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Hubble Space Telescope observations of the region around the nucleus of Hale-Bopp, taken on 
eight different dates since September 1995. The first picture in the sequence, seen at upper left, 
shows a strong dust outburst on the comet that occurred when it was beyond the orbit of 
Jupiter. Images in the fall of 1996 show multiple jets that are presumably connected to the 
activation of multiple vents on the suiface of the nucleus. 
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I. After Science magazine published McKay et al.'s {1996a) 
article suggesting that they had recognized traces of ancient 
martian life in ALH 84001, many scientists wrote letters to 
Science disputing all or part of their results. Science collected 
these comments, and responses to them, as ''Evaluating the 
Evidence for Past Life on Mars," Science, Vol. 274, pp. 2119-
2125. These summaries and commentaries are in the order 
that Science presented the originals. 

Anders E. {1996) Science, 274, 2119-2121. 
After praising the quality and depth of their observations, Anders 
comments that McKay et al. (1996a) did not consider non-
biological explanations of their discoveries: "For all these 
observations, an inorganic explanation is at least equally plau-
sible, and, by Occam's Razor, preferable." Anders then suggests 
nonbiological explanations for most of the chemical evidence for 
martian life in McKay et al. 

Anders raises two objections to the description of PAHs in 
ALH 84001 as implying biogenic activity. First, PAH molecules 
form as readily from nonbiological chemical compounds as from 
biological compounds. Given enough time and/or elevated 
temperature, PAHs form readily from other organic materials; this 
process is documented in nature and utilized in industry. Second, 
the spatial association of P AH molecules and the carbonate 
globules could have arisen without life. Formation of PAHs can 
be accelerated (i.e., catalyzed) by the mineral magnetite, and sub-
microscopic grains of magnetite are abundant in the carbonate 
globules. 

Anders also presented five objections to the arguments of 
McKay et al. concerning the minerals and chemical zoning of the 
carbonate globules. 
1. The chemical zoning patterns in the carbonate globules could 
be a natural result of mineral solubilities, and need not imply the 
action of life. 
2. The association of magnetite, iron sulfides (pyrrhotite), and 
carbonate minerals in ALH 84001 could form without the 
presence of life, as similar associations have formed in the 
carbonaceous chondrite meteorites. 
3. The areas of partially dissolved carbonate minerals could form 
at normal temperatures and water compositions, without the 
action of life. 
4. The greigite(?) iron sulfide mineral that McKay et al. found 
was not characterized well, and was not compared with non-
biogenic greigite. Without this comparison, one cannot tell if the 
greigite(?) is actually relevant to the question of life. 
5. Finally, the structure of the carbonate globules (claimed by 
McKay et al. to be evidence for a biological origin) was not 
compared to the structures of carbonate globules formed without 
assistance from life. Without this kind of comparison, one cannot 
tell if the structures of the carbonate globules are relevant or not. 

Before the matter of ancient martian life in ALH 84001 
is completely resolved, all of Anders' points will need to be 
studied. McKay et al. ( 1996b) and Clemett and Zare ( 1996) 
provide some answers in their responses to this comment. 

The fundamental issue behind Anders' comment is 
scientific proof itself. Can the martian-life-in-ALH 84001 
hypothesis be examined piece-by-piece, one line of evi-
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dence at a time? Or must all the evidence be considered 
together, as one complete package? 

In natural sciences, it is rarely possible to prove that an 
idea is true- "proof" consists mostly of showing that an 
idea fits ("is consistent with") all the facts, and that all 
other ideas don't fit the facts or are too complicated. Most 
often, though, scientists can think up many different ideas 
that can fit all the facts. Then, scientists will commonly 
quote "Occam's Razor": The simplest idea is more likely 
than the complicated ideas. Unfortunately, what is simple 
to one scientist is needlessly complex to another. McKay et 
al. 's paper and Anders' comment use different ideas of 
simplicity, and so arrive at different preferred conclusions. 

McKay et al. invoked Occam's Rawr (without naming 
it) in justifying a biological origin for all their observa-
tions: "Although there are alternative explanations for 
each of these phenomena taken individually, when they are 
considered collectively, particularly in view of their spatial 
association, we conclude that they are evidence for 
primitive life on early Mars. " From this perspective, 
McKay et al. did not need to consider nonbiological 
explanations for each observation, only nonbiological 
explanations of all the observations at once. They did not 
find any nonbiological explanations, and so had to accept 
the idea ofmartian life. 

On the other hand, Anders invoked Occam's Rawr 
( quoted above) to justify nonbiological processes for each 
individual observation. Anders did not search for a single 
nonbiological explanation for all the evidence, and did not 
consider how likely it was that all his proposed processes 
could have affected small areas in a single rock. 

To some extent, then, Anders and McKay et al. are not 
looking at the evidence in the same way; McKay et al. are 
"holists," and Anders is a "reductionist." For the possible 
martianfossils, it remains to be seen which view of the 
world is more useful. 

Shearer C. K. and Papike J. J. (1996) Science, 274, 2121. 
Here, the authors summarize their sulfur isotope measurements, 
which were reported earlier in Shearer et al. (1996) and are 
described below. Shearer and Papike emphasize that the pyrite 
mineral grains that they analyzed earlier are related to the 
carbonate globules, and that the sulfur in the pyrite is enriched in 
the stable isotope 34S compared to the solar system average. 
Sulfur-eating bacteria on Earth produce minerals such as pyrite 
that are strongly depleted in 34S, so it is unlikely that the pyrite in 
ALH 84001 was made by Earth-type bacteria. Martian bacteria 
could still be involved, however, if Mars itself was much richer in 
34S than the Earth is, or if martian bacteria process sulfur differ-
ently than Earth bacteria. For more detail, see the discussion of 
Shearer et al. (1996) below. 

Gibson et al. ( /996) respond directly to this comment. 
McKay et al. ( 1996a) did not claim that the pyrite in ALH 
8400/ was biogenic, so, strictly speaking, this report by 
Shearer and Papike is not relevant to the current hypoth-
esis of ancient martianfossils in ALH 84001. However, the 
pyrite crystals are spatially associated with the carbonate 

globules, and it would have seemed reasonable that the 
pyrite and the carbonates grew from the same fluids with 
the same sulfur isotope abundances. On the other hand, if 
the pyrite had a deficiency of 34S (such as might be ex-
pected from biogenic pyrite on Earth), it might possibly 
have been cited by Gibson et al. ( 1996) as further evidence 
of biogenic activity in ALH 84001. 

This work has continued in Shearer ( 1997) and Shearer 
and Papike ( 1997). 

Bell J. F. (1996) Science, 274, 2121-2122. 
Bell's comment centers on the PAH organic molecules found in 
ALH 84001 by McKay et al. (1996); Bell accepts that these 
P AHs are martian, but not that they imply martian life. He 
suggests that the P AHs may have come from meteorites falling 
onto Mars, just as a few percent of the Moon's soil is made of 
meteorite debris. Specifically, Bell suggests that the PAHs in 
ALH 84001 came from material like the C2 carbonaceous 
chondrite meteorites, and suggests that the sources of this C2 
material included the moons of Mars, Phobos and Deimos. 

McKay et al. ( 1996a) and Becker et al. ( 1997) agree 
with Bell that the PAHs in ALH 84001 are similar to those 
in the C2 carbonaceous chondrites. The PAHs in these 
meteorites are not identical, but are they similar enough to 
suggest a common origin? Bell and Becker say "yes," 
McKay et al. say "no, especially in light of the associated 
evidence." Bell is correct that a few percent of the Moon's 
soil is made of meteoritic material like C2 carbonaceous 
chondrites ( a point I mistakenly disputed in earlier 
versions of this commentary). Although most meteorites are 
not carbonaceous, most of the mass that lands on planets is 
in dust (so-called interplanetary dust), and has a composi-
tion like that of carbonaceous chondrites. The moons of 
Mars are very dark; their darkness might be from the 
carbon in carbonaceous chondrite material, but their 
darkness might have other causes (Murchie et al., 1991). 

Clemett S. J. and Zare R. N. (1996) Science, 274, 2122--2123. 
Clemett and Zare are among the authors in the original McKay et 
al. paper, and they respond to comments of Anders and Bell 
related to PAHs, the organic molecules called polycyclic aro-
matic hydrocarbons. Clemett and Zare emphasize that the P AHs 
they found in ALH 84001 are not laboratory contaminants, and 
are apparently only a small part of all the organic materials in 
ALH 84001. They agree with Anders (1996) that some of the 
PAHs in ALH 84001, the low-mass ones, could have formed by 
inorganic processes at high temperature. The high-mass PAHs, 
although less abundant, are very similar to the break-down 
products of kerogen, a variety of solid organic material that is 
common on Earth and in the carbonaceous chondrite meteorites. 
Earth kerogen formed from living matter, and meteorite kerogen 
did not. Clemett and Zare leave two questions: How could 
nonbiologic kerogen get into an igneous rock, one that solidified 
from molten lava; and how could nonbiologic kerogens ( or 
PAHs) come to be associated only with the carbonate globules in 
ALH 84001? 
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As an aside, Clemett and Zare also reply to comments from 
Simoneit and Hites and from Requejo and Sassen, but neither of 
these comments was printed in Science. 

Clemett and Zare agree that some nonbiological 
processes could have produced the distribution and 
abundances of PAHs that they observed in ALH 84001: The 
low-mass PAHs could be the product of inorganic reaction 
at high temperature, and the high-mass PAHs could form 
by the low-temperature reaction of inorganic kerogen. But 
the issue is whether the PAHs in ALH 84001, in their 
association with the carbonate globules, are more easily 
explained by biological or nonbiological mechanisms. A 
nonbiological scenario would have to start with carbon-
rich gas reacting at high temperature to form the low-mass 
PAHs. Then, nonbiologic kerogen,from some other source, 
would have to decompose at low temperature into high-
mass PAHs. Either the kerogen or the high-mass PAHs 
would have to infiltrate ALH 84001, adhere only to the 
carbonates, and not displace the low-mass PAHs already in 
place. ls this sequence of events actually simpler and more 
believable than the growth, death, and decomposition of 
martian bacteria? 

McKay D. S., Thomas-Keprta K. L., Romanek C. S., Gibson 
E. K. Jr., and Vali H. (1996b) Science, 274, 2123-2125. 
Here, McKay et al. respond directly to Anders' (1996) comments 
about minerals in the carbonate globules and about the morphol-
ogy of possible fossil shapes in ALH 84001; Clemett and Zare 
responded to Anders' comments on PAHs. 

Anders' comments stressed the similarity of the carbonate 
globules and their minerals to some grains in the CI carbonaceous 
chondrite meteorites. McKay et al. agree that similarities are 
present, but emphasize the significant differences between ALH 
84001 and the CI carbonaceous chondrites. In particular, ALH 
84001 is an igneous rock, while the Cis have been altered at low 
temperatures to clays, serpentine, and similar water-bearing 
silicate minerals. McKay's responses to Anders' comments are 
keyed to Anders' points (as above). 
1. McKay et al. agree with Anders that the chemical zoning 
pattern in the carbonate globules could have been produced by 
inorganic crystallization. They stress, however, that the repetitive 
(oscillatory) zoning pattern and composition difference between 
one globule and another can only arise from complex inorganic 
processes. 
2. Anders compared the carbonate-magnetite-sulfide minerals in 
ALH 84001 to those in CI carbonaceous chondrite meteorites; 
McKay et al. respond that, in effect, the Cis are not good analo-
gies. Magnetite grains in carbonate minerals are much larger in 
Cis than in ALH 84001. And magnetite grains in carbonate 
minerals in Cis do not have cuboid shapes as they do in ALH 
84001. 
3. McKay et al. agree with Anders that the partially dissolved 
carbonate grains in the carbonate globules could have formed in 
nearly neutral (nonacidic or alkaline) water, and do not require the 
moderate acidity invoked in McKay et al. (1996a). McKay et al. 
re-state that the globular morphology of the ALH 84001 carbon-
ates is similar to those formed by bacteria on Earth, and unlike the 

carbonate areas formed inorganically in the CI carbonaceous 
chondrites. They stress, however, that no matter what the exact 
water composition, no simple inorganic process can form all the 
observed structures and minerals in the carbonate ellipsoids. 
4. On the matter of greigite(?) in ALH 84001, Anders had hoped 
to see it compared to non-biogenic greigite. McKay et al. respond 
that life seemed to be involved with formation of all greigite on 
Earth, at least all the greigite that they were aware of. Living 
organisms either produce greigite directly themselves, or produce 
the hydrogen sulfide gas that goes to form greigite. 
5. Anders commented that the structures of the carbonate 
globules should have been compared directly to carbonates that 
grew without assistance from life. McKay et al. respond that the 
shapes of possible fossil forms is not yet definitive proof that 
they are real fossils, that similar shapes have not been found in 
lunar or asteroidal meteorite samples, and that more work is 
needed. They also agree with Anders that a proof that the fossil 
shapes actually are fossils would make all the other arguments 
irrelevant. 

I see two underlying themes in this response: that ALH 
84001 is unique, and that the minerals and structures of 
the carbonate globules are too complex for any simple 
inorganic processes. There is, of course, no doubt that 
ALH 84001 is unique. But Anders and McKay et al. 
disagree on whether the carbonate globules in ALH 84001 
are so unusual that seemingly similar structures in the CI 
carbonaceous are not relevant. It has been suggested that 
the Cl carbonaceous chondrites are from Mars 
(Brandenburg, 1996), but most evidence seems to suggest 
otherwise (Treiman, 1996). 

McKay et al. emphasize the complexity of the carbonate 
globules, both in the chemical Zoning of their carbonate 
minerals and in the groupings of minor minerals in the 
carbonates. The complexity alone suggests to them the 
action of complex biological systems, and want to consider 
all the evidence in McKay et al. ( 1996a) as a systematic 
whole, and not as a set of separate pieces. Quoting from 
their response, the formation of the carbonate globules 
" ... cannot be simple equilibrium . .. , and must include 
changing conditions and kinetic effects. Whether such 
models are more plausible than biogenic models is a 
matter ofjudgment. " 

As an aside, the fifth point of Anders' comments seems 
to refer to the shapes and structures of the carbonate 
globules, while McKay et al. here responded about the 
sausage-shaped things that might be fossil bacteria. Some 
critical sentence or idea may have been lost. 

Gibson E. K. Jr., McKay D. S., Thomas-Keprta K. L., and 
Romanek C. S. (1996) Science, 274, 2125. 
The authors respond directly to Shearer and Papike's (1996) 
claim that sulfur isotope ratios on pyrites near the carbonate 
globules probably mean that they formed without help from 
bacteria. The authors note that the pyrite grains may not be 
relevant to McKay et al.' s hypothesis because pyrite is not in the 
carbonate globules, it did not grow with the structually flawless 
submicroscopic magnetites, and it is not associated with the 
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P AHs. The submicroscopic sulfur-bearing minerals, pyrrhotite 
and greigite, that are part of McKay et al.' s hypothesis will be 
very difficult to analyze for sulfur isotope ratios. These sulfur-
bearing grains are so small that the carbonate and magnetite grains 
around them would also end up being analyzed for sulfur. The 
carbonate and magnetite grains don't contain sulfur, but they do 
contain lots of oxygen, and oxygen molecules can masquerade as 
sulfur atoms in these isotope analyses. Sulfur atoms with mass 32, 
32S, can be mimicked by the oxygen molecule 160 160; and sulfur 
atoms with mass 34, 34S, can be mimicked by the oxygen mol-
ecule i601so. 

Greenwood et al. ( 1997) report that the isotope ratios 
for sulfur from the carbonate globules, presumably from 
pyrrhotite, is nearly the same as for the pyrite grains. Their 
sulfur isotope of the pyrrhotite analyses are quite imprecise 
( 834 S somewhere between + 12 and -1 ), and it is not clear if 
they considered the possible interferences from molecular 
oxygen. 

II. A number of complete scientific papers on ALH 84001 are 
related to McKay et al.'s hypothesis that ALH 84001 contains 
traces of ancient martian life. These summaries and commen-
taries are arranged chronologically. 

Shearer C. K., Layne G.D., Papike J. J., and Spilde M. N. 
(1996) Sulfur isotope systematics in alteration assemblages in 
martian meteorite ALH 84001. Geochim. Cosmochim. Acta, 
60, 2921-2926. 
The element sulfur has two stable (not radioactive) isotopes, 32S 
and 34S. The relative abundances of these sulfur isotopes, called 
the sulfur isotope ratio, can be affected by chemical processes, 
including metabolism by bacteria. Many Earth bacteria can "eat" 
sulfur compounds and use them as fuel for growth. Sulfur pro-
cessed this way by bacteria is typically very depleted in 34S 
compared to the starting sulfur. Nonbiological processes can 
enrich or deplete sulfur in 34S, but usually not so much as biologi-
cal processes. 

The authors here analyzed the isotopic composition of three 
pyrite grains associated with the carbonate globules of ALH 
84001. The pyrite grains all were enriched in 34S compared to the 
solar system average; in the jargon, they had o34S (pronounced 
"delta thirty-four S") between 5 and 8 %0 ("per mil," or parts per 
thousand). These enrichments in 34S suggest that the pyrite (and 
also the carbonate globules) formed at 'low' temperatures, and 
that the sulfur in the pyrite was probably never processed by 
bacteria like those on Earth. 

However, these results are ambiguous because the isotope ratio 
in Mars' starting sulfur is not well known. If Mars' starting sulfur 
has o34S near zero (the solar system average), the high o34S of the 
pyrites could not come from biological processing, at least by 
bacteria like those on Earth. Nor could the high o34S develop 
during high-temperature chemical processes. More likely, the 
pyrites grew from alkaline, oxygen-poor water at less than 150°C. 
Lunar soils also have a high o34S, which develops as meteorite 
impacts vaporize some of the soils. 

On the other hand, if Mars' starting sulfur was rich in 34S (had 
a high value of o34S), the isotopic composition of the sulfur could 

be consistent with either a high temperature or a biogenic origin. 
At high temperatures, inorganic processes do not separate the 
sulfur isotopes well, so a fluid rich in 34S would deposit pyrite rich 
in 34S. Acidic waters at low temperature also would not separate 
sulfur isotopes well, so a fluid rich in 34S would deposit pyrite rich 
in 34S. If Earth-type sulfur-eating bacteria were fed sulfur that was 
very rich in 34S, they would accumulate in them sulfur that was 
not so rich in 34S, perhaps similar to the sulfur in the pyrites. Of 
course, if martian bacteria process sulfur differently from Earth 
bacteria, all bets are off. 

It is easy to think that a low formation temperature for 
the carbonates in ALH 84001 means that they formed from 
martian life. But temperature and biology are separate 
issues. Here, Shearer et al. infer that the pyrite and 
carbonates in ALH 84001 formed at low temperature 
without life! 

Since this work was published, Greenwood et al. ( 1997) 
have also analyzed the isotopic composition of sulfur ALH 
84001, and in martian meteorites that have no known or 
suspected signs of life in them. For ALH 84001, Green-
wood et al. got essentially the same sulfur isotope values as 
this paper; for the other martian meteorites, Greenwood et 
al. got values between about b34S = +3 and-3. These low 
numbers, so close to the average for the solar system, 
suggest that Mars' original sulfur was not very different 
from the solar system average, and so support Shearer's 
inference of a nonbiological origin for the pyrite. The 
temperature of pyrite formation is not clear yet: Shearer et 
al. suggest low temperature, while Greenwood et al. 
suggest high temperature. This work is continued in 
Shearer and Papike ( 1997) and Shearer ( 1997). 

Bradley J.P., Harvey R. P., and McSween H. Y. Jr. (1996) 
Magnetite whiskers and platelets in ALH 84001 martian 
meteorite: Evidence of vapor phase growth. Geochim. 
Cosmochim. Acta, 60, 5149-5155. 
McKay et al. (1996) found that submicroscopic magnetite grains 
in the ALH 84001 carbonate globules are" ... cuboid, teardrop, 
and irregular in shape" and have" ... no structural defects." 
These magnetite crystals are similar to crystals produced by 
bacteria on Earth, and so McKay et al. suggested that the magne-
tites in ALH 84001 could have been made by martian bacteria. 

The authors here show that the submicroscopic magnetite 
grains also occur in other shapes and with structural defects. 
Using transmission electron microscopy, the authors discovered 
whisker-shaped magnetite crystals, five times as long as they are 
wide (10 millionths of a millimeter by 50 millionths of a millime-
ter). Many of these magnetite whiskers contain a common kind of 
structural defect, a screw dislocation. The authors also discovered 
blade- and plate-shaped crystals of magnetite, and many of them 
contain a structural defect called twinning. 

On searching through other technical papers, the authors found 
that magnetite (and similar substances) grow in whisker shapes 
only from hot gases, hotter than 500°C. Hot gas like this occurs in 
nature near volcanos, in structures called fumaroles, where the hot 
gases from a volcano or lava flow escape into the air. In fact, 
whisker-shaped magnetite crystals were reported from a fumarole 
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deposit in Indonesia by Symonds (1993). Also, Bradley et al. 
could find no descriptions of bacterial magnetites that were blade-
shaped, plate-shaped, whisker-shaped, or contained structural 
defects. 

The authors conclude that the magnetites in the ALH 84001 
carbonate globules formed at high temperatures, and not from 
biological processes. In addition, they note that the magnetite 
whiskers are approximately the same sizes and shapes as some of 
the possible fossilized bacteria shown in the McKay et al. (1996) 
paper. 

This work can be viewed in two ways: as a refutation of 
McKay et al. 's claims that the magnetites were made by 
microorganisms, or as an ambiguous result that merely 
shows that McKay et al. were a bit exuberant in claiming 
that all the magnetite crystals were structurally perfect. 

In the first view, it is clear that some of the magnetite 
crystals in the AUf 84001 carbonates do not have the 
shapes and structures of common biogenic magnetites. This 
fact alone can be seen as a refutation of part of the McKay 
et al. hypothesis. Because magnetite has a cubic crystal 
structure, it almost always grows as cubes, octahedra, or 
other compact shapes. Elongated magnetite crystals are 
known to grow only from high-temperature gases, whether 
in nature or in the laboratory. And this inference of high 
temperature, while not conclusive, is certainly inconsistent 
with life. 

In the second view, most of the arguments in Bradley et 
al. ( 1996) are ambiguous. While they all are interesting 
observations, none of them invalidates the hypothesis of 
McKay et al. 

1. From the description in their paper, it is not clear that 
Bradley's magnetites are from the same layers and veins as 
the magnetites studied by McKay et al. 

2. Although Bradley et al. did find structurally imperfect 
whisker-shaped magnetites, it would still appear that most 
of the magnetite crystals in the ALH 84001 carbonates are 
structurally perfect cuboids ( and similar shapes). So far, 
there is no proof that the whisker and cuboid magnetites 
formed at the same temperature. 

3. To support a high-temperature origin for the ALH 
84001 magnetites, Bradley et al. refer to Symonds ( 1993), 
who found that whisker-shaped magnetite crystals grew 
from the hot gases given off by a volcano. But Symonds 
suggested that temperature alone did not control whether 
the magnetite crystals grew as cubes or whiskers. In fact, 
the highest-temperature magnetites grew as cubes, while 
the whisker-shaped crystals formed at lower temperatures 
where they grew very quickly (i.e., the gas was very 
supersaturated). Whisker-shaped magnetites apparently 
have not been reported in low-temperature carbonate 
deposits, but it is quite possible that no one has looked 
carefully. 

Becker L., Glavin D. P., and Bada J. L. (1997) Polycyclic 
aromatic hydrocarbons (PAHs) in Antarctic martian meteor-
ites, carbonaceous chondrites, and polar ice. Geochim. 
Cosmochim. Acta, 61, 475-481. 

McKay et al. (1996) discovered that ALH 84001 contains 
polycyclic aromatic hydrocarbon molecules (PAHs) in moderate 
abundance, found that these PAHs were distinct from meteoritic 
and terrestrial PAHs, and found that the PAHs in ALH 84001 
were intimately associated with the carbonate minerals that host 
other possible indications of fossil life. Here, the authors evaluate 
whether the P AHs in ALH 84001 might be contaminants. 

To see if the association of PAHs and carbonate minerals in 
ALH 84001 really suggests that they formed together, the authors 
put carbonate mineral grains in water samples that contained 
P AHs-a standard, and a sample of Antarctic ice from the Allan 
Hills. In both cases, the PAHs in the water attached themselves to 
the carbonate mineral grains. From this result, the authors infer 
that the PAHs in ALH 84001 might have become associated with 
the carbonate minerals without any biologic action. 

To see if the PAHs in ALH 84001 were actually different from 
those in other sources, the authors analyzed P AHs in the martian 
meteorite EET A 79001 (both carbonate minerals and bulk rock), 
in two carbonaceous chondrite meteorites, and in Antarctic ice 
from the Allan Hills. The PAHs from these other samples are all 
similar to those in ALH 84001, especially in having strong signals 
from the few simplest PAHs (called parent or nonalkylated 
molecules). The ALH 84001 PAHs are most similar to PAHs in 
carbonate minerals in the EETA 79001; both meteorites have 
similar simple P AHs and in similar small amounts of big complex 
PAHs. The carbonates in EETA 79001 are known to be contami-
nated with carbon and organic molecules from Earth (Jull et al., 
1995; McDonald and Bada, 1995), and therefore probably 
contaminated with Earth P AHs. So, Becker et al. conclude that 
the P AHs in ALH 84001 are probably a mixture of P AHs from 
Antarctic ice and P AHs from carbonaceous meteorites or inter-
planetary dust, which could have entered ALH 84001 either on 
Earth or on Mars. They see no clear evidence in the P AHs for a 
biological origin on Mars, and suggest that amino acids would be 
better biomarkers than P AHs. 

This article is important for characterizing the PAHs 
from Earth that are likely to collect on meteorites as they 
sit in Antarctica, and would seem to weaken McKay et al.' s 
case for traces ofmartianfossils inALH 84001. But many 
questions are not yet answered. 

1. The PAHs in AU{ 84001 are not merely a mixture of 
PAHsfrom CM chondrites and from the Allan Hills ice. 
The ice contains strong signals from the PAHs naphthalene 
(mass 128) and coronene (mass 300), while carbonates in 
AU{ 84001 contain neither (their Table 1 ); other differ-
ences are apparent in the relative strengths of some PAH 
signals, and in the presence or absence of signals from 
some less-abundant PAHs. Are these differences artificial, 
for instance, because Becker et al. and McKay et al. used 
slightly different analytical techniques? Or could the 
differences be real and significant for the origin of the 
PAHs? 

2. The authors here showed that PAHs in water stick 
strongly to a calcium carbonate mineral, but is this 
relevant to ALH 84001? Calcium-rich carbonate minerals 
are rare in ALH 8400 -most of its carbonate is rich in 
magnesium and iron. Further, the calcium carbonate used 
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in the experiments was not characterized, and may not 
have the same crystal structure as the carbonates in ALH 
84001 (calcite vs. aragonite vs. vaterite structure types); 
PAHs may bond differently to different carbonate mineral 
structures. 

3. Becker et al. suggest that the PAHs in ALH 84001 are 
associated with the carbonate minerals because their 
experiment showed that PAHs in water stick strongly to a 
carbonate mineral. But do PAHs prefer to stick to carbon-
ates compared to the other minerals in ALH 84001? The 
experiments of Becker et al. shed no light on this question. 

Goswami J. N., Sinha N., Murty S. V. S., Mohapatra R. K., 
and Clement C. J. (1997) Nuclear tracks and light noble gases 
in Allan Hills 84001: Pre-atmospheric size, fall characteris-
tics, cosmic ray exposure duration and formation age. 
Meteoritics Planetary Sci. 32, 91-96. 
As ALH 84001 traveled between Mars and the Earth, it was 
bombarded by cosmic rays, high-energy particles from the Sun 
and the galaxy. Interactions of cosmic-ray particles with meteor-
ites leave characteristic signatures like the nuclear tracks pro-
duced by cosmic-ray heavy nuclei and trace abundances of the 
noble elements (e.g., neon and argon) resulting from nuclear 
interactions of cosmic-ray protons with meteoritic matter. Here, 
the authors investigated the evidence for cosmic-ray bombard-
ment in ALH 84001 to understand what happened to this meteor-
oid after it left Mars and before it landed in Antarctica. They 
found that ALH 84001 formed approximately 4 billion years ago, 
and spent approximately 17 million years exposed to cosmic rays; 
these numbers are consistent with results from many other groups. 
In addition, the authors here deduce that ALH 84001 was 
approximately 20 centimeters in diameter before it encountered 
the Earth, and that -85% of it burnt up as it passed through the 
Earth's atmosphere. They also suggest that ALH 84001 did not 
break up into multiple fragments as it fell through the Earth's 
atmosphere, and so it is also unlikely that additional fragments of 
this meteorite exist. 

There may be calls for the Antarctic Search for Meteor-
ites Program, ANSMET, to return to the Allan Hills area of 
Antarctica to search for more fragments of ALH 84001 
rock. The results in this paper suggest that returning to the 
Allan Hills for martian meteorites would be no more 
fruitful than collecting elsewhere in Antarctica. In fact, 
ANSMET field parties have gathered meteorites from the 
Allan Hills area many times since their first visit in 1976. 
In that time, only two martian meteorites have been found 
in the Allan Hills: ALHA 77005 and ALH 84001. These two 
meteorites are quite different, and could not be separate 
fragments from a single meteorite fall. 

Jull A. J. T., Eastoe C. J., and Cloudt S. (1997) Isotopic 
composition of carbonates in the SNC meteorites Allan Hills 
84001 and Zagami. J. Geophys. Res., 102, 1663-1669. 
The authors investigated the sources of the carbon in ALH 84001 
(and other martian meteorites), especially using radioactive 
carbon-14 (14C) as a marker for carbonates that formed on Earth. 
Radioactive 14C forms continuously in the Earth's atmosphere 

(and from nuclear bomb tests) and forms only sparingly in space, 
so the abundance of 14C in the carbonates is a clue to how much 
they have reacted with carbon from Earth. The authors find that 
most of the carbonate in ALH 84001 contains 14C, so much 14C 
that it must have either formed on Earth or traded some of its 
martian carbon for Earth carbon. The carbon in ALH 84001 with 
the least 14C is also the richest in the stable carbon isotope 13C, 
and its 13C abundance is the same as measured for martian 
carbonates in ALH 84001 and other martian meteorites. 

This work and lull et al. (1995) are important for 
understanding terrestrial contamination in ALH 84001. 
The authors argue that a great proportion of the carbon 
and oxygen in the ALH 84001 carbonates originated on 
Earth, and then diffused into the carbonate mineral grains 
in the meteorite. This argument, if true, lends plausibility to 
the idea that the PAHs in ALH 84001 are also terrestrial 
(Becker et al., 1997). However, Wright et al. ( 1997) suggest 
that the amount of 14C found here could also mean only 
limited contamination by Earth carbon. 

Kirschvink, J. L., Maine A. T., and Vali H. (1997) Paleomag-
netic evidence of a low-temperature origin of carbonate in the 
martian meteorite ALH 84001. Science, 275, 1629-1633. 
When a rock forms or cools down, it can trap some of the local 
magnetic field; magnetic minerals in the rock become little bar 
magnets, aligned with the planet's magnetic field. This trapped 
magnetic field, called natural remnant magnetism or NRM, can 
stay in the rock indefinitely, and can be used to unravel the 
history of the magnetic minerals and the rock. The strength of the 
trapped magnetic field can tell how strong the planet's field was. 
If the rock is broken or bent, the magnetic field trapped in it will 
point in a different direction from the original field. If the rock 
gets heated above a critical temperature, the old trapped magnetic 
field is lost, and a new one is trapped when it cools down again. 

For the McKay et al. (1996) hypothesis of fossil martian life in 
ALH 84001, the most important result from Kirschvink et al. is 
that the carbonate globules formed below 325°C, and probably 
below -1 l 0°C. McKay et al. require a low formation temperature 
to permit bacterial growth, and many types of Earth bacteria and 
archaea can live and prosper at l 10°C! The upper temperature 
limit is too high for known Earth life, but is an UPPER LIMIT, 
and is still better for McKay et al. than the 500°-700°C tempera-
tures estimated by other groups. 

The argument for carbonate formation below 325°C is indirect, 
but fairly clear. Kirschvink et al. measured the trapped magnetic 
fields (NRM) in two adjacent fragments of ALH 84001 from the 
fracture zone where McKay et al. found the most carbonate 
globules. The trapped fields in the two fragments were strong, 
equally strong, but in different orientations; the "bar-magnets" of 
the magnetic minerals were pointed in different directions. This 
meant that the two fragments had probably trapped the same 
original field, but had been rotated or jostled when the fracture 
between them formed. If ALH 84001 had ever been hotter than 
325°C since the fragments were jostled, they would have lost 
their original magnetic fields; when they cooled, the fragments 
would have trapped the new magnetic field, with the same 
direction in both fragments! Because the fragments do have 
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magnetic fields in different directions, ALH 84001 could not have 
been hotter that 325°C at any time after the fractures formed. 
Now, the carbonate globules are in these same fractures, and must 
have formed after the fractures did, and so must not have formed 
hotter than 325°C (otherwise the rock fragments would have their 
trapped magnetic fields pointing in the same direction)! 

The argument for carbonate formation below -110°C 
depends on the details of how the trapped magnetic field changes 
as the rock is heated. In ALH 84001, the trapped magnetic field is 
in the iron sulfide mineral pyrrhotite. When pyrrhotite is heated to 
temperatures below its critical temperature of 325°C, its trapped 
magnetic field fades away somewhat. But Kirschvink et al. found 
no hint of this fading in ALH 84001 's trapped magnetic field. The 
110°C temperature actually comes from their sample preparation, 
not anything inside the rock. They had to heat their samples to 
110°C to allow their glue to cure. If ALH 84001 had been heated 
to <l 10°C on Mars, any magnetic effects would have been erased 
as the glue cured. 

The results of this paper are a strong challenge to "anti-
life in ALH 84001" scientists. However, the results are not 
(yet) proof of a low-temperature origin and certainly not 
proof of life on Mars. Although I am not an expert on 
magnetism, 1 see two issues in this work as it relates to 
McKay et al. 's hypothesis that ALH 84001 contains traces 
of ancient martian life. 

The first issue is the timing of fracturing of ALH 84001 
compared to the timing of carbonate formation. ALH 
84001 was fractured at least twice, before and after the 
carbonate globules formed. Many carbonate globules sit in 
fractures, so the fractures must have been there first 
(McKay et al., 1996a). And the carbonate globules are 
themselves sliced and broken along fractures, which must 
have come later (Mittlefehldt, 1994; Treiman, 1995; 
McKay et al., 1997). So, could Kirschvink's two rock 
fragments be separated by a late fracture, rather than an 
early fracture? If this particular fracture formed after the 
carbonate globules were deposited, Kirschvink's results 
here would say nothing about formation of the carbonate 
globules. 

The second issue is the absolute age of the carbonate 
globules, which should be ancient ( 3.6 billion years old) 
according to McKay et al. ( 1996a). The problem here is 
that the tiny magnetite grains in the carbonate globules 
have not trapped any detectable magnetic field themselves. 
The magnetites do contribute to other magnetic properties 
of the rock, just not the trapped field (the NRM). Could this 
mean that the magnetite grains grew when there was no 
field, and so are fairly young (Wadhwa and Lugmair, 
1996)? Or could it mean that Kirschvink's sample had so 
few carbonate globules that their trapped magnetic field 
could not be detected? 

The most important result from this paper, particularly 
for life on Mars, is the evidence that Mars had a strong 
magnetic field! Mars now has no detectable magnetic field, 
and had hardly any field at 1.3 billion years ago, when 
many of the martian meteorites formed. Kirschvink et al. 
have demonstrated that Mars had a strong magnetic field 

(possibly as strong as the Earth's is now), at about 4.0 
billion years ago when ALH 84001 cooled. 

First, a strong magnetic field would have protected 
Mars' surface from much deadly radiation from space. Its 
magnetic field would have deflected radiation like elec-
trons and protons from the Sun, just as the Earth's mag-
netic field protects us now. 

Second, and perhaps more important, a magnetic field 
early in Mars' history would have protected its atmos-
phere. Mars' atmosphere is now quite thin, about 11200 as 
thick as the Earth's. Without a thick atmosphere, Mars' 
surface could never have been warm enough to permit 
liquid water, and there is very good geologic evidence that 
liquid water was once abundant on the surface of Mars. 
What happened to Mars' atmosphere? Much of it was 
swept away by the solar wind, the continual stream of 
electron and protons that shoot off the Sun. But a strong 
magnetic field would have protected Mars' atmosphere, 
possibly letting Mars' surface be warm and wet enough for 
life to develop. 

Valley J. W., Eiler J.M., Graham C. M., Gibson E. K. Jr., 
Romanek C. S., and Stolper E. M. (1997) Low-temperature 
carbonate concretions in the martian meteorite ALH 84001: 
Evidence from stable isotopes and mineralogy. Science, 275, 
1633-1638. 
The temperature of formation of carbonate globules in ALH 
84001 is important because the globules are hosts to the possible 
traces of ancient martian life (McKay et al., 1996a). The first 
estimates of the globules formation temperature, <320°C, relied 
on oxygen isotope measurements (Romanek et al., 1994); here, 
Valley et al. revisit the oxygen isotope measurements with a new 
improved analytical method, and confirm the low formation 
temperature. 

Valley et al. used an ion microprobe to determine oxygen 
isotope abundances in the carbonate globules and other minerals 
in ALH 84001. The ion microprobe can produce analyses from 
very small spots, about 20 micrometers (µm) in diameter, which 
is important because the carbonate globules are <200 µm in 
diameter themselves. They analyzed oxygen isotope ratios in 
carbonates from two separate ellipsoids, one of which was a 
composite of two smaller carbonate bodies. To help calibrate the 
ion microprobe measurements, Valley et al. also obtained 
chemical analyses of these and nearby spots in ALH 84001 using 
electron microprobe. 

Valley's results are consistent with, and expand on, the earlier 
work of Romanek et al. (1994). They found that the carbonate 
minerals were variably enriched in the heavy oxygen isotope 180, 
with enrichments ranging from 0180 = 9.5 to 20.5%0 ("per mil", or 
parts per thousand). Carbonate near the globule rims was much 
richer in 180 than carbonate from the cores, and the different 
globules had different 180 enrichments in their cores. 

Valley et al. inferred that the carbonate globules formed at low 
temperatures because their chemical and isotopic variations could 
not have been preserved, if they had formed at high temperature. 

Continued on page 17 
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PLANETARY SCIENTISTS SHARING 
IDEAS AND DISCOVERIES-ON-LINE 
at www.soest.hawaii.edu/PSRdiscoveries 
-G. Jeffrey Taylor and Linda M. V. Martel, University of Hawai 'i 

the environment on ancient Mars, and the 
nature of microorganisms. The science in 
PSRD is told in carefully crafted prose and 
graphics to reach a wide audience of 

nonscientists and scientists alike. 
We all publish articles in scien-

tific journals, but in reality, our 
research is not done until it 

•. has been communicated to 
'·f--.'!111!!--. ... .; · the general public. And Space science ·· · ... : that means stories written 

grabs the attention ..,.- · ........... ,,.- with less technical jargon. 
and captivates the imagination of So a second goal of the online 

students, teachers, and the general public. magazine is to provide a format, separate 
Who could not be excited by the debate from the purely formal research journals, 
about the evidence for life on Mars or the for expressing the discoveries in planetary 
idea that ice is sequestered in permanently science to, in a sense, pay back the public 
shadowed regions of the Moon? Or the who funds our research. They paid for it, 
discovery and importance of Comet Hale- why not tell them what we found out? A 
Bopp? But people will only get excited third reason for PSRD is aimed specifi-
about these things if they know about cally at students and teachers: to help 
them. Where can people find clear and advance the goals in education and 
accurate information about the hot new outreach put forward by NASA and the 
discoveries in planetary science? The Office of Space Science (OSS). For 
answer is Planetary Science Research example, the NASA Strategic Plan states, 
Discoveries (PSRD), an online magazine "We will communicate widely the content, 
in which planetary scientists are sharing relevancy, and excitement of NASA's 
their ideas and discoveries with a wide missions and discoveries to inspire and to 
audience. increase understanding and the broad 

The main goal of PSRD is to seize the application of science and technology." A 
attention of students, teachers, and the final reason is purely self-serving: Space 
general public and assist the understanding exploration needs continued, and perhaps 
of science. We know planetary exploration passionate, public support to maintain any 
is a surefire hit with students, but it can reasonable level of funding. The more we 
even kindle a spark in adults who are convey the excitement of planetary 
generally more concerned with their jobs, science, the more inclined the public will 
their company's possible downsizing, be to support its expense. 
raising their children, and the success of 
their local NFL or NBA team. The 
interdisciplinary nature of planetary 
science makes it especially suited for 
raising the scientific literacy of the public. 
A story like the possible evidence for 
fossil life in ALH 84001 includes chemis-
try, biology, geology, and physics when 
we consider everything that needs to be 
explained about the rock, how it got here, 

HOW PSRD OPERATES 

PSRD is a joint effort of OSS, Hawai'i 
Space Grant College, and the University of 
Hawai'i's School of Ocean and Earth 
Science and Technology (SOEST) and 
Hawai' i Institute of Geophysics and 
Planetology. It is managed by the two 
authors of this article. We have developed 

publication policies aimed at preventing 
wacky ideas from polluting our electronic 
pages, yet allowing exciting new ideas to 
appear. The key requirement is that the 
work be published or in press in a repu-
table, refereed journal. Each article is 
reviewed by the researchers whose work is 
being featured as well as by our board of 
editors, with emphasis on accuracy, clarity, 
and ease of navigation ( downloading time, 
layout, links, etc.). The editorial board 
consists of Gordon McKay (NASA 
Johnson Space Center), Karen Meech 
(Institute for Astronomy, University of 
Hawai'i), Virgil Sharpton (Lunar and 
Planetary Institute), and Anita Sohus (Jet 
Propulsion Laboratory). 

Topics featured in PSRD span the 
research programs sponsored by OSS. We 
are prepared to provide writing, editing, 
and HTML coding for any article pub-
lished in PSRD, but we also enthusiasti-
cally invite our colleagues to submit their 
own manuscripts, graphics, and images to 
us. If needed, we will create additional 
graphics and add links to the ever-
expanding PSRD glossary. We provide 
online citation guidelines for full referenc-
ing of every article. Online archiving 
assures the continuous accessibility of 
each article regardless of publication date. 
Future plans include more use of anima-
tions and more interactive modes of 
presentation, but not at the expense of 
content, clarity, or expedient downloading 
times. 

PSRD IN THE OVERALL SCHEME 
OF NASA EDUCATION AND 
OUTREACH 

Why write an article for PSRD? Besides 
inspiring students to learn science, there is 
a practical reason for sharing our discover-
ies: to enlist support for NASA's research 

Continued on page 16 
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DISCOVERY FINALISTS SELECTED NASA has selected five proposals for detailed study as candidates for the next 
missions in the Discovery Program of lower-cost, highly focused scientific space-

craft. 
Following the feasibility studies, which are due August 15, NASA will select one or 

two of the investigations in October for full development as the next Discovery Program 
flights. 

"This excellent and innovative set of proposals really demonstrates the maturing 
nature of the Discovery Program," said Wesley Huntress, NASA Associate Administra-
tor for Space Science. "The selected concepts include a mission to a planet, Mercury, 
that we have not visited with a spacecraft in more than two decades, interesting comple-
ments to our currently planned cometary and Mars robotic missions, and the first attempt 
to gather a sample of particles from the Sun and bring them back to Earth." 

The five selected proposals were judged to have the best science value among 34 
proposals submitted to NASA in December 1996 in response to the Discovery An-
nouncement of Opportunity issued in September 1996. Each group will now receive 
$350,000 to conduct a four-month implementation feasibility study focused on cost, 
management, and technical plans, including small business involvement and educational 
outreach. As stated in the AO, the initial cost estimates will be allowed to grow by a 
maximum of 20% in the detailed final proposals. These proposals will elaborate on the 
following missions. 

Aladdin is a mission to gather samples of the small martian moons Phobos and 
Deimos by firing four projectiles into the moons' surfaces, gathering the ejecta during 
slow flybys, and then returning the samples to Earth for detailed study. Aladdin would be 
led by Carle Pieters of Brown University, and would cost NASA $244 million including 
launch vehicle and operations. 

The Comet Nucleus Tour (CONTOUR), a mission to take images and comparative 
spectral maps of at least three comet nuclei and analyze the dust flowing from them, 
would be led by Joseph Veverka of Cornell University, and would cost $135 million. 

Genesis is a mission to collect a sample of the solar wind and return it to Earth for 
detailed analysis. One of the finalists in the fourth round of Discovery Program selec-
tions under the name Seuss-Urey, Genesis would be led by Donald Burnett from the 
California Institute of Technology, at a total cost of $218 million. 

The Mercury Surface, Space Environment, Geochemistry and Ranging mission, or 
Messenger, is an orbiter carrying seven instruments to image and study the closest planet 
to the Sun. Messenger would be led by Sean Solomon of the Carnegie Institution of 
Washington, at a total cost of $257 million. 

The Venus Environmental Satellite (VESAT) is an orbiter spacecraft to study the 
atmospheric chemistry and meteorology of Earth's cloud-covered neighbor using an 
imager, near-infrared spectrograph, temperature mapper, and X-band radar. VESAT 
would be led by Kevin Baines of the Jet Propulsion Laboratory, at a total cost of $173 
million. 

The proposals in response to the announcement of Opportunity (AO-96-OSS-02), 
were required to respond to the goals and objectives of the Office of Space Science's 
Solar System Exploration theme or the search for extrasolar planetary systems element 
of the Astronomical Search for Origins and Planetary Systems theme. The spacecraft 
must be ready for launch no later than September 30, 2002, and must meet the Discovery 
Program's development cost (launch plus 30 days) cap of $183 million in fiscal 1997 
dollars over 36 months. 
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The concepts under study will follow four previously selected NASA Discovery 
missions. The Near Earth Asteroid Rendezvous (NEAR) spacecraft was launched in 
February 1996 on its way to orbit the asteroid Eros in 1999. The Mars Pathfinder 
lander, carrying a small robotic rover named Sojourner, is due to land on the surface of 
Mars on July 4. The Lunar Prospector orbiter mission to map the Moon's composition 
and gravity field, scheduled for launch in September, and the Stardust mission to gather 
dust from Comet Wild-2 in 2004, are currently under development. 

HALE-BOPP OBSERVATIONS WITH HUBBLE AND IUE 
SURPRISE ASTRONOMERS 
Completing a year-long study of Comet Hale-Bopp using the Hubble Space 

Telescope and the International Ultraviolet Explorer, astronomers are surprised to 
find that the different ices in the nucleus seem to be isolated from each other. They also 
report seeing unexpectedly brief and intense bursts of activity from the nucleus. The 
Hubble observations suggest that the nucleus is huge in comparison with most comets. 

The findings, by a team of scientists led by Johns Hopkins astrophysicist Harold 
Weaver, were published in the March 28 issue of Science. "Hale-Bopp will probably 
provide the most revealing portrait of the workings of a cometary nucleus since the 
spacecraft missions to comet Halley in 1986," said Weaver. "This is a unique opportu-
nity; we have never had the chance to examine a comet in this much detail, over this 
large a range of distance from the Sun." 

During the course of long-term observations, which began in August 1995, astrono-
mers unexpectedly caught the comet going through a sudden brief outburst, where, in 
little more than an hour, the amount of dust being spewed from the nucleus increased at 
least eight-fold. "The surface ofHale-Bopp's nucleus must be an incredibly dynamic 
place, with 'vents' being turned on and off as new patches of icy material are rotated 
into sunlight for the first time," Weaver said. 

To their surprise, astronomers found that water ice sublimates at a different rate than 
the trace ices, implying that those components are not contained within the water on the 
comet. This conclusion is also supported by Hubble data showing that the rate at which 
dust left the nucleus was much different than the sublimation rate of water. These 
observations contradict previous models in which the trace components, such as carbon 
disulfide ice and dust, are contained inside more abundant water ice in the nucleus, and 
thus should be released at similar rates. 

From Hubble Telescope images, the astronomers have estimated that the nucleus 
may be 19 to 25 miles (30 to 40 kilometers) in diameter. "Average" comets have a 
nucleus of 3 miles (5 kilometers) or less in diameter. 

Because Hale-Bopp was unusually bright when it was still well outside the orbit of 
Jupiter, it has given scientists their best view ever of changes in a comet's nucleus as it 
heats up approaching the Sun. Those changes provide clues about the composition and 
structure of comets, which are remnants from the formation of the solar system, about 
4.6 billion years ago. Learning more about comets can provide important information 
about the materials and processes that formed the solar system. xJ' 
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THE 
ADS 

DIGITAL 
LIBRARY 
-Guenther Eichhorn 
Smithsonian Astrophysics Laboratory 

The Astrophysics Data System 

(ADS) provides access to 

astronomical bibliographic 

information, including refer-

ences, abstracts, and full jour-

nal articles, as well as links to 

other online information 

sources like online electronic 

journals and online data. The 

ADS has two major parts, the 

abstract service and the online 

journal articles. 
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ADS ABSTRACT SERVICE 
The abstract service provides access to 
abstracts and references of most of the 
astronomical literature since 1975. The 
references are accessible in three data-
bases: Astronomy, Space Instrumentation/ 
Optics, and Physics/Geophysics. As of 
January 1997, the astronomy database 
contains almost 300,000 references, the 
instrumentation database has almost 
500,000 references, and the physics 
database about 250,000 references. The 
astronomy database includes the bibliogra-
phy from the Lunar and Planetary Institute 
from 1978 till 1993. It also includes 
abstracts and references from journals like 
Meteoritics and Icarus. 

The databases can be searched with a 
sophisticated search engine, allowing 
fielded searches (Fig. 1). The retrieved 
references are ranked according to their 
relevance to the query, taking into account 
word frequencies for weighting. The 

search fields are the authors, title, abstract 
and object names where available. The 
search engine can search not only for 
individual words but also for sequences of 
words. This allows, for instance, a search 
for "black hole" as a phrase, rather than 
searching for "black" and "hole" sepa-
rately. 

The database is indexed so that 
retrieval of abstracts that contain syn-
onyms for the search words (e.g., M31 and 
Andromeda) is possible. The list of 
synonyms was compiled manually taking 
into consideration expert knowledge of the 
technical language used in astronomy. This 
synonym list has proven to be one of the 
most valuable assets of the ADS because it 
greatly improves the quality of the 
searches. 

The result of a search is a list of 
references (Fig. 2). The list contains the 
bibliographic code, authors, title, publica-
tion date, score, and a list of links. These 

ADS Astronomy Abstra~t Service 
What's New tlllm Preferences 

Send Query ! ! Return Query Form I 1 Store Default Form 

Enter~: (Last, F.I.) Enter ~li£l2/Lll ~: 
(one per line) (one per line) 

Exact A.uthor name search I PT Object name search C 00 o .. o o .. ... JC 00 o ... o •• .. J 
Publication Date: 

Frame D Toe D c=i 
Month(MM) Year(YYYY) Month(MM) Year(YYYY) 

Enter Title Words: 
(Combine with: ® OR O AND O sirop)e JogicO boo)eau JogiC) 

Enter Abstract Text Words/Keywords: 
(Combine with: ® OR O AND O simple Jog;cO boolean logic) 

I.I 
Return abstracts starting with number [[] 

~: ® Abstracts O References O Citations 
Select references/citations for~ abstracts starting with number (I=:J 

send Query ! I Return Query Form I I store Default Form 

T TSI OPERX HTRCQDE Ql!ERX A.RITCT E QUERY I..OC.....QllER 

Fig.1. 
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links allow access to the abstracts of the 
articles (Fig. 3), the full articles where 
available, as well as other information. 
One of the links provides access for 
selected journal articles to the list of 
references in these articles and the list of 
articles that cite this article. 

Links 
The following links, anchored to the 
specified letters, are currently available: 
A: Abstract provided by NASA/STI. 
0: Original author abstract provided by 

the journal or author. 
F: Full article available through the ADS 

article service as scanned images. 
E: Online electronic version of the 

journal article, usually at the site of 
the publisher. Access to the elect-
ronic version may be restricted to 
subscribers of the journal. 

P: PDF version of the article. This too 
may be restricted to subscribers of 
the journal. 

D: Online data from the reference in 
electronic format. 

S: List of astronomical objects referred 
to in the article (provided by the 
SIMBAD database). 

M: The article can be mail-ordered from 
a document delivery service. This 
service is fee based and is handled 
directly through the document delivery 
service. 

I: Additional information about the article 
provided by the author. 

R: List of references for this article. It 
generally includes only the references 
to other journal articles. 

C: List of references that cite this article. 
T: Table of contents for this reference 

(for books and proceedings volumes). 

Usage Statistics 
The ADS abstract service has seen rapid 
growth since the introduction of the 
WWW interface. In February 1997 the 
ADS was accessed from more than 10,000 
hosts. This translates into many more users 
since many hosts (especially hosts of 
Internet access providers) are used by 
more than one individual. These users 
made over 200,000 queries and retrieved 
3.9 million references. 

,. fM1t Edit Vtew '<io lioolcmarla 

Astrophysics Data System {ADS) 
Query Results from Astronomy Database 
Retrieved SO abstracts, starting with number 1. Total number selected: 2184 

Bibcode 
Authors 

Score Date 
Title 

Available Items 

!996BMS 28 2311W 
WANG, K.; TIIORNE, R. M.; 
HORNE,R.B. 

1.000 09/1996 Q 
Jovian Lightning-generated Whistlers: A Diagnostic for Plasma 
Properties in the lo Torus 

I994ApJ . .426L..51H 1.000 05/1994 A f 
HALL, D. T.; GLADSTONE, G. R.; 
MOOS, H. W.; BAGENAL, F.; 
CLARKE, J. T.; FELDMAN, P. D.; 
MCGRATII, M.A.; 

Extreme ultraviolet explorer satellite observation of Jupiter's Io 
plasma torus 

SCHNEIDER, N. M.; 
SHEMANSKY, D. E.; 
STROBEL, D. F.; WAITE, J. H. 

)993JGR 98)8751Q 
OSHEROVICH, V. A.; 

1.000 10/1993 A R 

BENSON, R. F.; FAINBERG, J.; 
STONE, R. G.; MACDOW ALL, R. J. 

Sounder stimulated D(sub n) resonances in Jupiter's Jo plasma 
torus 

D )992GeoRL .. 19.2099D 
DESSLER, A. J.; SANDEL, B. R. 

1.000 10/1992 A 
System ill variations in apparent distance of lo plasma torus 
from Jupiter 

Fig. 2. 

ADS ARTICLE SERVICE 
The ADS article service provides access to 
scanned images of full journal articles. We 
have agreements with the following 
publications to scan their journals and 
make them available online a certain time 
after publication: 

Astronomical Journal (USA) 
Astrophysical Journal (USA) 
Astronomy & Astrophysics (Germany) 
Baltic Astronomy (Lithuania) 
Bulletin of the Astronomical Society of 
India (India) 
Contributions of the Astronomical 
Observatory Skalnate Pleso (Slovak 
Republic) 
Monthly Notices of the Royal Astronomi-
cal Society (Great Britain) 
Publications of the Astronomical Society 
of Australia (Australia) 
Publications of the Astronomical Society 
of Japan (Japan) 

Publications of the Astronomical Society 
of the Pacific (USA) 
Revista Mexicana de Astronomia y 
Astro.fisica (Mexico) 

Our scanning is not yet complete as of 
February 1997. We have scanned 700,000 
pages so far and have about 400,000 pages 
on line. About 200,000 pages are waiting 
to be scanned. We are also discussing 
similar arrangements with other journals, 
including Meteoritics, Icarus, and JGR 
Planets. 

The journals were scanned with a 
resolution of 600 dots per inch (dpi). This 
provides very-high-quality images. Printed 
with a 600 dpi printer, they are almost 
indistinguishable from the original. The 
images are stored on our server in two 
resolutions (200 dpi and 600 dpi). This 
allows the fast retrieval of a smaller, 
lower-resolution version. A screen-view 
version (100 dpi, anti-aliased grayscale) is 
produced on demand. 
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DATABASE MIRRORS 
In order to provide better service to non-
U.S. users, we are trying to duplicate our 
database in different places. We currently 
have mirrors at the CDS in France and the 
Astronomical Data Analysis Center (NAO) 
in Tokyo, Japan. This greatly improves 
access times from Europe and East Asia. 

FUTURE PLANS 
In the near future we plan to complete the 
scanning of the astronomical literature 
from 1975 to the present. There are still 
several important journals in the planetary 
and solar system sciences that have not 
given us permission to scan their journal. 
We hope to receive permission from them 
to complete the digital library in As-
tronomy. In the longer term we hope to 
scan the historical literature as well. This 

is a much larger and more complicated 
effort and needs to be done in cooperation 
with the traditional astronomy libraries. 
We are currently working with the 
publisher of the IAU Circulars and the 
Minor Planet Center to include their 
publications in the ADS. These would be 
included as soon as they are published 
(within less than an hour). 

Addresses 
The ADS Homepage is at http:// 
adswww.harvard.edu. The abstract service 
can be accessed from http:// 
adsabs.harvard.edu/ads_abstracts. This 
form has links to both the primary site at 
SAO and to the mirrors in France and 
Japan. The ADS can be contact by sending 
e-mail to ads@cfa.harvard.edu. E 

ADS Astronomy Abstract Service 
• Find Similar Abstracts 

Title: 

Authors: 
Affiliation: 
Journal: 
Publication Date: 

Jovian Lightning-generated Whistlers: A Diagnostic for Plasma Propenies in the 
lo Torus 

WANG K : THORNE R M: HORNE. R. B. 
AA(UCLA), AC(BAS) 

Bull. American Astron. Soc., DPS meeting #28, #23.11 
09/1996 

Origin: AAS 

Abstract Copyright: ( c) 1996: American Astronomical Society 

Bibliographic Code: 1996BAAS ... 28.2311W 

Abstract 

It is known that lightning-generated VLF waves, called whistlers, propagate into the Eanh's magnetosphere 
along paths dictated by the local magnetic field strength and plasma density. Their sensitivity to plasma 
density has made them a valuable tool for remotely estimating the density in the magnetosphere. Optical 
measurement of lightning on Jupiter suggest that whistler should also be present in the Jovian 
magnetosphere, and Voyager I did detect them as it passed through. Plasma properties of the Jovian 
magnetosphere can be evaluated by analyzing whistler propagation and their dispersion on the 
spectrogram. 

In this study, we perform this task using a hot raytracing code HOTRA Y. The dispersion of observed 
whistlers are analyzed by following the ray paths of these waves using a realistic analytical density model 
based on Voyager and Pioneer data. This is the first time the real paths are taken into account to analyze 
their dispersion. Thus, the equatorial electron density, proton concentration of the lo torus can be 
evaluated. In addition, constraints can be also placed on the inner plasmasphere plasma density for which 
there is little direct observational data. This study extends our knowledge of the lo torus as well as the 
inner plasmasphere. 

Fig. 3. 

PSRD 
Continued from page 11 

and analysis programs. These programs 
nurture the long-range research needed 
for fundamental discoveries and 
mission planning. Except for dramatic, 
first-order observations made by 
missions, real understanding of the 
solar system comes from long-term 
research and analysis. To ensure 
continued funding for these programs, 
we need to have the support of the 
general public and the K-12 educa-
tional establishment. PSRD, with the 
help of the planetary science commu-
nity, can help gather that support and 
educate students and the general public 
at the same time. Finally, NASA and 
OSS are committed to effective 
programs of education and outreach 
and plans for such programs are 
required in today's research proposals. 
A good way to partially fulfill these 
important requirements is to have your 
discoveries shared on line in PSRD. 

So, please pay us a visit at 
www .soest.hawaii.edu/PSRdiscoveries. 
Use the site in your classes. Tell your 
friends and your children's teachers 
about it. Send us a summary of one of 
your recent articles for publication in 
PSRD. People will get excited about 
planetary science ideas and discoveries 
only if they know about them. We can 
be reached through the web site or at 
gjtaylor@pgd.hawaii.edu or 
linda@pgd.hawaii.edu . .0' 

The Lunar and Planetary Information Bulletin is 
published quarterly by the Lunar and Planetary 
Institute. 3600 Bay Area Boulevard, Houston 
TX 77058-1113. 

Pam Thompson, Editor 

Editorial and production support are provided 
by the LPI Publications and Program Services 
Department. Copy deadline for the spring issue 
of the LPIB is June 9, 1997. 

Please send articles or announcements to: 
P. Thompson, 3600 Bay Area Boulevard, 
Houston TX 77058-1113. 

Phone: 281-486-2175, fax: 281-486-2162 
E-mail: thompson@lpi.jsc.nasa.gov 
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ALH 84001 
Continued from page 8 

Valley et al. estimate that the carbonate 
globules formed at <100°C. An absolute 
upper temperature limit from their results 
comes from assuming that the carbonates 
were in oxygen isotopic equilibrium with 
the surrounding pyroxene. This upper limit 
on temperature is -300°C; the temperature 
had to have been lower because the 
pyroxene and carbonate were not in 
chemical equilibrium. 

Valley et al. also made some interesting 
discoveries and observations during their 
work: (1) They also analyzed the carbon-
ates for carbon isotope composition, and 
found some evidence for an organic 
carbon component that has relatively little 
of the heavy carbon isotope 13C. This 
finding is one of a number of hints now of 
very "light," possibly organic carbon in 
ALH 84001. (2) Valley et al. found a 
veinlet of silica that cut across one of the 
carbonate globules. This indicates that 
silicate minerals were mobile after the 
carbonate veinlets formed, and similar 
evidence was presented by other groups at 
the 28th Lunar and Planetary Science 
Conference. (3) Valley et al. note that the 
near-absence of hydrous minerals in ALH 
84001, long cited as a problem for a low-
temperature origin of the carbonates, is not 
actually a problem at all. There are many 
instances on Earth where low-temperature 
carbonate veins cut silicate rocks without 
formation of hydrous silicate minerals. 

The oxygen isotope abundance 
ratios measured by Valley et al. 
have been confirmed and extended 
by two other groups using similar 
ion microprobe techniques: 
L. Leshin et al. ( 1997), and J. 
Saxton and co-workers at the 
University of Manchester ( reported 
in the abstracts of the Early Mars 
Conference). Although there are 
some problems still with calibrations 
and interlaboratory biases, it seems 
indisputable that the carbonates in 
ALll 84001 contain relatively heavy 
oxygen (high 8 80) and that they are 
strongly zaned in oxygen isotope 
ratios from core to rim. 

However, the meaning of this 
zoning is quite disputable. Valley et 
al. have interpreted the zaning as 

most consistent with carbonate 
minerals growing, at low tempera-
ture, from a fluid that changed 
composition over time. Their low 
temperature is consistent with, but 
not proof of, microbial life. Leshin et 
al., on the other hand, interpret the 
oxygen isotope zaning as forming at 
higher temperatures in a closed 
system. Higher temperature here 
means 250°C, too high for known 
Earth-like bacteria, but afar cry 
from the 500 ° - 700°C suggested by 
some other investigators. 
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CALENDAR 1991 
MAY 
26-JUN 6 
Aspen Workshop on Formation of Extrasolar Planets and Brown 
Dwarfs, Aspen, Colorado. Contact: Aspen Center for Physics, 700 W. 
Gillespie, Aspen CO 81611. 
E-mail:jane@acpl .zgsw.com 

JUNE 
2-6 
Seventh Annual V. M. Goldschmidt Conference, Tucson Arizona. 
Contact: Michael J. Drake, Department of Planetary Sciences, Lunar and 
Planetary Laboratory, The University of Arizona, Tucson AZ 85721. 
Phone: 520-621-6962; fax: 520-621-4933. 
E-mail: goldconf@lpl.arizona.edu 
WWW: http://cass.jsc.nasa.gov/goldschmidt.html 

8-13 
12th IAA Man in Space Symposium: The Future of Humans in 
Space, Washington, DC. Contact: Terri Jones, USRA, Division of Space 
Life Sciences, 3600 Bay Area Boulevard, Houston TX 77058-1113. Fax: 
281-244-2006. 
WWW: http://cass.jsc.nasa.gov/12misf.html 

8-Jul 5 
Observational Astronomy and Astrophysics, 6th Summer School of 
the Vatican Observatory, Castel Gandolfo, Rome, Italy. Contact: 
George Coyne, VORG/Steward Observatory, University of Arizona, 
Tucson AZ 85721. 
E-mail: gcoyne@as.arizona.edu 
WWW: http://clavius.as.arizona.edu/vo/voss97.html 

11-13 
Workshop on Remote Sensing of Planetary Ices: Earth and Other 
Solid Bodies, Flagstaff, Arizona. Contact: Wendy Calvin, U.S. Geologi-
cal Survey, 2255 North Gemini Drive, Flagstaff AZ 86001. 
WWW: http://wwwflag.wr.usgs.gov/USGSFlag/Space/RSlce/rsice.html 

13-18 
13th Annual North American Workshop on Cataclysmic Variables, 
Jackson Hole, Wyoming. Contact: Local Organizing Committee. 
E-mail: cv@kaya.uwyo.edu 

15-20 
Gordon Research Conference on Origins of Solar Systems, Henniker, 
New Hampshire. Contact: John Kerridge, Department of Chemistry 
0317, UCSD, La Jolla CA 92093 or Alan Boss, Department of Terres-
trial Magnetism, 5241 Broad Branch Road, Washington DC 20015. 
[Contributed papers in the form of poster talks welcomed.] 
E-mail: jkerridg@ucsd.edu 
E-mail: boss@axpl.ciw.edu 

JUNE (CONTINUED) 

16-20 
7th UN/ESA Workshop on Basic Space Science: Small Astronomical 
Telescopes and Satellites in Education and Research, Tegucigalpa, 
Honduras. Contact: Hans J. Haubold, United Nations, Vienna Interna-
tional Centre, Room F-0839. P.O. Box 500, Vienna, Austria, A-1400. 
Phone: 43-1-21-345-4949; fax: 43-1-21345-5830. 
E-mail: haubold@eunet.co.at 
WWW: http://ecf.hq.eso.org/-ralbrech/un/honannounce.html 

19-25 
9th Rencontres de Blois: Planetary Systems-The Long View, Blois, 
France. Contact: L. M. Celnikier, Observatoire de Paris-Meudon, 92 
Meudon, France. Fax: 1-45-07-74-69. 
E-mail: blois97@mesiob.obspm.fr 

23-Jul 4 
International Workshop on Synthesis of Light Elements in the Early 
Universe, Trento, Italy. Contact: Hannu Kurki-Suonio, Department of 
Physics, Theory Division, P.O. Box 9, University of Helsinki, Finland, 
FIN-00014. 
E-mail: hkurkisu@pcu.helsinki.fi 

25-27 
How Far Can You Go ? A Critical Review of the Distance Scale of 
the Universe, Strasbourg, France. Contact: Daniel Egret, Observatoire 
de Strasbourg, 11 rue de l'Universite, Strasbourg, France, 67000. Phone: 
33-0-3-88-15-07-10; fax: 33-0-3-88-15-07-60. 
E-mail: egret@astro.u-strasbg.fr 
WWW: http://astro.u-strasbg.fr/howfar97.html 

30-Jul 2 
109th Annual Meeting of the Astronomical Society of the Pacific, 
Chicago, Illinois. Includes: Scientific Symposium on Astrophysics 
from Antarctica (6/30-7/2); Symposium on Teaching Astronomy in 
Community & Small Colleges (6/30-7/1). Contact: Annual Meeting, 
ASP, 390 Ashton Avenue, San Francisco CA 94112. Phone: 415-337-
1100; fax: 415-337-5205. 
E-mail: lkeechler@aspsky.org 
E-mail: bally@nebula.Colorado.edu (scientific symposium only) 
WWW: http://www.aspsky.org 

JULY 
17-19 
Workshop on Parent Body and Nebular Modification of Chondritic 
Materials, Maui, Hawai'i. Contact: Publications and Program Services 
Department, LPI, 3600 Bay Area Boulevard, Houston TX 77058-1113. 
Phone: 281-486-2166; fax: 281-486-2160. 
E-mail: cloud@lpi.jsc.nasa.gov 
WWW: http://www.pgd.hawaii.edu/metsoc/ 
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CALENDAR 1997 
JULY (CONTINUED) 

21-25 
60th Meteoritical Society Meeting, Maui, Hawai'i. Contact: Publica-
tions and Program Services Department, LPI, 3600 Bay Area Boulevard, 
Houston TX 77058-1113. Phone: 281-486-2166; fax: 281-486-2160. 
E-mail: cloud@lpi.jsc.nasa.gov 
WWW: http://www.pgd.hawaii.edu/metsoc/ 

21-25 
CHERBS '97-Conference on the High-Energy Radiation Back-
ground in Space, Snowmass, Colorado. Contact: Pam Solomon, Code 
691, NASA Goddard Flight Center, Greenbelt MD 20771. Phone: 301-
286-8797; fax: 301 -286-1629. 
E-mail: xrphs@lepvax.gsfc.nasa.gov 

27-Aug 1 
SPIE International Symposium on Optical Science, Engineering, and 
Instrumentation, San Diego, California. Contact: N. Ramachandran. 
E-mail: ramachandran@ssl.msfc.nasa.gov 
WWW: http://www.spie.org 

28-Aug 1 
29th Annual Meeting of the Division for Planetary Sciences of the 
American Astronomical Society, Cambridge, Massachusetts. Contact: 
Richard P. Binzel, Massachusetts Institute of Technology, Room 54-

AUGUST (CONTINUED) 

30-Sep 5 
Sudbury 1997: Large Meteorite Impacts and Planetary Evolution, 
Sudbury, Ontario. Contact: Burkhard Dressler, LPI, 3600 Bay Area 
Boulevard, Houston TX 77058-1113. Phone: 281-486-2112; fax : 281-
486-2162. 
E-mail: dressler@lpi.jsc.nasa.gov 
WWW: http://cass.jsc.nasa.gov/sudbury97.html 

SEPTEMBER 
15-19 
Fourth Huntsville Symposium on Gamma-Ray Bursts, Huntsville, 
Alabama. Contact: C. Meegan. 
E-mail: meegan@ssl.msfc.nasa.gov 
WWW: http://www.batse.msfc.nasa.gov/information/4hgrbs 

22-24 
Io During the Galileo Era, Flagstaff, Arizona. Contact: John Spencer, 
Lowell Observatory,1400 W. Mars Hill Rd., Flagstaff AZ 86001. Fax: 
520-774-6296. 
E-mail: spencer@lowell.edu 
WWW: http://www.lowell.edu/users/ijw/ioconference.html 

NOVEMBER 
426, 77 Massachusetts Avenue, Cambridge MA 02139. Phone: 617-258- t--------------------------
6115; fax: 617-253-2886. 
E-mail: rpb@astron.mit.edu 
WWW: http://www.aas.org/-dps 

AUGUST 
18-Sept 5 
Aspen Workshop on Gamma Ray Bursters, Aspen, Colorado. 
Contact: Aspen Center for Physics, 700 W . Gillespie, Aspen CO 81611. 
E-mail:jane@acpl .zgsw.com 

11-14 
International Conference on Isotopes in the Solar System, 
Ahmedabad, India. Contact: J. N. Goswami, Physical Research 
Laboratory, Ahmedabad 380 009, India. Phone: 91-70-462129; fax : 91-
79-6560502. 
E-mail: isotope@prl.emet.in 
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