rate. Again I emphasize that these corrections should represent the
maximum that would be needed, and the similarity in measured D/H of coexisting biotite
and kaersutites discussed above suggests that the actual effects are much smaller.
Additionally, any correction will not eliminate the variable nature of the D values observed

in the kaersutite, and would not significantly change the interpretations presented.

4.4.2.3 High and Variable D/H: Possible Interpretations

The results presented here clearly show that the D/H of individual amphiboles,
biotite, and apatite in the SNC meteorites are significantly higher than terrestrial values and,
especially in the case of the apatite, are consistent with values as high as the current martian
atmosphere (§D=+4000). Moreover, the variability of the 8D values of the kaersutites
within a single meteorite, their differences from the apatite values, the isotopic
heterogeneity of the apatite grain, and the similarity of the high end of the apatite 8D values
to the C{Jrre’nt martian atmosphere (all illustrated in Fig. 4.7) all suggest that the observed
3D values are the result of events involving the post-crystallization interaction of the
samples with martian crustal fluids carrying a D—enriched signature, probably derived from
interaction with or residence time in the martian atmosphere. Hence, I conclude that the
measured D/H values of SNC igneous hydrous phases do not directly reflect the D/H of
"magmatic" water from the martian mantle.

I believe the simplest scenario that satisfactorily explains both the high and variable
8D values of these minerals involves substantial but incomplete post—crystallization
exchange of hydrogen in the kaersutites, biotite and apatite with D—enriched hydrous
(meteoric?) fluids, perhaps in an environment analogous to terrestrial magmatic

hydrothermal systems. As discussed in Chapter 3, although the nakhlites show extensive
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evidence of such interaction in the form of clay-bearing alteration products (Gooding et al.,
1991; Treiman et al., 1993) that contain D—enriched water, no secondary water-bearing
silicates have been reported in Shergotty, Zagami, or Chassigny. Additionally, D/H
measurements of water in bulk Shergotty, Zagami, and Chassigny give conflicting results,
with the shergottites being the heaviest bulk samples studied and Chassigny being the only
SNC studied not found to contain water distinguishable from terrestrial in its D/H.

However, small grains of carbonate and sulfate have been previously described and used as
evidence of mild pre-terrestrial alteration of Chassigny and shergottite EETA 79001
(Gooding, 1992; Gooding et al., 1988; Wentworth and Gooding, 1991).

Although it is likely that the exchange of hydrogen in a groundmass phase such as the
Zagami DN apatite would be relatively easy, the mechanism of exchange of hydrogen in the
magmatic inclusion phases is more enigmatic. On the one hand, it may seem difficult to
envision how the kaersutites and biotite could be altered within their anhydrous pyroxene
and olivine containers. Moreover, if the samples had been altered by interaction with
hydrous fluids, the glass present in the magmatic inclusions might be expected to be
hydrated or dq\\/itrified. Yet as reported by Johnson et al. (1991) and based on my ion
microprobe measurements, this glass is essentially anhydrous. However, it is possible that
water once present in the glass has since diffused out (Johnson et al., 1991) as has been
observed in some terrestrial magmatic inclusions (Johnson and Rutherford, 1989). On the
other hand, if fluids could exchange with the enclosed phases [e.g., by diffusion of
hydrogen through the anhydrous containers or through microcracks (Mackwell and
Kohlstedt, 1990; Qin et al., 1992)], then the interaction might be slower than for

* unenclosed phases such as the Zagami apatite, thus possibly explaining the systematically
lower D/H of the enclosed kaersutites relative to the apatite in Zagami. The interaction of
D-enriched crustal fluids with the SNC meteorites after crystallization, resulting in

incomplete exchange of their magmatic water, best explains both the lower 8D values of the
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kaersutites and biotite relative to the apatite and their large variability, as well as the 6D
variation in the apatite grain.

An alternative explanation for the D-rich crystals is that the D/H of the water
dissolved in the SNC melts was enhanced relative to the primitive values inherited from
their mantle source regions, perhaps by assimilation of crustal material enriched in
deuterium through interaction with meteoric fluids. On the basis of trace element and
isotopic data, assimilation has been suggested to play an important role in shergottite
petrogenesis, although it has not been invoked in the history of the nakhlites or Chassigny
(Longhi, 1991). Tt would be difficult, however, to explain the systematic difference
between the D/H of the apatite and amphibole by this hypothesis. Moreover, the range of
amphibole 8D values from a single meteorite and within the single Zagami apatite (Fig. 4.7)
requires that any incorporation of crustal hydrogen into the magma took place almost
immediately prior to entrapment of the magmatic inclusions and crystallization of the
apatite, otherwise diffusion would have homogenized the D/H of the magma (Zhang and
Stolper, 1991), resulting in uniform D/H values of the hydrous phases.

Tfle interpretation that the OD signature of the hydrous ﬁhases reflects incomplete
exchange with crustal fluids or rocks with near-atmospheric D/H implies that the D/H of
magmatic water on Mars (i.e., that reflects the D/H of mantle source regions) cannot be
directly measured with the available samples. This interpretation does suggest, however,
that the 8D values of the water in the parent magmas could not have been higher than +500
to +1000, the lowest values observed in the amphiboles, and significantly lower than that
of the current martian atmosphere. Note that with the available data it is impossible to rule
out the prospect that water in the source regions of the SNC magmas could have had a D/H

up to 50% higher (i.e., a 8D value of ~+500) than that of the Earth's mantle.
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4.4.2.4 Implications for Water on Mars

If the high D/H of hydrous magmatic minerals in SNC meteorites are ultimately due
to interaction of hydrogen in the martian crust with that in the atmosphere, the results also
provide some indirect insights into atmospheric and hydrologic processes on Mars. For
example, this interpretation of the results implies that perhaps as early as ~1.3 billion years
ago, the earliest possible time of crystallization for the SNC meteorites (Nakamura et al.,
1982a; Nakamura et al., 1982b; Shih et al., 1982) [the youngest reasonable crystallization
age of some SNC meteorites is 180 million years (Jones, 1986)], the D/H of the martian
atmosphere was already high relative to the terrestrial value (and perhaps even as elevated
as that of the modern atmosphere) since hydrothermal alteration is not likely to have
significantly post—dated primary crystallization of the magmas. Moreover, the data support
the hypothesis that at the time of igneous activity, a fluid phase was present in the martian
crust. The high D/H values observed in the samples suggest that the hydrogen in this fluid
once resided in the atmosphere or was part of an exchangeable reservoir in isotopic
communication with it. This result is consistent with measurements of the oxygen isotopic
composwition o_f\water in bulk SNC samples (Karlsson et al., 1992), which can be explained
~ by equilibration of the oxygen in crustal water with atmospheric oxygen that has been
affected by loss processes (Jakosky, 1993).

Consequently, models of the evolution of the martian atmosphere should consider
this possibly large and exchangeable crustal reservoir of water (i.e., in order to change the
D/H of a large reservoir of water, a very large amount of hydrogen must have escaped the
planet). In addition, the D/H measurements support the assertion that in order for Mars to
| have lost the amount of water implied by geological arguments, the escape rate of hydrogen
must have been higher in the past (Owen et al., 1988; Yung et al., 1988) since 108-10°
years ago the D/H ratio was already close to the value of the current martian atmosphere.

Unfortunately, although my results indicate the presence of a D-enriched crustal water
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reservoir on Mars, the actual extent of the reservoir remains unknown. Thus application of
these results to quantitative determinations of the amount of water that has escaped the

planet remains difficult.

4.5 CONCLUSIONS

The study of igneous hydrous phases in the SNC meteorites by ion microprobe has
produced two major conclusions. First, the SNC kaersutites contain an order of magnitude
less water than previously assumed. Thus, estimates of magmatic water content, based on
the erroneously assumed water content, are probably significantly too high. Experimental
data on the formation of very Ti-rich amphiboles is needed before these samples can be
properly used to constrain the water content of martian magmas. Second, the hydrous
phases studied have high (compared to terrestrial) and variable D/H, with some values as
high as observed in the current martian atmosphere. The simplest interpretation of this
result involves the substantial but incomplete post—crystallization exchange of hydrogen in
the hydrous phases with D—enriched hydrous crustal fluids, perhaps in an environment
analogous to t@l‘festrial magmatic hydrothermal systems. This interpretation, in agreement
with the implicétions of the data presented in Chapter 3, suggests that the crustal water
reservoir on Mars has become D-enriched through interaction with the atmosphere.
Moreover, the conclusion that all of the SNCs appear to have been affected by interaction
with this D-enriched crustal water suggests that the reservoir is extensive, and that, similar

to Earth, interaction of igneous rocks with meteoric fluids is a common process on Mars.
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Table 4.1. Chemical compositions of SNC samples analyzed by SIMS

kaersutite biotite apatite
wt. % oxide | Shergotty = Zagami  Chassigny | Chassigny | Zagami DN
SiOy 36.03 35.15 39.49 35.71 0.67
TiOp 9.28 8.94 7.00 8.86 nd
AbO3 14.43 15.13 14.22 13.12 nd
Cr03 0.38 0.37 nd nd nd
FeO 18.25 16.18 10.47 12.12 0.97
MnO 0.36 0.29 0.17 0.07 0.11
MgO 5.56 6.40 11.53 14.09 nd
CaO 11.03 11.48 11.80 0.01 53.17
NayO 1.94 2.38 2.99 0.17 nd
K70 0.12 0.20 0.33 8.39 nd
P>0s5 nd nd nd nd 40.80
H,O nd nd nd nd nd
F 0.00 0.08 0.50 2.30 1.44
Cl 0.03 0.00 0.10 0.40 2.40
total 97.42 96.52 98.60 95.24 99.56
minus O=CLF 0.01 0.03 0.23 1.06 1.15
TOTAL 97.41 96.49 98.37 94.18 98.41
source )] )] ] @ ©)]

(1) Treiman (1985)
(2) Johnson etal. (1991)
(3) T. McCoy (personal communication)

nd = not determined
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Table 4.2. Ion microprobe D/H mineral standards

sample name sample type/ oD true 6D meas. of (instr. fract.) m/c*
reference (£ 20)
Sp-55 biotite/(1) -71 -463 £ 10 0.578 + 0.013 15.14
B-DL-17-1 kaersutite/(1) -113 -504 £ 16 0.559 £ 0.018 15.83
B-BC-2-24  kaersutite/(1) -59 -435£25 0.600 + 0.034 14.93
B-VT-3 kaersutite/(1) -33 -457 £ 27 0.561 + 0.037 16.13
Kipawa Mg. Hast./(2) -88 -445 £ 19 0.608 + 0.023 16.58
Ilimaussaqg A Mg Arfv./(2) -142 -592 £ 16 0.476 £ 0.018 25.91
Hbl. Hornbl./(3) -105 -504 £ 12 0.554 £ 0.010 unk.
(1) loaned by A. Montana, sample isotopic/major element composition from Boettcher and
O'Neil (1980)
(2) loaned by E. Deloule, sample isotopic/major element composition from Deloule et al.
(1991)

(3) loaned by J. O'Neil, major element composition unknown

T o = (D/H) measured/(D/H)rye, see text

*m/c = mean atomic mass-to-charge ratio of the octahedrally coordinated cations in the
sample .

unk. = unknown
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Table 4.3. Chemical composition of Kaers. 1 standard glass compared to
Chassigny kaersutite

wt. % oxide Kaers. 1 +95 Chassigny
glass* kaersutite’
SiO2 38.62 1.68 39.49
TiO2 7.17 0.87 7.00
AlO3 14.29 0.34 14.22
Cr203 0.00 0.00 nd
FeO 10.94 0.39 10.47
MnO 0.21 0.08 0.17
MgO 11.77 0.60 11.53
CaO 11.77 0.45 11.80
Na20 2.98 0.08 2.99
K20 0.34 0.04 0.33
TOTAL 98.07 0.73 98.37

* average of seven electron microprobe analyses performed by Dr. M. Baker
T from Johnson et al. (1991)
nd = not determined
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Table 4.4. Ion microprobe Kaers 1 glass standards - extraction results

Sample* mass (mg) pmoles Hy Hmoles Hy —wt.% D , oD
(minus blank)T  water (minus blank)*
K1-2-4.ext 1 22.42 23.80 23.30 1.87 +46.6 +50.2
K1-2-4.ext 2 13.82 14.82 14.32 1.87 +39.7 +45.3
K1-4-1 34.24 20.98 20.48 1.08 +575.1 +592.1
K1-5-1 35.35 13.88 13.38 0.68 +1085.1 +1130.1

* Sample names: K1 represents starting composition Kaers. 1 - the number of the starting
water that was added to the run (I originally mixed six waters of various D/H) - the
experiment number of this starting mix/water combination. (e.g., K1-2-4 was the fourth
experiment using K1 glass and water #2)

TBlank measured to be 0.5 pmoles Hy, assumed 0D of -120
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Table 4.5. Kaers. 1 glass standards and Pacoima Canyon, CA apatite
instrumental fractionation factor (00) measurements

Sample ODmeasured™ 1 (20) o * (20)
January '93 run

K1-2-4 -359 17 0.611 0.016
K1-2-4 -346 20 0.624 0.019
K1-4-1 -39 24 0.604 0.015
K1-4-1 -40 23 0.603 0.014
K1-5-1 284 28 0.603 0.013
K1-5-1 253 23 0.588 0.011
K1-5-1 294 26 0.608 0.012

’7 average o + propagated uncertainty 0.606 0.005 ‘

March '93 run

K1-2-4 -357 18 0.614 0.018
K1-2-4 -351 19 0.619 0.018
K1-4-1 +24 13 0.643 0.008
K1-4-1 +8 14 0.633 0.009
K1-5-1 +371 27 0.643 0.013
K1-5-1 +353 26 0.635 0.012
‘ average 0.+ propagated uncertainty 0.631 0.005. ‘

.

June '93 run

K1-2-4 -356 18 0.615 0.017
K1-2-4 -353 22 0.617 0.021
K1-2-4 -338 19 0.632 0.018
K1-4-1 +52 21 0.661 0.013
K1-4-1 -2 18 0.627 0.011
average o+ propagated uncertainty 0.630 0.007 - )

August '93 run

- K1-2-4 -389 15 0.583 0.015
K1-5-1 +267 - 16 0.595 0.007
K1-5-1 +272 20 0.597 0.009

L average 0. + propagated uncertainty 0.592 0.006 ‘
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Table 4.5. (continued)

Sample ODmeasured® % (20) o *+(20)
apatite

PCApatite -370 28 0.715 0.032
PCApatite -386 32 0.698 0.036

r average o propagated uncertainty 0.706 0.024 ‘

*§Dyrye Values for the standard glasses and apatite are given in Table 4.4.
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Table 4.6. Results of 1TH*\30Sj+ (and 44Ca*) measurements in standards

(IHH\30Si+)*

1 1gH\30si+ ]
Sample Si (wt. % SiO)) wt. % water
kaersutite and biotite standards
B-DL-17-1 0.261 10.478 0.42
B-VT-3 0.303 12.108 0.57
B-BC-2-24 0.468 18.881 0.79
Sp-55 1.303 50.955 3.20
Sp-55 1.294 50.603 3.20
Sp-55 1.328 51.960 3.20
K1-2-4 0.957 37.784 1.87
K1-2-4 0.983 38.815 1.87
K1-2-4 0.977 38.597 1.87
K1-2-4 1.125 44.410 1.87
K1-4-1 0.454 17.944 1.08
K1-5-1 0.367 14.497 0.68
blank measurements - in section UH 106
olivine 0.011 0416 0.00
dark glass 0.005 0.384 0.00
average . 0.400 0.00
Sample - THA44Cat (HAHMCaty* wt. % water
p (wt. % Ca0) ’
apatite standard

PC apatite 0.017 0.904 0.20
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Table 4.7. Water contents of SNC kaersutites, biotite, and apatite

Sample meteorite  mineral THA30Si+  wt. % SiOp  wt. % water
UH 106 inc. 1 Chassigny  kaersutite 0.088 39.49%* 0.18
UNM 991 inc. 12 Zagami kaersutite 0.079 35.157 0.13
USNM 624-1 Chassigny  biotite 0.238 35.71%* 0.46

inc. 30

Sample meteorite  mineral IHA#Cat  wt. % CaO  wt. % water
UH 234 Zagami DN apatite 0.034 53.17% 0.40
UH 234 Zagami DN apatite 0.028 53.17% 0.33

* from Johnson et al. (1991)
T from Treiman (1985)
¥ from Dr. T. McCoy (personal communication)

uncertainties in individual water content measurements are ~x10% relative
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Table 4.8. Summary of ion microprobe measurements of D/H in SNC
meteorites. 8D values of kaersutites, biotite and apatite in the SNC meteorites.
As discussed in the text, the uncertainty is reported as twice the standard deviation
of the mean and includes the uncertainty in o (the instrumental fractionation factor)
from the standard analyses. The first two 8D values in USNM 624-1 represent
single analyses of kaersutites in two different inclusions. The next three kaersutite
analyses are on two separate crystals within a third inclusion (Fig. 4.1A) with the
latter two representing replicate analyses of the same crystal during different
measurement runs. This third inclusion also contains the biotite grain. The three
dD values for UH 106 represent three areas of one ~70 um kaersutite (Fig. 4.1B).
The two kaersutite measurements in Zagami are single grains in two separate
ihclusiqps. The seven analyses from Zagami DN are on a single ~1mm long apatite

(Fig. 42).
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Thin Phase
Section#  Analyzed* 0P (%0)
Chassigny
USNM 624-1 k +897 + 81
! k +1425 £ 71
! k +823 + 81
" k +1043 £ 72
" k +1014 £ 101
! b +987 + 40
UH 106 k +1338 £42
" k +1253 £ 42
" k +1879 £ 48
Shergotty
USNM 321-1 k +512 £ 89
Zagami
UNM 991 k +1672 + 57
" k +1498 £ 62
Zagami DN
UH 234 a +4053 £ 174
" a +4358 £ 185
" a +3146 + 144
" a +3749 £ 164
" a +2962 * 139
" a +3609 £ 160
" a +2963 + 141

*k = kaersutite, b = biotite, and a = apatite



186

puooas Jod sjunoo = sdo

amede =€ ‘9)noIq = q ‘QIMNSISLY = Y .

TLS61 85¢£6C SO-HL'S £0-H90'1 142 106+ 0cC (4% 1 £6/01/¢ b | 8T W/T-PT9INNSN
, KuSissoyn)

Teest Y695 YO-dC'1 £0-46C°1 3% Cl- 9C LLE- 0'¢ £6/£T/9 | 1 Ul /LE6CHNINV
L959T 1686¢% S0-d8'9 €0-HS8'1 9¢ 08- 91 611 1 €£6/01/¢ | ¥ UY/LE6EHNINY
£1108.49yg

sasi[euy PpIJeUIWELIUO))

SLST1 LE68T SO-dev ¥0-498°1 44! £96C+ 9T 0081+ §T £6/57/8 ' PECHN
6868 £20¢CT SO-H9'C €0-H¥6'6 091 609¢t 14! 96Tt SH'e £6/SC/8 B YECHN
76101 09L9¢C €0ds'¢ #0-d0¢'C 6¢l 296C+ [44 66L1+ €S'¢T €6/ST/8 € YeCHN
P0€01 0ELYT €0-HO'C y0-dve’l 91 6vLEt 14! ceeeTt ¥ £6/ST/8 e YECHN
9606 1¥LeT SO-HS'C P0-dES'T 14741 148% 14! 6261+ (94 £6/ST/8 e YECHN
S18 131470 €0-d7°¢C $0-H8T°1 681 8Ce+ <1 S8LTH 0¢ €£6/SC/9 v YECHN
189L Th0eT €0-d8°C Y0-40LC VLI €S0+ el 0LSTH 0¢ £6/vC/9 2 PECHN
N{ 1up3vz

OLVY 0v68 c0-de's ¥0-d¥8°C 9 86v1+ ce LS+ 0¢ £6/¥T/9 b ¢l U/T66IANDN
001 00z8 S0-dL°6 ¥0-460°'S LS TLI9T+ 0¢ 789+ 0C £6/vC/9 | 1 U/T66IANN
sz

LyeT £e9s S0-d1'9 Y0-d¥1°C 68 [45%, (43 901~ v'C £6/ST/8 3 8 UI/T-TTEINNSO
£n308.19ys

Levy r6el S0-d6'c YO-dLI'C 8 6L81+ (44 SI8+ I'e £6/€7/9 | I "Uy/90THN
eVLL Y00vT S0dS'¢ PO-HLI'E (47 1345y 0T oyt I'e €6/TT/9 | T "U/90THN
YT6L 12944 €O-HO'V ¥0-H9¢' ¥ (44 8¢CT+ 0¢ YLyt I'e £6/CT/9 p| 1 "UY90THN
SISTl (4954 SO-d1'¢C PO-HLE'T oy L86+ 414 9LT+ 8’1 £6/VT/8 q 0¢ UY/T-PT9NNSN
|¥4%Y4 oS S0-48°L $0-dL8'1 101 Y101+ 6S I61+ 0c £6/YT/8 i 0€ UYT-YTOINNSN
SL9Y £10L €0-H0'9 Y0-490'v 18 L68+ 37 0s1+ ¢l £6/9/1 | 9 U/T-YCOINNSN
7699 1¥001 SO-HI'S 0-H6S°¢ IL STY1+ 8% 691+ S1 £6/9/1 | 8T U/1-FZ9IANSN
8861 e8YL €0-dC°S PO-HyL'E L ero1+ (44 et / <1 £6/9/1 b | 0¢ UYT-FZ9NNSN
L81¢E I8LY CO-dLL ¥0-dS1°9 18 €8t 14 yOT+ 1 £6/9/1 | 0t UI/T-¥COINNSN
; Kudissoy)

s H ©0 ©0) , Vo) # uorsnyour

Vs H g 0D F +H/+CH T °Mae T OISR oo ureoq  HOTEP +oseyd /4 UOLO9S UYL

SJUAMIAINSEIN H/A 2q0id UOl Jo SInsay pdfiernd

'6’Y dlqEL



187

Table 4.10. Background D/H measurements with Hyt/H* < ~7 x 10-4

Thin Section # date run beam current 8D measured ( 2i6) Hcps  HcepsmA ‘ Hy/H*

(A)

olivines

USNM624-1 3/11/93 2.5 -431 89 3046 1218 5.73E-04
UH106 6/23/93 3.1 -483 125 1520 490 7.43E-04
pyroxenes

UNM991 6/24/93 3.0 -393 98 7068 2356 5.14E-04
UH234 6/24/93 3.0 -493 64 9903 3301 6.09E-04
UH234 6/25/93 3.0 -388 66 8133 2711 4.23E-04

cps = counts per second
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Figure. 4.1.

Scanning electron microscope backscattered electron images of:

(A) A kaersutite and biotite-bearing magmatic inclusion in Chassigny thin section USNM
624-1. The inclusion is olivine-hosted (ol) and the kaersutite (k) and biotite (b) crystals are
marked. Other magmatic inclusion phases present include high-calcium (p1) and low-
calcium (p2) pyroxene, chromite (c) and two high-silica glasses (g1 and g2) (Johnson et

al., 1991). Scale bar at the lower right is 100 pm.

(B) The largest kaersutite studied, contained within a magmatic inclusion in Chassigny thin
section UH 106. The three holes sputtered by the ion microprobe primary beam are visible

in the kaersutite. The scale bar is 30 pm.

(C) A kaersutite-bearing magmatic inclusion in Zagami thin section UNM 991. The
inclusioil is pyroxene-hosted and the kaersutite is the elongate grﬁin with the hole sputtered
by the ion microprobe primary beam in the center. The dark region is glass. The scale bar

is 30 pm.

(D) A kaersutite-bearing magmatic inclusion in Shergotty thin section USNM 321-1. The
inclusion is pyroxene-hosted and the kaersutite is the sub-rounded grain with the hole
sputtered by the ion microprobe primary beam at the lower left edge of the grain. This is an
example where the primary beam overlapped significantly onto an anhydrous neighboring

crystal (see text). The dark region is glass. The scale bar is 10 pum.
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Figure. 4.1.
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Figure 4.1 (continued).
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Figure 4.2

A scanning electron microscope backscattered electron image of the apatite grain (a) in
Zagami DN. The grain is not contained in a magmatic inclusion. Surrounding phases
include pigeonite (p), maskelynite (m) and a fayalite-rich intergrowth (f) McCoy et al.,
1993). Seven individual D/H and two water content measurements were made on this

grain. Scale bar at the lower right is 300 pm.
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Mineral Standards
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Figure 4.3.

Ton microprobe measurements of amphibole and biotite mineral standards obtained from
various sources as listed in Table 4.2. dDmeasured Values are the result of ion microprobe
D/H determinations and 8D¢rye values were given to me by the owners of the loaned
standards. The error bars represent the two standard deviations of the mean (see text). The
lack of a good correlation suggests that the instrumental fractionation is not a simple

-~ function of machine tuning, but is affected by the major element chemistry of the samples.
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Figure 4.4.

The variation of the instrumental fractionation factor (o) with the mean atomic mass:charge
ratio (m/c) of octahedrally-coordinated cations in the amphibole and biotite mineral
standards. The range of values of m/c for SNC kaersutites and biotite is shown by the gray
band. Although a broad correlation of o with m/c similar to that reported by Deloule et al.
(1991) is observed, more samples with m/c between ~18 and 24 would be needed to
determine the true correlation. The fact that the SNC kaersutites and biotite contain
significantly more TiO5 than any of the terrestrial amphibole and biotite standards, and that
Ti was previously found to have a strong influence on the value of oo (Deloule et al.,
1991b), led me to synthesize glass standards with similar major element composition to the
SNC kaersutites so that the value of o could be measured directly for the SNC kaersutite

and biotite D/H-measurements.
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3/93 Run - Kaersutite Glass Standards
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Figure 4.5.

An example of the kaersutite glass standard measurements for one analysis session. Errors
(20) are shown for the values of 8Dmeasured- The errors on the dDyrye determinations are
much smaller than the size of the symbols. During each analysis session, the value of o
used to correct all meteoritic kaersutite and biotite data was calculated as an average from
* these standard analyses. Note the contrast between this excellent correlation and the data in

Fig. 4.3. Here, the effect of major element composition on the value of o has been

eliminated by synthesizing standards with the same bulk composition.
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Water Content Calibration
LI B ELELALIL BRI R B R

y = [17.63 (0.80) * x] + 0.4

N

60
50
40
30
20
10

0

kaersutitic glasses
A kaersutite crystals
O  biotite crystal

TH+/398i+ * Si0, (Wt%)

0 05 1 1.5 2 25 3 35
H,0 (wt %)

Figure 4.6.

The calibration.used for calculation of water contents of SNC kﬁersutites and biotite. The
data points represent 1H+/30Si+ measurements, normalized to the SiO; contents, of several
kaersutite and biotite mineral standards as well as the synthesized kaersutite glass standards
(results for individual samples are reported in Table 4.6). The error bars on the values of
IH+/308i* are approximate and based on the standard deviation of several of the TH*/308i*
measurements which gave errors of ~10 % relative. The fit to the data is regressed through
~ a y-intercept of 0.4, an average of two measurements of IH*/30Si+ (normalized to SiO2
~ content) on anhydrous phases in Chassigny sample UH 106. Water contents of SNC
kaersutites and biotite were calculated by measuring 1H+/30Si+ and using published SiO;

contents (Johnson et al., 1991; Treiman, 1985) and the regression equation given above.
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Figure 4.7

Histogram of the SNC kaersutite, biotite, and apatite dD values reported in this work. Bin
size is 200 %o. Uncertainties for each measurement are given in Table 4.9 and average *

68 %o for the kaersutites and + 158 %o for the apatite. The uncertainty on the biotite

measurement is £ 40 %o. The range of 8D values of terrestrial hydrogen and the most

- recent measurement of the 8D value of the current martian atmosphere (Bjoraker et al.,

1989) are shown in black.
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A test of the dependence of terrestrial contamination by adsorbed water, as reflected in the
value of Hy+/H+ and 8Dmeasured, On the amount of time a sample has been under vacuum
inside the ion microprobe. The sample is an albite-orthoclase glass with low water content
and high 8D, somewhat similar to the SNC kaersutites. The sample contains 0.14 wt. %
water with a 8D value of +390. The glass was run four times ovevr the course of ~6 hours,
the first run being commenced ~1/4 hour after the sample had been loaded and the ion
microprobe sample chamber pumped out. With time (as indicated by the arrow in the
figure) the value of Hy*/H+ decreased and oD increased, leveling out after ~6 hours to an

Hy*+/H+ value of ~7 x 104 and a 8Dmeasured value of -50.
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Figure 4.9.

The variation of 8Dye values of the SNC kaersutites (symbols) and biotite ("B") with the
measured value of Hy*/H+. Uncertainties in the values of Hp*/H* are shown (the
uncertainty in the biotite measurement is the same size as the symbol), uncertainties in the
values of 8Dyye are smaller than the size of the symbols and average + 68 %o. A higher
value of Hp*/H* indicates a more significant contribution from terrestrial contamination by
water with a low D/H (8D ~ -200). As discussed in the text, the three measurements with
values of Ho*/H*+ > 7 x 10-4 are interpreted to have been overwhelmingly affected by
terrestrial contamination. However, based on the similarity of the 6D values of the
Chassigny biotite, which contained more water than the kaersutites and should thus be
relatively unaffected by terrestrial contamination (see text), and kaersutite within the same
magmatic incluéion, I believe that most of the 8D variation of the eleven kaersutite

measurements with Hy+/H+ < 7 x 104 reflects intrinsic grain-to-grain variation in 6D.
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Appendix 1.

The Isotopic Composition of CO2 Extracted from Bulk SNC Meteorite

Samples
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Al.1 INTRODUCTION

The purpose of this appendix is to present yields and carbon and oxygen isotopic
compositions of CO3 collected during the vacuum extraction of volatiles from bulk SNC
samples. These data are essentially a bonus that came along with the extraction
experiments primarily conducted for the purpose of studying the water content and D/H of
bulk SNCs, as described in Chapter 3 of this thesis. From the outset, I must say that I
have some serious reservations about the quality of at least some of the data presented in
this appendix, for reasons that I will describe in more detail in the following sections.
Unlike the extensive data set for hydrogen in the SNCs presented in Chapter 3, which
represents the first work of its kind, many previous workers have reported results of
studies of CO» in the SNC meteorites. However, for completeness I present my CO; data
here, but with a warning that there may be serious errors associated with them. For that
reason, my discussion of the implications of the data will be brief.

Much of the background and experimental details for this work are given in Chapter 3
and will not be repeated here. Information on the samples, their sources, and the
experimental p‘i\()cedure for extracting the COy are also given in Chapter 3. The results
reported here are for the same set of extraction experiments for which the hydrogen data are
reported in Chapter 3. Previous studies of CO in the SNC meteorites are discussed in
section A1.2. Methods not reported in Chapter 3, mainly documentation of the mass
spectrometric techniques, are presented in section A1.3. The results are presented briefly
in section A1.4, but the numerous tables and figures at the end of this appendix represent a
- better reference for the data. Finally, a discussion of the results is presented in section

Al.5 and conclﬁsions in section Al.6.
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Al.2 PREVIOUS WORK

Numerous papers and abstracts have been published on the abundance and stable
isotopic composition of CO; extracted from SNC meteorites, and the implications of the
measurements for the evolution of CO on Mars. The majority of these works report
and/or interpret data obtained by stepped combustion, acid dissolution (of carbonates), and
occasionally pyrolysis experiments (Carr et al., 1985; Wright et al., 1986; Wright et al.,
1988; Wright et al., 1990; Wright et al., 1992; Wright et al., 1993). Most of the isotopic
measurements were made using a high-sensitivity static mass spectrometer capable of
determining isotopic values to a precision of a few per mil on samples as small as 6 x 10-9
g of carbon as CO3 (<10-3 umole) (Carr et al., 1985). Thus, these workers are able to
perform stepped heating extractions on extremely small samples with very fine temperature
resolution (generally < 100°C/step up to 1200°C). In addition to the work cited above
which was all carried out by the same research group at the Open University in the U. K.,
additional studies of CO, in weathering products in EETA 79001 have been carried out
(Clayton and Mayeda, 1988). Also, the experiments that produced the data on oxygen
isotopes in iw‘éft\er released by stepped heating of bulk SNCs (Karlsson et al., 1992),
discussed at length in Chapter 3, also yielded CO; on which isotopic analysis was
performed (Karlsson et al., 1993).

Carr et al. (1985) reported the results of stepped CO7 analysis on the eight SNCs that
were known in 1985. The significant results of that work, along with the later
contributions by Wright et al. (1986, 1992) and Karlsson et al. (1993) are summarized
. here. Basically, three carbon components were discovered in the SNC samples. The first,
released at temperatures below ~500°C, is interpreted as contamination by terrestrial organic
matter and has a 813C value of -20 to -30 (Carr et al., 1985; Wright et al., 1986; Wright et

al., 1992), possibly with some contribution from adsorbed terrestrial atmospheric CO2
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with a 813C of about -7 (Karlsson et al., 1993). Chassigny and the nakhlites may also
contain some martian organic matter which is isotopically lighter (813C ~-36), but this is
uncertain (Wright et al., 1992). The shergottites also contain an isotopically light (813C ~-
30) component released between 500 and 600°C, interpreted possibly to be the result of
shock processes (Wright et al., 1986).

The second of the three main carbon components in the SNCs is released at
temperatures between 400 and 700°C, and is thought to represent the breakdown of
carbonate in the samples. This component is most easily identified in Nakhla (Carr et al.,
1985; Karlsson et al., 1993; Wright et al., 1992) by the presence of 13C-enriched CO»,
with 813C values up to ~+12 (Carr et al., 1985; Karlsson et al., 1993; Wright et al., 1992).
Note that terrestrial carbonates generally have 813C values near or slightly below zero
(Keith and Weber, 1964). In addition to Nakhla, less pronounced hints of a 13C-enriched
carbonate component are reportedly present in Chassigny (Wright et al., 1992) and the
other nakhlites (Karlsson et al., 1993). In the shergottites, evidence for a 13C-enriched
carbonate component is less pronounced, but still may be present (Wright et al., 1986). In
addition, recent results on the carbonate-bearing SNC orthopyfoxenite ALH 84001 have
produced the highest 13C-enrichments to date, with the carbonate fraction showing a 8'3C
of ~4+40 (Grady et al., 1994; Jull et al., 1994, Romanek et al., 1994). CO; released from
carbonate crystals associated with altered samples of EETA 79001 lithology C glass also
shows elevated values of 813C of +7 to +10 (Clayton and Mayeda, 1988; Wright et al.,
1988). 8180 values of the carbonates in various SNC samples, generally in the range of
420 to +30, show the carbonates to be out of isotopic equilibrium with the igneous
" minerals in the SNCs [with 8180 values between ~+4 and +6 (Clayton and Mayeda,
1983)], consistent with the formation of the carbonates by secondary processes (Clayton
and Mayeda, 1988; Wright et al., 1988; Wright et al., 1992), as has been suggested by

mineralogical studies of the salts and carbonates in the SNCs (Gooding, 1992; Gooding et
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al., 1988; Gooding et al., 1991; Treiman et al., 1993; Wentworth and Gooding, 1991). In
my opinion, it is still not known if the variation in the 813C values of the carbonate
component in different meteorites is due to true variations in the formation temperatures, or
isotopic composition of the source fluids, or simply to differing degrees of overprinting by
terrestrial contamination (which could still be present at significant levels at the
temperatures of interest for carbonate breakdown).

Finally, carbon released at temperatures greater than 700°C, generally with d13C
values of -20 to -30 is interpreted to represent a "magmatic” carbon component, and thus to
reflect the isotopic composition of CO in the martian interior (Carr et al., 1985; Wright et
al., 1986; Wright et al., 1990; Wright et al., 1992), although no satisfactory explanation
for the carrier of this component has been proposed. In contrast to this, CO2 dissolved in
the EETA 79001 shock-produced glass is enriched in 13C with a 313C value of ~+15 in the
highest temperature step (Carr et al., 1985). This represents approximately a 20 %o
enrichment over the host EETA 79001 lithology A sample. Assuming this high
temperature component (in the glass) to be a mixture of CO; indigenous to the rock (as
sampled rby lithology A) and a trapped martian atmospheric component, Carr et al. (1985)
calculate a 813C value of +36 + 10 for the value of the trapped martian atmospheric
component. This value is consistent with both the (very imprecise) measurement of 813C
in the martian atmosphere made by Viking and the presence of 13C-enriched secondary
carbonates in the SNCs, assuming the isotopic composition of the fluids from which the
carbonates formed were in some way derived from interaction with the atmosphere.

In general, the results of oxygen isotopic analysis of the CO, are more difficult to

| interpret because of probable equilibration of the oxygen in the CO; with both host-rock
oxygen and oxygen in the water released during the heating and extraction procedure. This

is best evidenced by the data of Karlsson et al. (1993) which show a steady decrease in
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5180 with temperature, with values approaching those of the whole-rocks at the highest
temperatures.

I have published previously (in abstract form) CO; results for Nakhla and ALH
84001 that are entirely consistent with the results discussed above (Watson et al., 1992;
Watson et al., 1994; Watson et al., 1991). These abstracts are included as additional

appendices to this thesis.

Al1.3 METHODS

In this work, values of 13C/12C and 180/160 were determined with a Finnegan Mat
252 mass spectrometer in the lab of Profs. H. P. Taylor, Jr. and S. Epstein, with the
exception of sample USNM5891.5, where the values were determined on a McKinney-
Nier, 60° sector double collecting mass spectrometer in the lab of Prof. S. Epstein. On the
252, samples larger than ~6 [Lmoles were run by normal single sample procedures, from
the mass spectrometer bellows. Running samples of between 1 and 6 imoles on the 252 is
somewhat convoluted. This amount of gas is too small for running by normal procedures,
but too lrarge for running with the special microvolume finger on Athe 252. Thus, samples in
this size range (the majority of my CO, samples) had to be expanded into various regions
of the mass spectrometer to reduce their size. Then, a small volume of the sample was
isolated from the remainder of the sample (by closing a valve) and frozen into the
microvolume finger. Based on repeated analysis of laboratory standards, the precision of
the CO5 analyses of the larger samples is generally ~0.1-0.2 %o. In an ideal case, the
~ precision of the microvolume finger analyses is of the same order or perhaps only slightly
| larger, however, many of the microvolume analyses reported here have significantly worse
precision due to the contamination discussed below. In addition to the isotopic analysis,
mass scans of masses 11 through 69 amu were conducted on each sample run on the 252.

These mass scans helped to determine the extent of contamination of the samples.
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Al1.4 RESULTS

The yields and isotopic compositions of the COy extracted from whole-rock SNC
samples and a terrestrial control sample are given, in the same order the experiments were
presented in Chapter 3, in Tables Al.1 through A1.15, and Figs. Al.1 through A1.8. No
isotopic measurements were made on COj from experiments USNM5891.6 and
USNM5891.9 (Nakhla), or Chas.2 (Chassigny). In general, the first or first two
temperature steps of the extractions contained little or no CO2 and were not analyzed
isotopically as indicated in each Table. The uncertainties reported with the 252 data
represent one standard deviation on the mean of eight standard/sample isotope ratio
determinations and are calculated by the computer program that records and calculates the
isotopic results for the 252. Although rounded to one decimal place in the Tables, the 813C
and 8180 values are given to three decimal places by the computer. Thus, uncertainties
listed as 0.0 were less than 0.05. Note that 813C values are reported relative to the PeeDee
belemnite (PDB) standard and 8180 values relative to standard mean ocean water (SMOW).

The pfoBIem of contamination was first revealed by examining the results of
"interfering mass" measurements made during each 813C and §180 analysis on the 252.
That is, after the isotopic ratios are measured, the magnet is automatically tuned to several
other interesting masses [e.g., mass 18 = HyO, mass 40 = Ar (air), mass 64 = SOy] to
compare the levels of possible interference between the sample and standard. Noting large
differences between the sample and standard in these interfering masses led to the practice
- of obtaining mass scans on the samples after isotopic measurement was completed (but
before the sample was pumped out of the mass spectrometer). In hindsight, since the focus
of the extraction experiments was on the collection of hydrogen data, the contamination

problem arose because the "COy" fraction was collected as it was, without any purification.
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This led to contamination mainly by (at low temperature) organic material in the case of
pyrolysis experiments and (at high temperature) sulfur-bearing species, most significantly
SO,. The problem was compounded by the fact that most of the COy samples were
collected into breakseal tubes and saved for analysis until the CO microvolume finger was
ready for use, which was after all of the extractions had been completed. Thus, the
magnitude of the problem was not really realized until it was too late to correct it. It should
be noted that the contamination problems I encountered were avoided by previous workers
by purification of the CO; samplesvto eliminate SO, and by performing most extractions as
combustion experiments to eliminate contamination by reduced organic species.

The italicized data in Table A1.4 through A1.15 represent the analyses that I have
determined to have most likely been affected by the contamination problem. This
determination was based on the results of the mass scans, interfering mass measurements,
and the pressure difference between standard and sample in the mass spectrometer (i.e., at
the same COy signal intensity, the sample pressure was significantly higher than the
standard pressure, indicating the presence of species other than CO2). In some cases,
especialiy those of particularly high organic contamination, 813C isotopic values (but not
5180) fractionated significantly during the course of the eight standard/sample
comparisons. This is reflected in a high value of the uncertainty. In addition to the
possible inaccuracies in the isotopic values, the contamination also implies, that the yield
measurements are in error, or at least, that the yield reported is not entirely made up of
COs.

In general, it appears that most of the affected samples were the small samples run
with the microvolume finger. This may not necessarily be a reflection of the microvolume
measurement technique, but rather the fact that the larger COy samples were produced
mainly by the decrepitation of carbonate and thus contain fractionally less impurities, while

the samples collected at other temperatures contain fractionally more impurities.
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In addition to the stepwise-heated bulk samples for which the data are presented here,
a "CO," fraction of 8.85 wmoles was collected during the single step heating of 0.60519
grams of shock-produced glass from EETA 79001 (lithology C). When this gas sample
was introduced into the 252, there was very little CO» signal, and no isotopic ratios were

measured. A mass scan of this gas revealed it to be >2/3 SO».

A1.5 DISCUSSION

Although it should be remembered that much of the data presented here may be
inaccurate due to impure samples, the results are generally comparable to the previous
studies of COy in SNC meteorites. That is, the results shown in Figs. Al.lto Al.7 are
entirely consistent with the three component model discussed in the "Previous Work"
section,

The lowest temperature steps generally contain carbon with low S13C values between
-20 and -30, compatible the source of the carbon being contamination by terrestrial organic
matter. Every sample studied shows the highest in 813C in the 300-600°C region,
occasioﬁally aqgompanied by a peak in yield, consistent with contribution from carbonates
that are 13C-enriched relative to either the low- or high-temperature component. This 13C-
enrichment is most pronounced for ALH 84001, with a 813C value of +40.9, essentially
identical to three other recently reported values for this sample (Grady et al., 1994; Jull et
al., 1994; Romanek et al., 1994). The nakhlites also show almost as large a 13C-
enrichment, with 813C values in the mid-temperature region ranging from a high of +34.9
for Nakhla sample USNM5891.8, values up to +2.7 for Lafayette sample Laf.2, and
+12.9 for the Governador Valaderez sample GV.1. Itis interesting to note that, unlike the
hydrogen results which showed no significant differences in isotopic composition between

the combustion and pyrolysis samples, the pyrolysis experiments USNM5891.8 and Laf.2

both showed highet values of 813C in the mid-temperature region than the identical
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combustion experiments. This suggests that organic material, that is combusted to form
CO3 in the combustion experiments, but perhaps largely pumped away as non-
condensables in the pyrolysis experiments (although the contamination problem results
from SOME of this organic matter being frozen instead of pumped away as non-
condensables) may be causing the lower values of §13C in the combustion experiments,
and that the results of the pyrolysis experiments may be more successfully approaching the
true values of 813C present in the carbonates. The oxidation of organic material to form
CO3 in the combustion experiments also explains the difference in CO; yield between the
pyrolysis and combustion extractions (or alternatively, since SO contamination is present,
this could partially be due to the oxidation of reduced sulfur species as well). The fact that
the hydrogen results are unaffected by the presence or absence of the organic matter means
that a much larger fraction of the carbon signal is a result of terrestrial contamination than
the hydrogen signal. Finally, as observed by previous workers, the 813C values decrease
at high temperature, generally to values between -20 and -30. Again, this component may
be sampling magmatic carbon from the martian planetary interior.

The oxygen results are difficult to interpret. The results for the combustion samples
should be meaningless, since some exchange with the oxygen in the combustion
atmosphere probably took place. My pyrolysis oxygen data are in broad agreement with
those of Karlsson et al. (1993), the only reference that reports oxygen measurements in
detail. The fact that the 8180 values for the carbonates are significantly higher than the
whole-rock 8180 values is consistent with the formation of the carbonates during a
secondary event, probably involving crustal fluids derived from interaction with the
atmosphere, as discussed earlier. Note also that this scenario is entirely consistent with the
one proposed in Chapters 3 and 4 to explain the elevated D/H values found in the hydrous

phases of the SNC meteorites. The lowest 8180 values are usually found in the highest
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temperature steps, consistent with the interpretation that the oxygen in the CO3 is coming
into equilibrium with the oxygen in the whole-rock (Karlsson et al., 1993).

Although a slight peak in the §13C values for the Chassigny sample Chas.1 is
observed, the 813C values for this sample are all below -16. This is consistent with
previous work on Chassigny (Wright et al., 1992). However, the large release of COy
observed in the highest temperature step is completely different than that reported by
Wright et al. (1992). This may be consistent with my conclusion based on the D/H values
that this sample of Chassigny is heavily contaminated by terrestrial volatiles.

The terrestrial control sample from Dish Hill, CA shows similar components in its
carbon isotopic composition and release pattern, with a very pronounced peak in the 400-
600°C step which has the highest 8!3C value for this sample of -1.5. Thus, the alteration
in this sample probably contains carbonate. The Dish Hill results are consistent with
terrestrial carbonate formation since terrestrial carbonates usually have 813C values around

or slightly below zero (Keith and Weber, 1964). The 8180 values generally decrease with

temperature, similar to what is observed in the other SNC samples.

Al.6 CONCLUSIONS

Although the quality of the data is not as high as I would like, the results of the study
of COy released from the SNC meteorites are consistent with previous similar studies.
Specifically, I observe evidence for three carbon-bearing components in the SNCs: a low-
temperature (up to 400°C), isotopically light component (813C = -20 to -30), consistent
with contamination by terrestrial organic matter; an occasionally very 13C-enriched (up to
| 813C = +41), medium-temperature (300-600°C) component derived largely from the break
down of carbonates; and another isotopically light (813C = -20 to -30), high-temperature

(>600°C) component, possibly derived from magmatic carbon in the samples.
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Table Al.1l.
Blank (4 temperature steps)

Comments: Ran empty sample boat by four step heating method

Pyrolysis
CO2
Temperature ~ pmoles cumulative  timeatT
°O) collected Lmoles (minutes)
150 0.04 0.04 75
350 0.07 0.11 105
600 0.04 0.15 70
1000 0.04 0.18 70
total (all T) 0.18
150-1000°C 0.15

350-1000°C 0.08
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Table Al.2.
Nakhla (USNM5891.5)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNM5891
Sample weight: 1.2107 g

Combustion
CO2
Temperature ~ pmoles pmoles per  cumulative 13 18

°O) collected gram sample pmoles/g wt. % CO 81°C*  B1°0*
120 0.18 0.15 0.15 0.001 nd nd
200 1.92 1.59 1.73 0.007 nd nd
300 10.04 8.29 10.03 0.036 -23.2  +25.7
400 14.48 11.96 21.99 0.053 +13.1 +28.1
600 7.61 6.29 28.27 0.028 -10.7  +18.1
1000 1.92 1.59 29.86 0.007 nd nd

total (all T) 29.86 0.131

120-1000°C 29.71 0.131

200-1000°C 28.12 0.124

nd = not determined

* Isotope ratios determined on the McKinney-Nier, 60° sector double-collecting mass
spectrometer in“the lab of Prof. S. Epstein. Normally, uncertainties on samples measured
with this machine are ~ 0.1 to 0.2 %o, but unknown levels of contamination may exist in
these samples, so the uncertainty in this case may be higher.
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Table A1.3.
Nakhla (USNMS5891.6)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNM5891

Sample weight: 1.0579 g

Pyrolysis
CO2
Temperature ~ pmoles umoles per  cumulative 13 18
(°C) collected gram sample pmoles/g wi. % COy P°C 870
120 0.00 0.00 0.00 0.000 - -
200 0.55 0.52 0.52 0.002 nd nd
300 3.53 3.34 3.86 0.015 nd nd
400 8.00 7.56 11.42 0.033 nd nd
600 7.23 6.83 18.25 0.030 nd nd
1000 5.51 5.21 23.46 0.023 nd nd
total (all T) 23.46 0.103
120-1000°C 23.46 0.103
200-1000°C 22.94 0.101

nd = not determined
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Table Al.4.
Nakhla (USNMS5891.7)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNM5891
Sample weight: 1.2560 g

“Combustion
CO2
Temperature moles moles per cumulative
(%C) c%llected g%am sanlljple uwmoles/g wt. % CO;
120 0.33 0.26 0.26 0.001
200 1.70 1.35 1.62 0.006
300 11.15 8.88 10.49 0.039
400 16.60 13.22 23.71 0.058
600 7.22 5.75 29.46 0.025
1050 3.62 2.88 32.34 0.013
total (all T) 32.34 0.142
120-1050°C 32.08 0.141
200-1050°C 30.72 0.135
Temperature 13 + 18 +
©C) o13C t olsO +
120 nd nd
200  -28.0 0.0  +24.1 1.0
300 -23.6 0.1 +25.4 0.0
400 +5.8 0.0 +27.4 0.0
600 +2.3 0.0 +24.2 0.0
1050 4.1 0.2 +31.4 0.4

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined
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Table AL.S.
Nakhla (USNMS5891.8)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNM5891
Sample weight: 1.3065 g

Pyrolysis
CO3
Temperature moles moles per cumulative
(E’C) c%llected gliam sanrl)ple umoles/g wt. % CO)
120 0.10 0.08 0.08 0.000
200 0.52 0.40 0.47 0.002
300 4.85 3.71 4.19 0.016
400 9.72 7.44 11.63 0.033
600 7.26 5.56 17.18 0.024
1050 5.24 4.01 21.19 0.018
total (all T) 21.19 0.093
120-1050°C 21.12 0.093
200-1050°C 20.72 0.091
Temperature §13C + 5180 +
O
120 ~nd nd
200 474 1.2 4349 1.0
300 -20.3 0.0 +33.5 0.0
400 +34.9 0.0 +36.4 0.0
600 -1.7 0.0 +34.4 0.0
1050 -24.3 0.0 +26.2 0.1

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined
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Table Al.6.
Nakhla (USNMS5891.9)

Sample source and museum number: U. S. National Museum of
Natural History (Smithsonian Institution); USNMS5891
Sample weight: 0.5803 g

Pyrolysis
CO2
Temperature ~ pmoles pmoles per  cumulative 13 18

°O collected gram sample pmoles/g wt. % COy §1°C  81°%0
150 0.00 0.00 0.00 0.000 - -
350 3.1 5.34 5.34 0.024 nd nd
600 7.19 12.39 17.73 0.055 nd nd
1000 3.06 5.27 23.00 0.023 nd nd

total (all T) 23.00 0.101

150-1000°C 23.00 0.101

350-1000°C 17.66 0.078

nd = not determined
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Table Al.7.
Lafayette (Laf.1)

Sample source and museum number: Field Museum of Natural
History, Chicago; Me 2116
Sample weight: 0.6124 g

Combustion
CO2
Temperature moles moles per cumulative
(I‘)’C) c%llected g%am sargple umoles/g wt. % CO2
120 0.30 0.49 0.49 0.002
200 2.90 4.74 5.23 0.021
300 10.33 16.87 22.09 0.074
400 9.20 15.02 37.12 0.066
600 8.37 13.67 50.79 0.060
1050 21.62 35.31 86.09 0.155
total (all T) 86.09 0.379
120-1050°C 85.60 0.377
200-1050°C 80.87 0.356
Temperature 13 + 18 +
0) o1°C t 6lsO +
120 ~ nd nd
200 " nd nd
300 -25.2 0.0 +20.7 0.0
400 -5.8 0.0 +20.3 0.1
600 -10.1 0.0 +22.8 0.0
1050 -25.8 0.0 +23.0 0.0

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined
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Table A1l.8.
Lafayette (Laf.2)

Sample source and museum number: Field Museum of Natural
History, Chicago; Me 2116
Sample weight: 0.5626 g

Pyrolysis
CO2
Temperature moles moles per cumulative
(%C) cl(l)llected g%am sarrI:ple pmoles/g wt. % CO)
120 0.10 0.18 0.18 0.001
200 1.13 2.01 2.19 0.009
300 5.92 10.52 12.71 0.046
400 6.63 11.79 24.50 0.052
600 6.18 10.99 35.48 0.048
1050 13.39 23.80 59.28 0.105
total (all T) 59.28 0.261
120-1050°C 59.10 0.260
200-1050°C 57.10 0.251
Temperature 13 + 18 +
¢C) ol3C t+ o180 +
120 -~ nd nd
200 nd nd
300 -23.5 0.0 +29.3 0.1
400 +2.7 0.1 +31.1 0.0
600 +1.2 0.0 +31.1 0.1
1050 -30.7 0.0 +29.0 0.0

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined
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Table A1.9.
Governador Valaderez (GV.1)

Sample source and museum number: Universita "La Sapienza,” Rome;
no number given
Sample weight: 0.4638 g

Pyrolysis
CO2
Temperature ~ pmoles pmoles per cumulative
(O collected gram sample  pmoles/g wt. % CO2
120 0.00 0.00 0.00 0.000
300 1.82 3.92 3.92 0.017
600 4.86 10.48 14.40 0.046
1050 5.47 11.79 26.20 0.052
total (all T) 26.20 ‘ 0.115
120-1000°C 26.20 0.115
300-1000°C 22.27 0.098
Temgerature $13C + 5180 +
O
150
300 -9.4 2.6 +27.7 0.2
600 +12.9 0.2 +35.4 0.1
1050 "-28.3 0.0 +25.0 0.0

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text
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Table A1.10.
Shergotty (Sherg.1)

Sample source and museum number: British Museum of Natural
History, London; BM1985, M171 [16886]

Sample weight: 1.8695 g

Pyrolysis
CO;
Temperature ~ pmoles pmoles per  cumulative
(°O) collected gram sample pmoles/g wt. % COy
150 0.13 0.07 0.07 0.000
350 3.59 1.92 1.99 0.008
600 4.70 251 4.50 0.011
1000 11.12 5.95 10.45 0.026
total (all T) 10.45 0.046
150-1000°C 10.38 0.046
350-1000°C 8.46 0.037
Temperature $13C + 5180 +
&) — -
150 nd nd
350 -3.0 2.6 +24.3 0.1
600 . +4.5 0.6 +30.7 0.2
1000 -26.2 0.0 +9.5 0.0

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined
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Table Al.11.
Zagami (Zag.l)

Sample source and museum number: Geological Survey of Nigeria
(obtained through I. Hutcheon at Caltech), no sample number given
Sample weight: 2.5609 g

Pyrolysis
CO2
Temperature ~ umoles pmoles per  cumulative wt. % CO
(°C) collected gram sample moles/g 02
150 nd nd nd nd
350 5.60 2.19 2.19 0.010
600 5.01 1.96 4.14 0.009
1000 21.56 8.42 12.56 0.037
total (all T)
150-1000°C 12.56 ) 0.055
350-1000°C 10.38 0.046
Temperature §13C + 180 +
O t ® *
150 nd nd
350 nd nd
600 . nd nd
1000 -27.0 0.0 +7.0 0.0

nd = not determined

- a problem with the extraction line prevented collection of the 150°C step

- various mass spectrometer difficulties prevented isotopic measurement on the
350 and 600°C steps
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Table A1.12.
ALH 84001 (84001.1)

Sample source and museum number: Antarctic meteorite collection,
NASA Johnson Space Center, Houston; ALH 84001, 68
Sample weight: 1.0910 g

Pyrolysis
CO2
Temperature ~ pmoles  pmoles per  cumulative
(°C) collected gram sample umoles/g wt. % COp
150 0.61 0.56 0.56 0.002
350 2.12 1.94 2.50 0.009
600 32.56 29.84 32.35 0.131
1000 2.46 2.25 34.60 0.010
total (all T) 34.60 0.152
150-1000°C 34.04 0.150
350-1000°C 32.10 ) 0.141
Temperature $13C + 5180 n
O - -
150 nd nd
350 -8.9 0.3 +26.3 0.1
600 +40.9 0.0 +15.8 0.0
1000 o 2.7 0.1 +13.0 0.3

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined



226

Table A1.13.
Chassigny (Chas.1)

Sample source and museum number: Museum National D'Histoire
Naturelle, Paris; 2524
Sample weight: 1.5312 g

Combustion
CO2
Temperature ~ (moles  Wmoles per  cumulative
°O collected gram sample pmoles/g wi. % CO,
120 0.20 0.13 0.13 0.001
200 0.97 0.63 0.76 0.003
300 4.06 2.65 3.42 0.012
400 11.85 7.74 11.15 0.034
600 7.55 4.93 16.09 0.022
1050 35.15 22.96 39.04 0.101
total (all T) 39.04 0.172
120-1050°C 38.91 0.171
200-1050°C 38.28 0.168
Temperature 13 + 18 +
) ol3C * o1°0 +
120 ~nd nd
200  -20.3 1.5 +27.4 0.2
300 -16.2 0.5 +24.1 0.0
400 -19.4 0.0 +25.2 0.0
600 -22.9 0.0 +23.5 0.1
1050 -25.2 0.0 +17.2 0.0

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined
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Table Al.14.
Chassigny (Chas.2)

Sample source and museum number: Museum National D'Histoire
Naturelle, Paris; 2524
Sample weight: 0.4233 g

Pyrolysis
CO2
Temperature ~ umoles umoles per  cumulative 13 18

°C) collected gram sample pmoles/g wt. % COy §1°C 810
150 0.00 0.00 0.00 0.000 - -
350 1.94 4.59 4.59 0.020 nd nd
600 1.68 3.97 8.56 0.017 nd nd
1000 1.97 4.66 13.22 0.020 nd nd

total (all T) 13.22 0.058

150-1000°C 13.22 0.058

350-1000°C 8.63 0.038

nd = not determined
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Table A1.15.
Dish Hill (Dish.2)

Sample source and museum number: Spinel peridotite xenolith from
Dish Hill, CA, courtesy of Dr. D. Bell
Sample weight: 1.1220 g

Pyrolysis
CO2
Temperature moles moles per cumulative
(I‘)’C) c%llected g%am sarrlzple umoleslg Wt % COy
120 0.26 0.23 0.23 0.001
200 0.20 0.18 0.41 0.001
300 2.19 1.95 2.36 0.009
400 4.30 3.83 6.19 0.017
600 32.56 29.02 35.21 0.128
1050 5.34 4.76 39.97 0.021
total (all T) 39.97 0.176
120-1050°C 39.74 0.175
200-1050°C 39.56 0.174
Temperature 13 + 18 +
¢0) o13C + 61°0 o
120 ~nd nd
200 © nd nd
300 -29.0 0.1 +28.0 0.1
400 -27.4 0.2 +22.0 0.1
600 -1.5 0.0 +23.8 0.0
1050 -17.0 0.1 +15.4 0.1

italicized data represent contaminated samples and potentially unreliable analyses as
discussed in the text

nd = not determined
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Figure Al.1.

The results of analysis of CO, released by vacuum extraction of five Nakhla aliquots, all
taken from sample number USNM5891. On each graph, the name of the meteorite is
followed by the experiment number in parentheses. Solid lines show the yield of CO (the
yield is the same on both the carbon and oxygen plots), filled circles connected by the
dashed lines show the carbon isotopic composition, and open squares connected by the
dashed lines show the oxygen isotopic composition for each temperature step. Isotopic
composition data are displayed at the middle temperature of each step. Uncertainties for
each isotopic measurement (discussed in the text) are shown where larger than the size of

the symbol. All results for Nakhla are plotted on the same scale.

a. USNM5891.5, sample weight: 1.2107 g; combustion.

b. USNM5891.6, sample weight: 1.0579 g; pyrolysis. No isotopic analyses were

performed on this experiment, so only the yield is plotted.

c. USNM5891.7, sample weight: 1.2560 g; combustion.

d. USNM5891.8, sample weight: 1.3065 g; pyrolysis.

e. USNM5891.9, sample weight: 0.5803 g; pyrolysis. No isotopic analyses were

performed on this experiment, so only the yield is plotted.
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Figure A1.2.

The results of analysis of COj released by vacuum extraction of two Lafayette aliquots,
both taken from sample number Me 2116. On each graph, the name of the meteorite is
followed by the experiment number in parentheses. Solid lines show the yield of CO3 (the
yield is the same on both the carbon and oxygen plots), filled circles connected by the
dashed lines show the carbon isotopic composition, and open squares connected by the
dashed lines show the oxygen isotopic composition for each temperature step. Isotopic
composition data are displayed at the middle temperature of each step. Uncertainties for
each isotopic measurement (discussed in the text) are shown where larger than the size of

the symbol. All results for Lafayette are plotted on the same scale.
a. Laf.1, sample weight: 0.6124 g; combustion.

b. Laf.2, sample weight: 0.5626 g; pyrolysis.
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Figure A1.3.

The results of analysis of CO; released by vacuum extraction of Governador Valaderez
(experiment number GV.1; sample weight: 0.4638 g; pyrolysis). On each graph, the name
of the meteorite is followed by the experiment number in parentheses. Solid lines show the
yield of CO; (the yield is the same on both the carbon and oxygen plots), filled circles
connected by the dashed lines show the carbon isotopic composition, and open squares
connected by the dashed lines show the oxygen isotopic composition for each temperature
step. Isotopic composition data are displayed at the middle temperature of each step.
Uncertainties for each isotopic measurement (discussed in the text) are shown where larger

than the size of the symbol.
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Figure Al.4.

The results of analysis of CO; released by vacuum extraction of Shergotty (experiment
number Sherg.1; sample weight: 1.8695 g; pyrolysis). On each graph, the name of the
meteorite is followed by the experiment number in parentheses. Solid lines show the yield
of CO,, (the yield is the same on both the carbon and oxygen plots), filled circles connected
by the dashed lines show the carbon isotopic composition, and open squares connected by
the dashed lines show the oxygen isotopic composition for each temperature step. Isotopic
composition data are displayed at the middle temperature of each step. Uncertainties for

each isotopic measurement (discussed in the text) are shown where larger than the size of

the symbol. .
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Figure Al.5.

The results of analysis of COj released by vacuum extraction of Zagami (experiment
number Zag.1; sample weight: 2.5609 g; pyrolysis). On each graph, the name of the
meteorite is followed by the experiment number in parentheses. Solid lines show the yield
of CO; (the yield is the same on both the carbon and oxygen plots), the filled circle shows
the carbon isotopic composition of the 600-1000°C step, and the open square shows the
oxygen isotopic composition of the 600-1000°C step. An experimental problem prevented
collection of the 25-120°C step and isotopic ratios for the other two temperature steps were
not measured for this sample due to mass spectrometer difficulties. Uncertainties for each
isotopic measurement (discussed in the text) are shown where lérger than the size of the

symbol.
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Figure Al.6.

The results of analysis of CO; released by vacuum extraction of ALH 84001 (experiment
number 84001.1; sample weight: 1.0910 g; pyrolysis). Solid lines show the yield of CO2
(the yield is the same on both the carbon and oxygen plots), filled circles connected by the
dashed lines show the carbon isotopic composition, and open squares connected by the
dashed lines show the oxygen isotopic composition for each temperature step. Isotopic
composition data are displayed at the middle temperature of each step. Uncertainties for
each isofcopic measurement (discussed in the text) are shown where larger than the size of

the symbol.
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Figure A1.7.

The results of analysis of CO released by vacuum extractions of two Chassigny aliquots,
both taken from sample number 2524. On each graph, the name of the meteorite is
followed by the experiment number in parentheses. Solid lines show the yield of CO3 (the
yield is the same on both the carbon and oxygen plots), filled circles connected by the
dashed lines show the carbon isotopic composition, and open squares connected by the
dashed lines show the oxygen isotopic composition for each temperature step. Isotopic
composition data are displayed at the middle temperature of each step. Uncertainties for
each isotopic measurement (discussed in the text) are shown where larger than the size of

the symbol. Both Chassigny sample yields are plotted on the same scale.

a. Chas. 1; sample weight: 1.5312 g; combustion. Note that the problems associated with
the hydrogen results on this sample (discussed in Chapter 3) should not affect the quality of

the CO9 results.

b. Chas.2; sample weight: 0.4233 g; pyrolysis. No isotopic analyses were performed on

this experiment, so only the yield is plotted.



wmol CO,/gram sample

umol COy/gram sample

247

Chassigny (Chas.1)

Yield — o -313C
25_"'["'I"'I"'|"'l_
20 F I\ ]

¥ I\ 7
15 F }’ * ]
- \ b
B \ .
10: \ .
N e .
5t N N
N ~ i
- \ :
O'.-J.—...l...l.-.l...l

0 200 400 600 800 1000
Temperature (°C)

Chassigny (Chas.1)

Yield — o - 8180
25:"I':ql"'l"'l"'l"'l_

20 F

0
/

15

\
\
\

4

O_--rl_'|||||||l|||||||l

0 200 400 600 800 1000
Temperature (°C)

10

Figure Al.7a

16
18
20
22
24

-26

28
26
24
22
20
18

16

1

Og19



[\
()]

248

Chassigny (Chas.2)
Yield

[\
O

— —
o wn
L L I |

W
LI LR

umol CO,/gram sample

N

O
O T

200 400 600 800 1000
Temperature (°C)

Figure A1l.7b



249

Figure A1.8.

The results of analysis of CO; released by vacuum extraction of an altered spinel peridotite
xenolith from Dish Hill, CA, used as a terrestrial control sample (experiment number
Dish.2; sample weight: 1.1220 g; pyrolysis). On each graph, the name of the meteorite is
followed by the experiment number in parentheses. Solid lines show the yield of CO3 (the
yield is the same on both the carbon and oxygen plots), filled circles connected by the
dashed lines show the carbon isotopic composition, and open squares connected by the
dashed lines show the oxygen isotopic composition for each temperature step. Isotopic
composition data are displayed at the middle temperature of each step. Uncertainties for
each isotopic measurement (discussed in the text) are shown wﬁere larger than the size of

the symbol.
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Water on Mars: Clues from deuterium/hydrogen and water contents of hydrous phases in
SNC meteorites.
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Water on Mars: Clues from Deuterium/Hydrogen
and Water Contents of Hydrous Phases in
SNC Meteorites

Laurie Leshin Watson,* lan D. Hutcheon,t1 Samuel Epstein,
Edward M. Stolper

lon microprobe studies of hydrous amphibole, biotite, and apatite in shergottite-nakhlite- .
chassignite (SNC) meteorites, probable igneous rocks from Mars, indicate high deuterium/
hydrogen (D/H} ratios relative to terrestrial values. The amphiboles contain roughly one-
tenth as much water as expected, suggesting that SNC magmas were less hydrous than
previously proposed. The high but variable D/H values of these minerals are best explained
by postcrystallization D enrichment of initially D-poor phases by martian crustal fivids with
near atmospheric D/H (about five times the terrestrial value). These igneous phases do not
directly refiect the D/H ratios of martian “magmatic” water but provide evidence for a

D-enriched martian crustal water reservoir.

The water in the present martian atmosphere
is strongly enriched in deuterium relative to
watet on Earth, with a D/H ratio approxi-
mately five times the terrestrial value (1),
corresponding to a 8D value of +4000 (2). It
is generally assumed that Mars and Earth
originally had similar values of the D/H ratio
(~1.5 X 107 but that escape of hydrogen
(relative to heavier deuterium) from the mar-
tian upper atmosphere throughout the plan-
et’s history has led to the observed D enrich-
ment (3, 4). It may be possible to test this
presumption because the D/H ratio of the
martian interior has likely retained its original
value. Unlike Earth with its subduction zones,
on Mars recycling of near-surface and atmo-
sphere-derived (meteoric) waters into the
mantle is generally considered to be an unim-
portant process [(5) but see (6) for an alter-
native view|. Thus, a direct measurement or
even an indirect inference of the D/H value of
martian magmatic (interior) water could pro-
vide a fundamental constraint on the extent
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of hydrogen loss on Mars. Moreover, neither
the abundance nor the hydrogen isotopic
composition of water in the martian crust
(present either as a meteoric component or in
hydrogen-bearing minerals) is well character-
ized (4). However, a significant component of
the martian water budget could be present in
this crustal reservoir, and the determination
of its D/H ratio would constrain the nature of
its interaction with the atmosphere.

The 10 SNC meteorites are igneous rocks
widely believed to be samples from Mars that
were ejected from that planet by one or more
impact events. The hypothesis of a martian
origin for the meteorites is based on their
young crystallization ages (<1.3 X 10° years),
the close correspondence between the com-
position of the martian atmosphere and that
of volatile components trapped in shock-de-
rived glasses, and many other geochemical
arguments (7). Because the SNCs are fine- to
medium-grained igneous rocks that show ev-
idence for crystal accumulation, they were
probably emplaced as shallow intrusions into
the martian crust or as crystal-rich surface
flows (7). Postcrystallization alteration prod-
ucts that include clay minerals (8) show con-
clusively that the nakhlites (3 of the 10
SNCs) interacted with fluids in the martian
crust at low temperatures after the magmas
solidified. The alteration products in the na-
khlites have been shown to contain water that
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is significantly enriched in deuterium (9},
suggesting that martian crustal water has be-
come D-enriched through interaction with
the ammosphere. However, comparable min-
eralogical evidence of pervasive postcrystalli-
zation hydrous alteration of the shergottites
and chassignites is not present (10).

We report D/H and water contents of
kaersutitic (Ti-rich) amphiboles (10 to 80
wm in size) in the Chassigny, Shergotty,
and Zagami (a shergottite) meteorites, one
15-pum biotite in Chassigny (the only bio-
tite thus far reported in the SNCs) (11),
and one ~1-mm-long apatite in Zagami.
The kaersutites and biotite are found only
inside partially crystallized magmatic in-
clusions enclosed within olivine and py-
roxene crystals (Fig. 1A). The kaersutites
and biotite in these meteorites have been
described (11-14), and the inclusion com-
positions have been used to constrain the
nature of SNC parental liquids because
the meteorites are at least partial cumu-
lates (7) and thus are not directly repre-
sentative of the liquids from which they
crystallized. Although the bulk SNCs are

Fig. 1. Scanning electron microscope back-
scattered electron images. (A) A kaersutite and
biotite—bearing magmatic inctusion in Chas-
signy. The inclusion is olivine-hosted (ol), and
the kaersutite (k) and biotite (b) crystals are
marked. Other magmatic inclusion phases pre-
sent inciude high-calcium (p1) and low-caicium
(p2) pyroxene, chromite (c), and two high-silica
glasses (g1 and g2) (77). Scale bar, 100 pm.
(B) The apatite grain (a) in.Zagami DN. The
grain is not contained in a magmatic inclusion.
Surrounding phases include pigeonite (p),
maskelynite (m), and a fayalite-rich intergrowth
if) (16). Scale bar, 300 pm.
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poor in water, it has been suggested that
the magmatic inclusions have concentrat-
ed magmaric water through crystallization
of anhydrous phases until hydrous kaersu-
tites (and biotite) were stabilized (11, 13,
15). Although the water contents of the
kaersutites and biotite have not been mea-
sured directly, on the basis of the crystal
chemistry of the amphibole group and
electron microprobe and qualitative ion
microprobe analyses (11-13) it has been
suggested that the kaersutite crystals con-
tain hydroxyl (OH) as a major constitu-
ent; for example, Johnson et al. (l11)
estimated that the Chassigny kaersutites
contain 1.5% (by weight) water as OH (a
fully hydroxylated amphibole would con-
tain ~2% water). The apatite crystal in
Zagami (Fig. 1B) is not contained within a
magmatic inclusion; rather, it occurs in a
lithology referred to as Zagami DN (16),
interpreted to represent a late-crystallizing
melt.

The D/H ratios of the SNC kaersutites,
biotite, and apatite cannot be determined
by conventional isotopic heating-extrac-
tion techniques because the crystals are too
small and few in number. Consequently, we
measured the D/H ratios of individual crys-
tals in situ, in the thin sections listed in
Table 1, using the ion microprobe. We
made the measurements with a modified
Cameca IMS-3f instrument using a mass
resolving power of ~1200, sufficient to
resolve D* and H,™, and an %O~ primary
beam of ~1.5 to 3.1 nA focused to a
diameter of 3 to 8 wm. Water-bearing glass
standards with the same major element
composition as the Chassigny kaersutites
(11) were used to correct the measured D/H
values of the kaersutites and biotite for
composition-dependent instrumental mass
fractionation (17, 18). We calculated the
total water contents of the kaersutites and
biotite from the measured "H*/*°Si* sec-
ondary ion ratios using a calibration be-
tween measured 'H*/°Si* secondary ion
ratios and true OH and Si contents deter-
mined from analyses of the glass standards
and terrestrial amphibole and biotite stan-
dards. A terrestrial apatite from Pacoima
Canyon, California, was used as a standard
for the apatite analyses of D/H and water
contents (19).

The kaersutites were found to contain
~0.1 to 0.2% water (20), an order of
magnitude less than the amount previously
assumed (11-13, 15), and the biotite con-
tained ~0.5% water. The Zagami DN ap-
atite grain contained ~0.3 to 0.4% water.
The low OH content of the SNC kaersutitic
amphiboles combined with their low F and
Cl contents (11-13) suggests the presence of
a significant oxy-amphibole component
(O?~ substitutes for OH™ in the amphibole
O3 site) (21). Some terrestrial oxy-amphi-
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boles may form by posteruptive oxidation or
mantle metasomatism involving the oxida-

tion of Fe?* and corresponding loss of H

(21, 22). However, terrestrial kaersutites
display a negative correlation between Ti
content and the sum of OH + F + CI 21),
consistent with the primary incorporation
of the oxy-amphibole component at the
time of crystallization, with the OH con-
centration strongly influenced by crystal
chemical factors. Thus, the low H contents
of the SNC amphiboles are consistent with
their high Ti contents [7% TiO, for Chas-
signy kaersutites (11) and ~9% TiO, for
shergottite (13) kaersutites]. In the absence
of phase equilibrium data appropriate for
amphiboles of these compositions, it is dif-
ficult to make inferences about the water
content of the parent magmas of these
meteorites. Furthermore, published esti-

Table 1. Values of 3D of kaersutites, biotite, and
apatite in the SNC meteorites. The uncertainty
is reported as twice the standard deviation of
the mean and includes the uncertainty in « (the
instrumental fractionation correction) from the
standard analyses (18). The first two 8D values
in USNM 624-1 represent single analyses of
kaersutites in two different inclusions. The next
three kaersutite analyses are on two separate
crystals within a third inclusion (Fig. 1A), with
the latter two representing replicate analyses of
the same crystal during different measurement
runs. This third inclusion also contains the bi-
otite grain. The three 8D values for UH 106
represent three areas of one ~70-um kaersu-
tite. The two kaersutite measurements in Zag-
ami are single grains in two separate inclu-
sions. The seven analyses from Zagami DN are
on a single ~1-mm-long apatite (Fig. 1B). Ab-
breviations: k, kaersutite; b, biotite; a, apatite.

Thin section Phase

. no. analyzed 8D (per mi)
Chassigny
USNM 624-1 k +897 = 81
USNM 624-1 k +1425 = 71
USNM 624-1 k +823 + 81
USNM 624-1 k +1043 = 72
USNM 624-1 k +1014 = 101
USNM 624-1 b +987 + 40
UH 106 k +1338 = 42
UH 106 k +1253 + 42
UH 106 k +1879 = 48
Shergotty
USNM 321-1 k +512 89
) Zagami
UNM 891 [ +1672 + 57
UNM 991 k +1498 = 62
: Zagami DN
UH 234 a +4053 = 174
UH 234 a +4358 x 185
UH 234 a +3146 + 144
UH 234 a +3749 = 164
UH 234 a +2962 * 139
UH 234 a +3609 + 160
UH 234 a +2963 = 141
87



mates of magmatic water content, which
are based on phase equilibria of nonkaersu-
titic amphiboles (23) and on the assump-
tion that the water contents of the SNC
amphiboles are about an order of magnitude
higher than they actually are (11, 15), are
probably invalid. The water contents of the
SNC parent magmas at the time of inclu-
sion entrapment were most plausibly lower
than reported estimates of 1.4 t0 1.5% (I1,
15, 24).

The samples and phases studied and the
hydrogen isotopic results are summarized in
Table 1 and Fig. 2. Eleven kaersutite anal-
yses on eight individual crystals gave 8D
values ranging from +512 * 89 to +1879
+ 48, the biotite had 8D = +987 = 40,
and seven analyses of the Zagami DN apa-
tite yielded 8D values between +2962 =
139 and +4358 + 185. The D/H values
measured in the SNC hydrous minerals
exhibit two striking features: first, large
enrichments in D relative to terrestrial ma-
terials, with 3D values up to ~+4400, and
second, large variability in the D/H ratio
both among different amphiboles and with-
in individual crystals.

Although some of the variability in the
measured D/H values may be attributable to
contamination by terrestrial water adsorbed
on the sample surfaces (8D = —200), on
the basis of the evidence presented below
we believe that the samples are intrinsically
heterogeneous in their D/H values. As
discussed by Deloule et al. (17), the value of
H,*/H" can be used as 2 tracer of contam-
ination by adsorbed water. By reporting
data only for analyses with H,*/H* < 7 x
10~*, we have tried to minimize the effects
of contamination on our results.

1t should be emphasized that the contri-
bution of the background hydrogen signal is
most important for the SNC kaersutites,
because the crystals are so water-poor (25).
The strongest argument that contamination

Chassigny kaersutites
Shergotty kaersutile
2Zagami kaersutites
Chassigny biotite
Zagami DN apatite

(2
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Curront martian opy

-

Number of anslyses
N

Ly
] 1000

2000 3000 4000
3D (per mil)

Fig. 2. Histogram of the 8D values reported in
this work. The bin size is 200 per mil. Uncer-
tainties for each measurement are given in
Table 1 and average +68 per mil for the kaer-
sutites and =158 per mil for the apatite. The
uncertainty on the biotite measurement is +40
per mil. The range of 8D values of terrestrial
hydrogen and the most recent measurement of
the 8D value of the current martian atmosphere
(1) are shown in black.
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is unimportant in the reported data is pro-
vided by analyses of kaersutite and biotite
in the same inclusion. The biotite contains
roughly three times as much water as the
kaersutite, so if background or terrestrial
contamination were overwhelming the true
D/H signal of the water-poor kaersutite,
then the water-rich biotite, having a much
smaller fractional contribution from this
contaminant, should have a significantly
higher measured D/H value. However,
within error, both phases contained in this
inclusion have identical D/H values: 8D =
+1014 = 101 for the kaersutite and 3D =
+987 = 40 for the biotite. Thus, we
conclude that, for analyses with H,"/H™ <
7 x 107%, contribution from the back-
ground is not an overwhelming problem
and, furthermore, a significant fraction of
the measured variability between +500 and
+1900 in SNC kaersutites reflects intrinsic
grain-to-grain variations in 8D. Likewise,
the 8D variation observed in the single
apatite grain is much larger than the uncer-
tainty of the measurements. Like the biotite
analysis, the apatite analyses are relatively
unaffected by the background, because the
apatite contains significantly more water
than the kaersutites. We believe that the
variation observed in the apatite also re-
flects real heterogeneity in the D/H ratio
within this crystal. Given the challenging
nature of the ion microprobe measurements
of D/H, more detailed interpretation of
individual measurements is not warranted.

The results presented here clearly show
that the D/H ratio of individual amphi-
boles, biotite, and apatite in the SNC
meteorites are significantly higher than ter-
restrial values and, especially in the case of
the apatite, are consistent with values as
high as the current martian atmosphere (8D
= +4000). Moreover, the variability of the
8D values of the kaersutites within a single
meteorite, their differences from the apatite
values, the isotopic heterogeneity of the
apatite grain, and the similarity of the high
end of the apatite 8D values to the current
martian atmosphere (all illustrated in Fig.
2) suggest that the observed 8D values are
the result of events involving the postcrys-
tallization interaction of the samples with
martian crustal fluids carrying a D-enriched
sighature derived from the martian atmo-
sphere. Hence, we conclude that the mea-
sured D/H values do not directly reflect the
D/H value of “magmatic” water from the
martian mantle.

We believe that the simplest scenario
that satisfactorily explains both the high
and variable 8D values of these minerals
involves substantial but incomplete post-
crystallization exchange of hydrogen in the
kaersutites, biotite, and apatite with D-en-
riched hydrous (meteoric?) fluids, perhaps
in an environment analogous to terrestrial
VOL. 265 =
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magmatic hydrothermal systems. The na-
khlites show extensive evidence of such
interaction (8) in the form of clay-bearing
alreration products that contain D-enriched
water (9), but no secondary water-bearing
silicates have been reported in the shergot-
tites and Chassigny. However, small grains
of carbonate and sulfate have been de-
scribed (10) and used as evidence of mild
preterrestrial alteration of Chassigny and
shergottite EETA 79001 (10).

Although it is likely that the exchange
of hydrogen in a groundmass phase such as
the Zagami DN apatite would be relatively
easy, the mechanism of exchange of hydro-
gen in the magmatic inclusion phases is
more enigmatic. On the cne hand, it may
seem difacult to envision how the kaersu-
tites and biotite could be altered within
their anhydrous pyroxene and olivine con-
tainers. Moreover, if the samples had been
altered in the way we are proposing, the
glass present in the magmatic inclusions
might be expected to be hydrated or devit-
rified. However, as reported by Johnson et
al. (11) and on the basis of ion microprobe
measurements by us, this glass is essentially
anhydrous. On the other hand, if fluids
could exchange with the enclosed phases
[for example, by diffusion of hydrogen
through the anhydrous containers or
through microcracks (26)], then the inter-
action would be slower than for unenclosed
phases such as the Zagami apatite, thus
possibly explaining the systematically lower
D/H value of the enclosed kaersutites refa-
tive to the apatite in Zagami. The interac-
tion of D-enriched crustal fluids with the
SNC meteorites after crystallization, result-
ing in the incomplete exchange of their
magmatic water, best explains both the
fower 8D values of the kaersutites and
biotite relative to the apatite and their large
variability, as well as the 8D variation in
the apatite grain.

_An alternative explanation for the
D-rich crystals is that the D/H ratio of the
water dissolved in the SNC melts was en-
hanced relative to the primitive values in-
herited from their mantle source regions,
pethaps by the assimilation of crustal mate-
rial enriched in deuterium through interac-
tion with meteoric fluids. On the basis of
trace element and isotopic data, it has been
suggested that the process of assimilation
plays an important role in shergottite
petrogenesis, although it has not been in-
voked in the history of the nakhlites or
Chassigny (27). It would be difficult, how-
ever, to explain the systematic difference
between the D/H of the apatite and am-
phibole by this hypothesis. Moreover, the
range of amphibole 8D values from a single
meteorite and within the single Zagami
apatite (Fig. 2) would require that any
incorporation of crustal hydrogen into the



magma took place almost immediately be-
fore entrapment of the magmatic inclusions
and crystailization of the apatite; otherwise
diffusion would have homogenized the D/H
value of the magma, resulting in uniform
D/H values of the hydrous phases (28).

Qur interpretation that the 8D signature
of the hydrous phases reflects incomplete
exchange with crustal fluids or rocks with
near-atmospheric D/H values implies that
the D/H ratio of magmatic water on Mars
(that is, that reflects the D/H ratio of
mantle source regions) cannot be directly
measured with the available samples. How-
ever, our interpretation also implies that
the 8D values of the water in the parent
magmas must have been lower than +500
to +1000, the lowest values observed in the
amphiboles, and significantly lower than
that of the current martian atmosphere.
With the available data it is impossible to
rule out the prospect that water in the
source regions of the SNC magmas could
have a D/H ratio up to 50% higher (that is,
a 8D value of ~+500) than that of Earth's
mantle.

If the high D/H values of hydrous mag-
matic minerals in SNC meteorites are ulti-
mately due to interaction of hydrogen in
the martian crust with that in the atmo-
sphere, our results also provide some indi-
rect insights into atmospheric processes on
Mars. For example, this interpretation of
our results implies that perhaps as early as
~1.3 X 10° years ago, the earliest possible
time of crystallization for the SNC meteor-
ites (29) (the youngest reasonable crystalli-
zation age of some SNC meteorites is 180 X
10° years) (30), the D/H value of the
martian atmosphere was already high rela-
tive to the terrestrial value (and perhaps
even as elevated as that of the modem
atmosphere) because hydrothermal alter-
ation is not likely to have significantly
postdated primary crystallization of the
magmas. Moreover, the data support the
hypothesis that, at the time of igneous
activity, a fluid phase was present in the
martian crust and its high D/H value sug-
gests that the hydrogen in this fluid once
resided in the atmosphere or was part of an
exchangeable reservoir in isotopic commu-
nication with it.

This result is consistent with measure-
ments of the oxygen isotopic composition
of water in bulk SNC samples (31), which
can be explained by the equilibration of the
oxygen in crustal water with atmospheric
oxygen that has been affected by loss pro-
cesses (32). Consequently, models of the
evolution of the martian atmosphere should
take into account this possibly large and
exchangeable crustal reservoir of water
(that is, to change the D/H value of a large
reservoir of water, a very large amount of
hydrogen must have escaped the planet). In
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addition, our measurements support the
assertion that, for Mars to have lost the
amount of water implied by geological ar-
guments, the escape rate of hydrogen must
have been higher in the past (3) because
108 to 10° years ago the D/H ratio was
already close to the value of the current
martian atmosphere.
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biotite are outside of the typical compositional
range of these phases on Earth (77, 73), we
synthesized three standard glasses with the same
bulk composition as the Chassigny kaersutite
{from (11)], containing dissolved water spanning
a large range of D/H (+48 < 8D < +1130). ina
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20.

21.

22.

23

24.

25.

piston-cylinder apparatus at 10 kbar and 1550°C.
Al the beginning of each of the four occasions
when data were collected for this work, analyses
of the standard glasses were used to calculate an
instrumental tractionation factor, «. equal to (D*/
H*)measorea’ (B Hyue- The value of a was used to
correct the measured D*/H* values for all kaer-
sutites and the biotite, and only the corrected
values are reported. The value of a ranged from
0.592 = 0.006 to 0.631 = 0.006, depending
slightly on the instrument tuning in each analysis
session. The uncertainty in the 8D values is re-
ported as twice the standard deviation of the
mean and includes the uncertainty in a from the
standard analyses. Because the meteoritic kaer-
sutites and biotite do not all have the same bulk
composition, an additional uncertainty in the 8D
values for the shergottite kaersutites and the
Chassigny biotite may be anticipated. However,
on the basis of D/H measurements of a variety of
common terrestrial materials with a much larger
range in major element composition than that of
the meteorite samples, we place an upper limit of
20% (relative) on the magnitude of the uncertainty
in « for the shergottite kaersutites and Chassigny
biotite. This uncertainty has no effect on our
conclusions.

. We corrected the Zagami DN apatite 8D values

for instrumental mass fractionation using an «
vaiue of 0.706 = 0.024, determined from analyses
of the Pacoima Canyon, CA, apatite. We deter-
mined the water content of the Zagami DN apatite
from the "H*/44Ca™ secondary ion ratios. using a
sensitivity factor determined from the Pacoima
Canyon apatite analyses.

Although the ideal experiment would involve mea-
surement of both the D/H and the water contents
of every grain studied, because of the nature of
the instrument tuning required for precise D/H
measurement it proved impossible to measure the
1H+/308j+ secondary ion ratio (used to calculate
the water content) in conjunction with each D*/H*
measuremnent. Thus, only a few selected water
contents were measured. These include one for a
Chassigny kaersutite (in section UH 106), one for
a Zagami kaersutite (in section UNM 991), and
one for the Chassigny biotite (in section USNM
624-1). Although the interpretation of the water
content data remains unchanged, we have report-
ed slightly higher water contents of the kaersutites
in abstract form. The first reported value of <0.3%
[L. L. watson, |. D. Hutcheon, S. Epstein, E. M.
Stolper. Lunar Planet. Sci. 24, 1483 (1993)] was
based solely on the H* count rates (rather than on
the "H+/3°Si* secondary ion ratios) of Chassigny
kaersutites relative to the glass standards and
was intended as only a rough estimate. The
second estimate of ~0.5% [L. L. Watson, |. D.
Hutcheon, S. Epstein, E. M. Stolper, Meteoritics
28. 456 (1993)] was an upper limit based on one
Shergotty and one Chassigny measurement. On
the basis of the measured H,*/H*, both of these
analyses were subsequently found to have been
affected by terrestrial contamination, and these
data have been superseded by the data in the
text
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The water content of the biotite, although higher
than that of the kaersutites, is stiil lower than that
of typical terrestrial biotites [A. L. Boettcher and J.
R. O'Neil, Am. J. Sci. 280-A, 594 (1980); (22)].
However, the Chassigny biotite contains ~9%
TiO, (17) and thus, like the kaersutites, may be
expected to have a low water content based on its
bulk composition and the presence of an oxy
component.

Although evidence for a significant contribution of
an adsorbed water component is not observed
(only those analyses for which H,*/H* < 7 x 10=*
are included), the 8D values of all of the samples



could still be affected by some contribution from
the machine background. The kaersutites are most
susceptible because they contain the least intrinsic
hydrogen. 1t is difficult to correct quantitatively for
this background contribution other than to apply a
constant correction, an unquestionably inaccurate
approach. Because adsorbed water is character-
ized by a low D/H (8D = ~200) value, any back-
ground correction will increase the reported 8D
values. To take a conservative approach, no back-
ground correction was made. If a correction were
made, however, we estimate it wouid raise the 8D
values of the Chassigny kaersutites by no more
than ~500 per mil, taking an average background
contribution of ~1/5 the totat H* count rate. In
addition, the small size of the kaersutites can also
contribute to lower H* count rates as a result of
overlap of the primary beam onto neighboring
anhydrous phases. This problem was observed
(by microscopic examination of the sampies after
measurement) 1o be most pronounced in the sher-
gottite kaersutites [they are the smallest measured
{~10 pm}}. Thus, the shergottite kaersutites had
lower H* count rates than the Chassigny samples
and could need a maximum correction of ~+1500
per mil, taking an average background contribu-
tion of ~2/5 of the total H* count rate. Again we
emphasize that these corrections represent the
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maximum that could be needed. and the similarity
in measured D/H of coexisting biotite and kaersu-
tites described in the text suggests that the actual
effects are much smatler. Moreover, any correction
will not eliminate the variable nature of the 8D
values observed in the kaersutite and would not
significantly change the interpretations presented.
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Hydrogen, carbon and oxygen isotopic composition of volatiles in Nakhla.
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HYDROGEN, CARBON AND OXYGEN ISOTOPIC COMPOSITION OF VOLATILES IN
NAKHLA; L.L. Watson, P.D. Ihinger, S. Epstein and E.M. Stolper, Division of Geological and Planetary
Sciences, California Institute of Technology, Pasadena, CA 91125.

Introduction. The nakhlites contain "iddingsite", a poorly defined hydrous alteration product of olivine
[1], that has been speculated to be preterrestrial in origin. Since these meteorites have been proposed to
have originated on Mars [2], which has an atmospheric D/H ratio 5.15 times SMOW [3] (corresponding to
a 8D of +4150 per mil; all 8D values reported herein are relative to SMOW), measurement of the D/H
ratios of the nakhlites could help to determine if the alteration processes that affected these meteorites were
indeed preterrestrial. Moreover, if we accept a martian origin for these meteorites and their alteration,
measurement of the stable isotope ratios of their alteration phases and comparison to the corresponding
atmospheric ratios could provide insights into the nature and origin of fluids interacting with martian
igneous rocks.

Previous hydrogen isotope measurements on nakhlites and shergottites have yielded highly variable
results. A published 8D value for Nakhla is -37 per mil with a yield of 2.2 umoles of Hp per gram of
sample [4], which differs significantly from the reported value of +456 per mil measured on 81.6 pmoles of
H, extracted from 2.8 g of the Lafayette nakhlite [4] . Published values for Shergotty range from -47 [4] to
+878 per mil [5] with yields of 1-7 pmoles of Hp per gram of sample [4,5,6]. In all these previous
reports, data were obtained after "precombustion” of the sample at temperatures of 350-450°C [4,5,6], which
was intended to eliminate terrestrial contamination by organic matter and/or adsorbed water. However,
terrestrial iddingsite is typically comprised of a mixture of phases including goethite, smectites, and
sometimes carbonates, and it begins to break down at temperatures as low as ~250°C [1]. Thus valuable
information on the alteration phases may be lost in the precombustion step employed by previous workers.
Our work therefore focuses on isotopic data for gases extracted from Nakhla by stepwise heating at the low
temperatures at which iddingsite is expected to break down.

Experimental procedure. Fragments of Nakhla (~1 g from USNM 5891 and ~2 g from a Harvard
University specimen) were coarsely crushed in air. The Harvard sample had fusion crust that was removed
prior to crushing. The crushed samples were heated under vacuum in Pt crucibles using either an induction
coil or resistance furnace. The use of the induction coil allowed higher temperatures (to above the liquidus)
to be achieved, but precise measurement of the temperature at any step is difficult. The results obtained
using resistance heating have thus far been limited to 600°C, but the temperature at each step is precisely
known. H0 and CO released from the sample were frozen into a liquid nitrogen trap. Gas that did not
freeze was then exposed to a copper oxide furnace at 500°C to oxidize it to condensable components. The
small amount of non-condensable gas that remained after this procedure was pumped away. The CO and
H,0 released by heating were then cryogenically separated. HpO was reduced to Hy in a uranium furnace at
700°C and yields were measured manometrically. Data are reported without corrections for blanks or
memory effects, but based on previous characterization of the extraction line used in this study, we estimate
that these corrections will increase the 8D of our samples by only a small amount. Isotope ratios were
measured mass spectrometrically.

Results. Hydrogen (from released HyO), carbon and oxygen (from released CO2) results from a
resistance heating extraction are shown in Figure 1. Gases were collected at 110, 200, 300, 400 and 600°C.
Problems prevented analysis of the D/H ratio of the gas collected at 300°C, and CO7 samples collected at
the two lowest temperature steps amounted to less than 1 pmole and were not analyzed isotopically.

The integrated yield of hydrogen for the sample shown in Figure 1 is 77 pmoles Hp per gram of
sample, equivalent to 0.138 weight % HpO. Excluding the 110°C temperature step, the yield was 53
umoles per gram of sample with a 8D of + 63 per mil. 8D values increase from -83 per mil in the 110°C
step to +173 per mil in the 600°C step. The hydrogen content is greatest in the 110°C step and decreases
with increasing temperature. Although there are slight variations between samples, those heated by
induction give comparable results. Based on the results obtained in the induction-heated samples, yields and
8D continue to decrease above 600°C
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Carbon and oxygen results on the released CO3 are similar to those that have been previously reported
for Nakhla and some other SNCs [7,8,9]. The total CO5 yield was 26 umoles per gram of sample. Using
the isotopic analyses from the 300, 400 and 600°C temperature collections, the bulk 313Cppp is +0.6 per
mil and the bulk 8180gpow is +31 per mil. The heaviest components (813Cpppg of +22 per mil and
3180gpow of +34 per mil) were collected at temperatures between 300 and 400°C.

Discussion, The 300-400 and 400-600°C steps in the resistance heating procedure yielded hydrogen with
8D values of +138 and +173 per mil, both of which are heavier than any known terrestrial samples.
Similarly heavy results were obtained in the intermediate temperature steps of the induction heating
extractions (although there is some range in the results from sample to sample), but we do not find results
nearly as heavy as the +878 per mil value reported by [5] for Lafayette. The release of water in this low
temperature range is consistent with the breakdown of the phases that constitute the iddingsite between
~250 and 650°C. Although we must directly confirm that the gases released in this temperature range are
indeed released on breakdown of alteration products in the meteorite and not from some other source within
the sample, our tentative identification of these anomalously heavy, low-temperature components with the
iddingsite would indicate that the alteration of this meteorite was preterrestrial. The 513C and 8180 in
these temperature steps are also unusually heavy for comparable terrestrial rocks. These data can also be
understood in terms of the breakdown of iddingsite and suggest that the alteration of this meteorite involved
both hydration and carbonation. We note that the release of CO7 does not necessarily imply the presence of
discrete carbonate minerals in the iddingsite, since terrestrial Fe-hydroxides are known to contain carbonate
ions that are volatilized at low temperature [10].

The higher yield and lower 8D and 313C in the lowest temperature fractions are suggestive of a
component of terrestrial contamination in the low temperature steps of the extractions. Although there is
likely some terrestrial contamination in the fraction extracted at low temperatures, the fact that such high
8D and 813C values are observed indicates that the low temperature gas should not be discarded in a
preheating step as has been done by previous workers. We emphasize, however, that the 8D and 813C
values reported here for the lowest temperature steps, and perhaps for all of the extractions, represent lower
limits on the actual values. We also cannot rule out partial exchange of the iddingsite with terrestrial
atmospheric water after the meteorite fell.

Although not as high as the present martian atmosphere, the high 6D values are consistent with a
martian origin for these meteorites. If, as is often the case for terrestrial occurrences, the iddingsite is a
product of deuteric alteration, these 8D values may reflect the composition of hydrothermal fluids with
contributions both from atmospheric (i.e., meteoric) and magmatic sources. If the nakhlites are from Mars,
expectation of high 8D values was reasonable due to the known deuterium enrichment in the martian
atmosphere. The carbon and oxygen results are more difficult to assess in these terms. The isotopic
composition of carbon (in CO3) in the martian atmosphere is 0-80 per mil enriched relative to the terrestrial
mantle [11,12]. Our results are consistent with these data, although this is not significant given the large
errors in the measurements of the martian atmosphere. The highest 313C value we measured from Nakhla
is inconsistent with terrestrial carbonate formation, which would be expected to produce 813C values near 0
per mil [8,9]. Measurement of oxygen isotopes in atmospheric CO; by Viking gave a 5180 value of
0+30-50 per mil [11]. Again, CO5 from Nakhla gives similar values. Our 5180 values are within the
range of terrestrial carbonates but the correlations with the carbon and hydrogen results leads us to conclude
that these values are also preterrestrial.

REFERENCES: [1] Wilshire, H.G. (1958) Am. Min., 43, 120-147. [2] Bogard, D.D. and Johnson, P.
(1983) Science, 221, 651-654. [3] Bjoraker, G.L. et al. (1989) In Proc. 4th Int. Conf. Mars, Tucson, 69-70. [4]
Fallick, A.E. et al.-(1983) In Lunar and Plan. Sci. XIV, 183-184. [5] Kerridge, J.F. (1988) In Lunar and Plan. Sci.
XIX, 599-600. [6] Yang, J. and Epstein, S. (1985) in Lunar and Planet. Sci. XVI, Suppl. A, 25-26. [7] Carr, R.H.
et al. (1985) Nature, 374, 248-250. [8] Clayton, R.N. and Mayeda, T.K. (1988) Geochim. Cosmochim. Acta, 52,
925-927. [9] Wright, L.P. et al. (1988) Geochim. Cosmochim. Acta, 52, 917-924. {10] Yapp, C.J. and Poths, H.
(1990) Clays and Clay Mins., 38, 442-444. [11] Owen, T. et al. (1977) J. Geophys. Res., 82, 4635-4639. [12]
Schrey, U. et al. (1986) Astron. Astrophys., 155, 200-204.
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Fig. 1. Yield and isotopic measurements for a stepwise heating extraction of a 1.17 gram aliquot of Nakhla
(USNM 5891). Solid lines show the yield and filled circles with dashed lines show isotopic composition
for each temperature step. Isotopic composition data are displayed at the middle temperature of each
temperature step. Arrows indicate bulk isotopic composition.



261

Appendix 4.

Hydrogen and carbon isotopic composition of volatiles in Nakhla: Implications for
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HYDROGEN AND CARBON ISOTOPIC COMPOSITION OF VOLATILES IN
NAKHLA: IMPLICATIONS FOR WEATHERING ON MARS; L.L. Watson, S. Epstein and
E.M. Stolper, Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena,
CA 91125.

Introduction. The nakhlites contain a hydrous alteration product that was originally characterized as
"iddingsite" [1] due to its bulk chemical similarities to the terrestrial alteration product of olivine [2]. More
recently, this brownish material has been called "rust" since little is known of its mineralogy, although
smectite is considered a likely component [3]. The alteration has been speculated to be preterrestrial in
origin and recently several pieces of evidence have been reported to support this hypothesis [3,4]. In this
abstract, we report results of continuing work utilizing the hydrogen isotopic composition of Nakhla to
understand better the alteration event and the fluids that caused it. Since the present martian atmosphere has
a D/H ratio 5.15 times SMOW [5] (corresponding to a 8D of +4150 %; all 3D values reported herein are
relative to SMOW), measurement of the D/H ratios of the nakhlites could help to determine if the alteration
processes that affected these meteorites indeed occurred on their parent planet, presumably Mars [6].
Moreover, if we accept a martian origin for these meteorites and their alteration, measurement of the stable
isotope ratios of their alteration phases and comparison to the corresponding atmospheric ratios could
provide insights into the nature and origin of fluids interacting with martian igneous rocks. Distinct
occurrences of carbonate have also been reported for Nakhla [3]. Although the hydrogen isotopes are the
main focus of this work, the results of carbon isotopic measurements are also reported.

Previously reported hydrogen isotope measurements on nakhlites and shergottites have yielded highly
variable results. A published 8D value for Nakhla is -37%o with a yield of 2.2 pmoles of H3 per gram of
sample [7], which differs significantly from the reported value of +456%0 measured on 81.6 pmoles of H
extracted from 2.8 g of the Lafayette nakhlite [8] . Published values for Shergotty range from -47 [7] to
+878%o [8] with yields of 1-7 pmoles of Hp per gram of sample [7,8,9]. In all these previous reports, data
were obtained after "precombustion” of the sample at temperatures of 350-450°C [7,8,9], which was
intended to eliminate terrestrial contamination by organic matter and/or adsorbed water. However, terrestrial
iddingsite is typically comprised of a mixture of phases including goethite, smectites, and sometimes
carbonates, and it begins to break down at temperatures as low as ~250°C [2]. Thus valuable information
on the alteration phases may be lost in the precombustion step employed by previous workers. Our work
therefore focuses on isotopic data for gases extracted from Nakhla by stepwise heating at the low
temperatures at which iddingsite is expected to break down. By utilizing stepwise heating, it is also
possible to more closely monitor the release of volatiles. We have previously measured oD values up to
+173%o in the temperature range where an alteration product of this type should break down [4].

Experimental procedure. For our previous work [4], gases were collected using a vacuum
extraction line which was better suited for gas samples larger than the 5-20 umole aliquots obtained in our
procedure. We have spent most of the last six months designing, constructing and testing a new extraction
line specifically targeted for our precious, smaller samples. The design has succeeded in reducing blank and
memory effects, thus giving more reliable data. Thus far only one ~0.8 gram aliquot of Nakhla specimen
USNM-5891 has been run. The sample was coarsely crushed in air and loaded onto the vacuum extraction
line in a quartz boat. Stepwise heating was performed with a resistance furnace up to 950°C. The average
heating time for each step was 2.5 hours. Condensable gases released from the sample were frozen into a
* liquid nitrogen trap. Gas that did not freeze was then exposed to hot copper oxide at 675°C to oxidize it to
condensable components. The CO2 and H7O released by heating were then cryogenically separated. H20
was reduced to Hp by passing over hot uranium at 675°C. Yields were measured manometrically. Data are
reported without corrections for blanks or memory effects, but based on testing of the new extraction line,
we are confident that the effect of these factors is small (the integrated blank over the entire heating range
has been measured at ~0.4 umoles). Isotope ratios were measured mass spectrometrically.
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Results and Discussion. Gases were collected at 120, 200, 300, 415 and 600 and 850°C. Hydrogen
yields for the 600 and 850°C aliquots were measured separately and then the gases were combined for
isotopic analysis. COp samples collected at the two lowest temperature steps amounted to less than 0.5
umole and were not analyzed isotopically. Excluding the 120°C temperature step, the bulk 8D of the
sample was +187%o. 8D values increase from -91%o in the 120°C step to +518%o in the 415-850°C step.
The hydrogen content is greatest in the 120°C step and is roughly constant in the 200, 300, and 415°C
aliquots. Between 415°C and 850°C the yield drops off considerably. From 850°C to 950°C virtually no
Ho and only minor CO7 (<1 pmole) were extracted. Using the isotopic analyses from the 300, 415, 600
and 850°C temperature collections, the bulk 813CPDB is 0.0%c. The heaviest component (513CPDB of
+29%0) was collected between 300 and 415°C.

The 300-415 and 415-850°C steps in the heating procedure yielded hydrogen with 6D values of +296
and +518%e, both of which are heavier than any known terrestrial samples. In general, yields are lower and
8D values higher than our previously reported results using the older extraction line set-up [4]. This can be
partially explained by reduction of the blank effects with our new apparatus. For hydrogen, the blank
contributes gas (thus increasing the yield) with an isotopic composition of ~-140 [10] (thus decreasing the
total 8D for any temperature step) in the old procedure. However, the blank effects are not thought to be
large enough to account for the entire difference. This would be consistent with the heterogeneous
distribution of the alteration product in Nakhla [3,4,11] (e.g., samples closer to the fusion crust tend to be
more contaminated by terrestrial weathering than those towards the center of a specimen [11]). We thus
cannot rule out the possibility that differing degrees of exchange of the alteration product with terrestrial
atmospheric water after the meteorite fell are causing the differences between samples. Our latest high
temperature results agree well with the +456%o value reported by Kerridge [8] for Lafayette, but the
Lafayette study involved a preheating step to 450°C and thus our bulk 3D value is somewhat lower and our
yield somewhat higher.

Gooding et al. [11] reported that virtually no HoO was released upon heating of Nakhla, but suggested
that hydrogen release was primarily as HCL. We have not reported yields in detail because we are concerned
about the possibility of an as yet unidentified gaseous species accompanying hydrogen in our extractions.
Thus, hydrogen yields may, in fact, be even lower than we measure. The mass spectrometer allows a crude
measurement of the purity of the sample, which leads us to suspect that this is the case. However, the
isotopic composition of our samples appears unaffected. We are continuing to consider the question of the
hydrogen-carrying species, as well as the possibility of significant release of Cl from our samples.

The release of hydrogen at the low temperatures reported here is consistent with the breakdown of the
phases that constitute the alteration product between ~250 and 650°C. Although we must directly confirm
that the gases collected in this temperature range are indeed released on breakdown of alteration products in
the meteorite and not from some other source within the sample, our tentative identification of these
anomalously heavy, low-temperature components with the alteration product supports the hypothesis that
the alteration of this meteorite was preterrestrial. The higher yield and lower 8D in the lowest temperature
fractions are suggestive of a component of terrestrial contamination in the low temperature steps of the
extractions. Although there is likely some terrestrial contamination in the fraction extracted at low
temperatures, the fact that such high 3D values are observed indicates that the low temperature gas should
not be discarded in a preheating step as has been done by previous workers. We emphasize, however, that
the 8D values reported here for the lowest temperature steps, and perhaps for all of the extractions, represent
lower limits on the actual values.

Although not as high as the present martian atmosphere, the high OD values are consistent with a
martian origin for these meteorites. If, as is often the case for terrestrial occurrences, the "rust” is a product
of deuteric alteration, these 8D values may reflect the composition of hydrothermal fluids with
contributions both from atmospheric (i.e., meteoric) and magmatic sources. If the nakhlites are from Mars,
high 8D values might be expected due to the known deuterium enrichment in the martian atmosphere. The
carbon results are more difficult to assess in these terms. The isotopic composition of carbon (in CO2) in
the martian atmosphere is 0-80%o enriched relative to the terrestrial mantle [12,13]. Our results are
consistent with these data, although this is not significant given the large errors in the measurements of the
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martian atmosphere. However, the overall 513C value we measured for Nakhla is also consistent with
terrestrial carbonate formation, which would be expected to produce 813C values near 0%0 [14].

REFERENCES: [1] Bunch, T.E. and Reid, A.M. (1975) Meteoritics, 10, 303-315. [2] Wilshire,
H.G. (1958) Am. Min., 43, 120-147. [3] Gooding, J.C. et al. (1991) Meteoritics, 26, 135-143. [4]
Watson, L.L. et al. (1991) In Lunar and Planet. Sci. XXII, 1473-1474. [5] Bjoraker, G.L. et al. (1989) In
Proc. 4th Int. Conf. Mars, Tucson, 69-70. [6] Bogard, D.D. and Johnson, P. (1983) Science, 221, 651-
654. [7] Fallick, A.E. et al. (1983) In Lunar and Planet. Sci. XIV, 183-184. [8] Kerridge, J.F. (1988) In
Lunar and Planet. Sci. XIX, 599-600. [9] Yang, J. and Epstein, S. (1985) in Lunar and Planet. Sci. XVI,
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High D/H ratios of water in magmatic amphiboles in Chassigny: Possible constraints on
the isotopic composition of magmatic water on Mars.
by
L. L. Watson, I. D. Hutcheon, S. Epstein and E. M. Stolper
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HIGH D/H RATIOS OF WATER IN MAGMATIC AMPHIBOLES IN CHASSIGNY:
POSSIBLE CONSTRAINTS ON THE ISOTOPIC COMPOSITION OF MAGMATIC WATER ON
MARS; L.L Watson, 1.D. Hutcheon, S. Epstein, and E.M. Stolper, Division of Geological and
Planetary Sciences, California Institute of Technology, Pasadena, CA 91125.

Abstract. We have measured the D/H ratios of kaersutitic amphiboles contained in
magmatic inclusions in the SNC meteorite Chassigny using the ion microprobe. A lower limit on
the DgpOW of the amphiboles is +1420 + 47 %o. Assuming Chassigny comes from Mars and the
amphiboles have not been subject to alteration after their crystallization, this result implies
either that recycling of D-enriched martian atmosphere-derived waters into the planetary
interior has taken place, or that the primordial hydrogen isotopic composition of the interior
of Mars differs significantly from that of the Earth (8DsMOW ~ 0 %0). In addition, the
measurements indicate that the amphiboles contain < 0.3 wt. % water. This is much lower than
published estimates, and indicates a less-hydrous Chassigny parent magma than previously
suggested.

Introduction. The D/H ratio of water in the martian atmosphere is enriched by a factor
of 5.15 relative to the Earth [1] and weathering products in the nakhlite meteorites ("N" of the
SNC group, thought to be possibly martian samples [2,3]) have also been shown to contain water
significantly enriched in deuterium [4,5]. These D enrichments are thought to result from
massive escape of hydrogen (relative to the heavier deuterium) from the martian upper
atmosphere throughout its history [6,7]. A measurement of the D/H ratio of magmatic
(interior) water would provide important constraints on the extent of such hydrogen loss because
the D/H ratio of the martian interior likely reflects its original value (which has been
assumed to be near the terrestrial value of 1.5 x 104 [8]) since unlike the Earth with its
subduction zones, recycling of near-surface and atmosphere-derived waters to the martian deep
interior is generally considered to be an unimportant process.

The SNC meteorite Chassigny ("C" of the acronym SNC) contains cumulus olivine
crystals that trapped small (up to ~150 um in diameter) pockets of melt during growth [9,10].
After entrapment, the inclusions partially crystallized, and the residual melt became
progressively enriched in water. This led ultimately to the stabilization of kaersutite, a
titanjium-rich amphibole. Based on the crystal chemistry of the amphibole group and analyses
of the Chassigny kaersutites with the electron microprobe and qualitative ion microprobe
analyses, these kaersutite crystals have previously been suggested to contain hydroxyl as a
major constituent [9,10]; Johnson et al. [10] estimated that they contain 1.5 wt.% water as
hydroxyl groups. The amphiboles occur only in the interiors of the melt inclusions and are 10-30
pm in size. Thus, although the bulk meteorite is very poor in water, the amphiboles in the
inclusions are thought to have concentrated magmatic water in structural sites. The goal of this
work has been to measure the D/H ratio of the water in these amphiboles as a means of
constraining the D/H ratio of magmatic water on another planet, possibly Mars.

Measurements. The D/H ratio of the kaersutites cannot be determined by conventional
heating/extraction techniques since they are much too small and few in number to separate from
the bulk meteorite. We have measured the D/H ratio of four single crystal kaersutites, ranging
in size from 15 to 30 um, in thin section USNM 624-1 on the PANURGE ion microprobe at
- Caltech. A large instrumental fractionation of the two hydrogen isotopes makes these
measurements difficult [11]. This fractionation is strongly dependent upon the major element
composition of the material being studied, requiring D/H standards with chemical
compositions similar to that of the Chassigny kaersutite. Since no suitable terrestrial standard
was available because the meteoritic kaersutites are outside of the range of common terrestrial
amphibole compositions, we synthesized three glasses of the same bulk composition as the
kaersutite (from [10]) containing dissolved water of various hydrogen isotopic compositions.
The hydrous glasses were synthesized in a piston-cylinder apparatus at 10 kbar and 1550°C.
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Small chips of each glass were mounted and polished for ion microprobe analysis and the
remaining sample was heated on a conventional extraction line to determine the 8D of the
dissolved water. Ton microprobe measurements of D/H ratios were made using a mass resolving
power of ~1200, sufficient to resolve D* and Hp*, and a 160" primary beam of ~1.5 nA focused to
a diameter of 3 to 5 um.

Results. The H* intensity on the standard glasses ranged from 24100 to 65000 counts per
second, increasing with the water content of 0.7 to 1.9 wt. %. The HT count rate varied from 5300
to 10000 counts per second on the Chassigny kaersutites. The background H* intensity measured
on anhydrous silicates was ~2000-3500 cps. No correction for H* or D* arising from adsorbed
water was applied due to the large uncertainty in the D/H ratio and absolute abundance of this
background component.

The instrumental fractionation factor, o, corresponds to the ratio of the measured D/H
ratio to the absolute D/H ratio such that o = (D/H)measured/(D/H)true. The three standards
had 8D¢pye values of +48, +592 and +1130 %o (where 8D is expressed as a per mil difference
relative to the D/H ratio of standard mean ocean water). 8Dmeasured Values for these glasses
correlate linearly with 8Dtrye and yield o = 0.607+ 0.014 (20) (Fig. 1). Using this fractionation
factor, 8Dtrye values of four Chassigny kaersutites in three different magmatic inclusions range
from +853 £ 55 to +1420 + 47 %o (Fig. 1). The 8D values increase with the H* count rate
suggesting that the H* and D* signals contain contributions from both adsorbed water and water
structurally bound in the kaersutite. A measurement of the isotopic composition of the
background gives a 8Drye Value of -127 £ 59 %o thus any correction will increase the actual 8D
values. Thus the 8D values reported here should be taken as lower limits.

Discussion. The low count rates for the meteoritic amphiboles compared to the
standards suggests that these crystals contain less hydrogen (water) than the 1.5 wt.%
previously implied based on electron probe totals and measurement of ~0.5 wt. F [10]. Our data
are consistent with a water content of <0.3 wt. %. Estimates of the water content of the
parental magmas of Chassigny [10] and of its minimum depth of crystallization (~11 km [10])
will require downward revision since less water is needed in coexisting melt to stabilize an
amphibole containing so little water.

The high D/H ratio of the water in the kaersutites is unexpected. Based on models of
the origin of the solar system [8] it has been predicted that martian "juvenile” water would
have approximately the same D/H ratio as the Earth corresponding to a 8DgpMow value of ~ 0
+ 100 %.. Although we cannot rule out post-crystallization exchange of the hydrogen in the
amphibole with heavier surface or atmosphere-derived (meteoric) waters, the facts that the
hydrogen is thought to be structurally-bound in the amphibole and that the olivine
"containers”" show no evidence of alteration make this unlikely. Chassigny differs in this
respect from the nakhlites, for example, which contain alteration in the form of reddish-brown
"iddingsite" type veins [12,13]. If the measured D/H ratio of the kaersutites is in fact
representative of the isotopic composition of the water dissolved in the Chassigny parental
magma, either some sort of recycling of heavy atmosphere-derived waters into the magma
source region must have taken place or the isotopic composition of the "primordial” water of
the mantle of the Chassigny parent body (Mars?) differs significantly from the terrestrial
mantle. Moreover, this implies that the deuterium enrichment of the martian atmosphere due
to hydrogen escape is less extreme than previously thought.
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Shergotty.
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D/H RATIOS AND WATER CONTENTS OF AMPHIBOLES IN
MAGMATIC INCLUSIONS IN CHASSIGNY AND SHERGOTTY. L.L.
Watson, I.D. Hutcheon, S. Epstein and E.M. Stolper, Division of Geological and
Planetary Sciences, California Institute of Technology, Pasadena, CA 91125, USA.

The D/H ratio of water in the present martian atmosphere is enriched by a factor of
5.15 relative to the Earth [1] (corresponding to a 8Dsyow value of +4150 %o0). This D
enrichment is thought to result from massive escape of hydrogen (relative to heavier
deuterium) from the martian upper atmosphere throughout the planet's history [2,3]. A
measurement of the D/H ratio of magmatic (interior) water would provide important
constraints on the extent of such hydrogen loss because the D/H ratio of the martian interior
likely reflects its original value (assumed to be near the terrestrial value of 1.5 x 10-4)
since, unlike the Earth with its subduction zones, recycling of near-surface and
atmosphere-derived waters into the martian deep interior is generally considered to be an
unimportant process.

We have measured the D/H ratios of individual kaersutitic amphiboles contained in
magmaﬁc inclpsions in the SNC meteorites (thought to be martian samples) with the hope
of sampling the‘ water dissolved in the magma at the time the inclusion was trapped. The
measurements were made using the PANURGE ion microprobe [4,5]. We have
previously reported 8D values for kaersutites in Chassigny ranging from +853 & 55to
+1420 + 47 %o [4]. We have now measured an additional D/H ratio in Chassigny section
USNM 624-1 as well as the D/H ratio of one 251um kaersutite in ‘Shergotty section AMNH
3937-1. The Chassigny value extends the range of 8D values measured in this sample
down to +501 + 34 %o. In contrast, the Shergotty kaersutite has a oD value of -80 £ 31
%. The Chassigny 8D values are similar to those measured in weathering products in the

nakhlites [6,7] and suggest that although Chassigny is not visibly weathered, D-enriched

fluids from the martian crust have interacted with the sample and altered the 6D values.
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This scenario could also explain the large range in 8D measured in the Chassigny
kaersutites. The Shergotty 8D value could reflect martian interior water that has a very
similar 8D to the bulk Earth, consistent with predictions of formation of the terrestrial
planets from material with similar bulk D/H.

Ton microprobe measurement of the H*/Si+ secondary ion ratio allows estimation of

the total water content of the kaersutites. Both the Chassigny and Shergotty kaersutites
contain only ~0.5 weight % water, indicating that they contain a significant oxy-amphibole
component, similar to terrestrial kaersutites. Water contents of the kaersutites have been
previously assumed to be between 1.5 and 2 weight %. These high values have been used
to infer the amount of water in the melt inclusion magma at the time they were trapped [8,9]
and to constrain the depth of kaersutite crystallization on Mars. Since the kaersutites are
much less hydrous than previously assumed, these estimates may need revision, although
little is known about the effect of water fugacity on the incorporation of a Ti-coupled oxy-
amphibole component, so that a kaersutite with low hydroxyl abundance does not
necessa;ily imply a less hydrous melt.
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Lunar and Planet. Sci. XIX, 599-600. [7] Watson L.L. et al. (1991) In Workshop on the
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The abundance and stable isotopic composition of volatiles released from weathering
products during stepped heating of Nakhla and Lafayette.
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THE ABUNDANCE AND STABLE ISOTOPIC COMPOSITION OF VOLATILES RELEASED
FROM WEATHERING PRODUCTS DURING STEPPED HEATING OF NAKHLA AND
LAFAYETTE; L.L. Watson, S. Epstein and E.M. Stolper, Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, CA 91125.

Overview: As part of our continuing study of hydrogen in SNC phases we report hydrogen isotopic
data from water released by stepped heating of Nakhla and Lafayette. Although the water content of
Lafayette is greater than three times higher than Nakhla, release patterns and oD values are very similar for
both meteorites. Above 200°C both samples release water with 8D values greater than terrestrial water,
confirming that the alteration of these meteorites was preterrestrial. Due to the presence of a terrestrial
component (observable at low temperatures) the highest measured 8D values of ~+800 may be a lower limit
to the true 8D of the original weathering products.

Introduction; We report the latest results of our continuing study of the hydrogen isotope ratios of
various SNC phases and their implications for the history of water on the SNC parent planet, which we
assume to be Mars [1,2]. Since the D/H of water in the current martian atmosphere is highly distinctive at
~5 times greater than SMOW [3] (corresponding to a 8D value of ~+4000, all 8D values are reported in
units of per mil relative to SMOW), the hydrogen isotopic composition of the water contained in SNC
hydrous phases might be a useful tracer of water that once resided in the martian atmosphere or that has
isotopically exchanged with it.

Specifically, we report the yield and hydrogen isotope ratios of water released by of stepped heating of
aliquots of Nakhla and Lafayette, two of the three nakhlites. In addition, preliminary results of the study of
CO,, also released during heating are reported. The nakhlites contain "iddingsite" [4,5,6], a poorly defined
hydrous alteration product of olivine [7]. By studying the volatiles released from these alteration materials
we hope to constrain the isotopic composition of the fluids involved in weathering processes in the martian
crust.

Previous hydrogen isotopic measurements on various SNCs have yielded highly variable results. A
published 8D value for Nakhla is -37 with a yield of 2.2 umoles of Hj per gram of sample [8], which
differs significantly from the reported value of +456 measured on 81.6 moles of Hp extracted from 2.8 g
of the Lafayette nakhlite [9]. Our previous studies [10,11] produced preliminary data for Nakhla which also
show it to contain water significantly enriched in D (3D values up to ~+500). Published values for
Shergotty range from -47 [8] to +878 [9] with yields of 1-7 umoles of H, per gram of sample [8,9,12]. In
most of these previous reports, data were obtained after "precombustion” of the sample at temperatures of
350-450°C [8,9,12], which was intended to eliminate terrestrial contamination by organic matter and/or
adsorbed water. However, terrestrial iddingsite is typically comprised of a mixture of phases including
goethite, smectites; and sometimes carbonates, and it begins to break down at temperatures as low as
~250°C [7]. Thus valuable information on the alteration phases may be lost in the precombustion step
employed by previous workers. Our study therefore focuses on gases extracted from the nakhlites by
stepwise heating including the low temperatures at which iddingsite is expected to begin to break down. In
addition, our work represents the first study of the hydrogen in more than one nakhlite by the same
procedure.

Experimental procedure: Two ~1.3 g aliquots of Nakhla (from USNM 5891) and two ~0.6 g aliquots
of Lafayette (from the Field Museum of Natural History sample ME 2116) were heated stepwise on a
vacuum extraction system specially designed and built for these small samples. For each pair of meteorite
aliquots, one was heated in the presence of hot (850°C) copper oxide (referred to as the "combusted"
samples), and one was heated under vacuum with no oxygen (referred to as the "pyrolysis” sample). Each
meteorite aliquot was coarsely crushed in air immediately before loading on the extraction line. Samples
were heated in a quartz boat to temperatures of 120, 200, 300, 400, 600, and 1050°C. During each 2-2.5
hour heating step, gases were frozen in a liquid nitrogen trap. In the pyrolysis experiments, the yield of
non-condensable gases was measured. The CO; and HO released by heating were then cryogenically
separated. HoO was reduced to Hy in a uranium furnace at 750°C and yields were measured manometrically.
Data are reported without corrections for blanks or memory effects, but based on characterization of the
extraction line used in this study, we estimate that these corrections will change the 8D of our samples by
only a small amount (blanks have been measured to be <0.5 pmoles Hj at each temperature step; at the
highest temperature steps where yields are lowest, the reported 8D values could increase by a maximum of
~50%o - the corrections for lower temperature steps would be significantly less). Isotope ratios were
measured mass spectrometrically.
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Results: Hydrogen yields and isotopic compositions at each temperature step of the four extractions
are shown in Figure 1. The amount of water released from both Nakhla samples between 600 and 1050°C
was too small for isotopic measurement. The 300-400°C Lafayette combustion sample was lost and thus
not analyzed isotopically.

For both Nakhla and Lafayette the integrated total hydrogen yields are very similar for the combustion
and pyrolysis and are essentially identical to those of Karlsson [13] with Nakhla containing 60.9 to 63.5
pmoles per gram of sample (corresponding to 0.110 to 0.114 weight % water) and Lafayette containing
209.2 to 215.4 pmoles per gram (0.377 to 0.388 weight % water). The largest amount of water is released
at during the 120°C step, and in general, the hydrogen yields decrease with increasing temperature, with the
exception of a leveling out or slight peak in the 200-300°C step. In all cases the oD values increase with
increasing temperature. The highest 8D values for Nakhla are +688 and +706 collected in the 400-600°C
step of the combustion and pyrolysis samples, respectively. Even heavier is the water collected in the 600
1050°C steps of the two Lafayette aliquots, with 3D values of +872 and +772 for the combustion and
pyrolysis samples, respectively.

Discussion: All samples collected above 200°C have 8D values heavier than any known terrestrial
hydrogen samples. These data prove unequivocally that the alteration material in the nakhlites could not
have formed on Earth. Our new data thus confirm previous conclusions based first on H-isotopic
measurements [9,11,12] and later on oxygen isotopic measurements [13] and mineralogical studies [5,6]
that the alteration is preterrestrial. The most striking feature of the results is the similarity in release
patterns and isotopic compositions of Nakhla and Lafayette, despite a greater than three-fold difference in
their total water contents. These results suggest that Lafayette was simply weathered to a higher degree in
an environment similar to that in which Nakhla was altered. Although not as high as the present martian
atmosphere, the high 8D values are consistent with a martian origin for these meteorites.

The water release pattern for the samples is similar to that observed in our previous work [10,11] and
in the work of Karlsson [13]. The higher yield and lower 8D in the lowest temperature fractions suggest
the presence of a component in the low temperature steps of the extractions that has exchanged with
terrestrial water. However, the high 8D relative to typical terrestrial materials in all but the lowest
temperature steps and the progressive increase in 8D with temperature indicates that there is still some
extraterrestrial component in all but the lowest temperature step (and perhaps even in this one). This
observation argues against the practice of discarding water extracted in these low temperature steps.
Although the presence of a terrestrial component in the low temperature steps may indicate that even the
highest 8D values should be taken as lower limits to those actually present in the alteration products at the
time of their formation, the observation that both Nakhla and Lafayette, samples with different terrestrial
histories and total. water contents, contain water of similar isotopic composition, may imply that a 8D
value of ~+800-900 is close to the true value. This lower limit falls within the range of 8D values
measured by ion microprobe for amphiboles and biotite (~+500 — +2000) contained in magmatic inclusions
in Chassigny and the shergottites [14]. These values have also been postulated to result from interaction of
these samples with fluids in the martian crust [14].

In addition to hydrogen, COy was collected at each temperature step. In general our CO3 results are
similar to those previously measured for the nakhlites [15]. We do not report the results in detail at this
time due to the presence of additional gas species that follow COz in our extraction procedure. We believe
the gas to be largely SOy, and this is consistent with the presence of S in the alteration material [5,6].
Further investigation of these results is needed to assess adequately the effect of the other gases on yields
and isotopic measurements of the CO3. :
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Fig. 1. Yield and hydrogen isotopic measurements for stepwise combustion and pyrolysis of four nakhlite
aliquots. Yields (axis to the left) are shown as steps and oD values (axis to the right) as the connected
points at the middle temperature of each heating step. Data for Nakhla are displayed with dashed lines and
Lafayette with solid lines. Nakhla did not release enough gas for isotopic analysis above 600°C. The oD
value of the 300-400°C Lafayette combustion sample was not measured.
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D/H OF WATER RELEASED BY STEPPED HEATING OF SHERGOTTY,
ZAGAMI, CHASSIGNY, ALHS84001 AND NAKHLA. L. L. Watson, S.
Epstein, and E. M. Stolper, Division of Geological and Planetary Sciences, California
Institute of Technology, Pasadena, CA 91125, USA.

We report the yield and D/H of water released by stepped heating of bulk Shergotty,
Zagami, Chassigny, and the newest martian meteorite, ALH84001 [1]. For comparison,
we also report data from Nakhla using the same procedure since the heating steps in this
study are slightly different than our previously reported nakhlite analyses [2]. With this
work, we have completed a survey of D/H in bulk samples representative of all SNC
mineralogical types. Assuming these meteorites are martian samples [3,4], the D/H of the
water contained in SNC hydrous phases might be a useful tracer of water that once resided
in the martian atmosphere (currently 8Dsnow ~+4000 [5]) or has isotopically exchanged
with it.

A heating procedure similar to Karlsson et al.'s [6] was used to facilitate direct
comparison to their oxygen data in which high values of A170 relative to bulk SNCs were
observed in water released from some samples at high temperatures. Samples were heated
under Vacuuﬁl (pyrolysis) to temperatures of 150, 350, 600, and 1000°C for 1-1.5 hours
per temperature step. Our gas collection and analysis procedure has been previously
described [2].

Hydrogen isotopic compositions of water released at each temperature step and total
water yields for each sample are reported in Table 1. Yields generally agree with those of
Karlsson et al. [6] except in the case of Shergotty which was found to contain ~1/3 less
water. Similar to earlier results for the nakhlites [2], isotopic compositions are terrestrial at
low temperatﬁres and oD values increase with increasing temperature for all samples except
Chassigny. This pattern is consistent with mixing between low temperature adsorbed or

exchanged terrestrial water and indigenous water released at higher temperatures.
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Chassigny oD values are generally indistinguishable from terrestrial, becoming only
slightly D-enriched (8D = +26) in the highest temperature step. This result is unexpected
given that Chassigny reportedly has similarly anomalous AY70 values to the nakhlites [6].
The results are also surprising since we have previously measured high 8D values (~+800
to +1850) of amphiboles in Chassigny by ion microprobe [7,8]. Water released from these
amphiboles may be responsible for the slight increase in 0D at high temperature.

The 8D of ALH84001 water is similar to Nakhla, and is consistent with a martian
origin for ALH84001 [1]. ALLH84001 also contains macroscopic carbonates [1]. We have
measured the §!13Cppp of the CO, released between 350 and 600°C to be +40.9. The yield
was 0.13 wt. %, representing 86% of the total CO; released in the entire experiment. This
is the heaviest carbon ever reported in a martian meteorite sample.

The presence of D-enriched water in Shergotty is consistent with the results of
Kerridge [9] who measured 8D values up to +900 in Shergotty. However, the 6D of
+2061 reported here for the Shergotty 600-1000°C temperature step is the highest ever
measured in a whole-rock SNC. Both this study and our ion microprobe measurements
[8], suggest that the shergottites may contain more D-enriched water than other SNCs.
Although préiiminary until further measurements can be made, this distinction may be
reflecting the difference in geologic history or age [10] of Shergotty and Zagami relative to

the possibly older and more deeply-emplaced nakhlites, Chassigny and ALH84001.
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Table 1.
Sample Weight D (%) Total
water
(g) 150°C  350°C  650°C 1000°C (wt. %)
Nakhla 0.58 -74 +82 +714 nd* 0.115
Chassigny 0.42 -40 -61 -12 +26 0.099
Shergotty  1.87 -69 -35 +666 +2061 0.042
Zagami 2.56  nd* -1 +941 +1236 0.038%

ALH84001 1.09 -51 +33 +532  +700 0.085

nd = not determined
*not enough H to measure isotope ratio
#150°C step lost






