
perfect separation of color and luminance [a 
problem exacerbated by mixed surrounds (4, 
7)], in agreement with the behavior of a major 
class of cortical cells (10), as well as with 
psychophysical evidence for color/luminance 
interactions (I 1). All of this bears on Mas
land's dichotomy between the multiplexing 
(co-coding) and parallel channel approaches. 
Models that do not filter parvo cells do not 
account for the properties of cortical cells. 
Moreover, the use of parvo cells for achromat
ic form perception without filtering to sepa
rate color is inappropriate. As Marr pointed 
out, the zero crossings of the P cell signal are 
ambiguous if the color signal is not removed 
(I 2). If the color signal is extractable, it makes 
little sense not to use it. 

Vincent A. Billock * 
Center for Complex Systems, 

Florida Atlantic University, 
Boca Raton, FL 33431-0991, USA 

'Present address: Armstrong Laboratory, AUCFHV, 
Wright -Patterson Air Force Base, OH 45433, USA. E-mail: 
vbillock@falcon. al.wpafb.af.mil . 
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Response: As Masland [in his Perspective 
(1)] pointed out, our finding in the report 
(2) that both HI and H2 horizontal cells in 
macaques receive additive input from L
and M-cones has implications for under
standing the retinal circuitry that underlies 
spectral opponency. If it is assumed that HI 
cells contribute strongly to the formation of 

the receptive field surrounds of red-green 
spectral opponent cells, such opponency 
cannot arise from cone type-specific con
nections as originally proposed by Wiesel 
and Hubel (3), and recently supported by 
the results of Reid and Shapley (4). An 
alternative is that HI cells do not contrib
ute, or contribute only weakly, to the sur
rounds of red-green cells and that cone 
type-specific opponency comes about by 
selective connections between bipolar cells, 
amacrine cells, and midget ganglion cells. 
However, as Masland also noted (I), there 
is growing evidence against such an alter
native circuitry (5). Billock points out that 
in theory, mixed cone surrounds do not 
pose a serious problem for quantitative 
models of color opponency and coritical 
color and luminance coding. We agree with 
this conclusion, and the formalism offered 
by Billock is a reasonable one. However, it 
remains to be shown experimentally that 
red-green spectral opponent cells do actu
ally have mixed receptive field surrounds. 
Although, a successful computational model 
is necessary and important, we would em
phasize that the key retinal interneurons 
subserving red-green opponency, their phys
iological properties, and precise circuitry are 
yet to be discovered and described. 

Dennis M. Dacey 
Department of Biological Structure, 

University of Washington, 
Seattle , WA 35742, USA 
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TECHNICAL COMMENTS 

Response: Neither Dacey [in his report (1)] 
nor I [in my Perspective (2)] suggested that 
mixed cone surrounds pose insurmountable 
problems for cortical color coding. A num
ber of plausible decoding schemes may be 
proposed, among them the one suggested by 
Billock. 

If the red-green system is multiplexed, 
though, how about the blue-yellow system, 
where there is evidence for a dedicated 
channel (3 , 4)? Would the red -green and 
blue-yellow axes be handled centrally in 
different ways? From the point of view of 
the retina, such a dichotomy seems quite 
possible-the blue-yellow system appears to 
have evolved independently (5). But it 
would require somewhat different cortical 
mechanisms for the two color systems, be
cause the spatial organization of the periph
eral receptive fields and the anatomical 
path to the cortex are different. 

Given the power of current techniques 
(1, 3, 6), the remaining issues about the 
cellular basis of retinal color coding may be 
resolved fairly soon. Perhaps the results will 
raise new questions for experimentation on 
the striate cortex. 

Richard H. Masland 
Howard Hughes Medical Institute, 

Massachusetts General Hospital, 
Boston, MA 02114, USA 
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Evaluating the Evidence for Past Life on Mars 

DaVid S. McKay et al. (1) deserve praise 
for discovering possible evidence of past 
Martian life. The identification of indige
nous organic compounds in a martian me
teorite alone is a breakthrough, reopening 
the possibility of life after the chill cast by 
Viking. The characterization of the car
bonate globules sets a new standard for 
study of extraterrestrial materials. Howev
er, McKay et al. overstate their case by ' 
contending that although "[n]one of these 
[five] observations is in itself conclusive for 
the existence of past life ... when ... con
sidered collectively ... they are evidence for 
primitive life on early Mars." An inorganic 
explanation is at least equally plausible for 
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four of their five observations. 
With regard to polycyclic aromatic hy

drocarbons (PAHs), McKay et al. (1) note 
that "in situ chemical aromatization of 
naturally occurring biological cyclic com
pounds in early diagenesis can produce a 
restricted number of PAHs" and suggest 
that "diagenesis of microorganisms on 
ALH84001 could produce what we ob
served-a few specific P AHs-rather than 
a complex mixture involving alkylated ho
mologs." But aromatization works equally 
well for abiotic organic matter, which does 
not even need to be cyclic. Berthelot dis
covered such aromatization in 1862, pro
ducing naphthalene from methane in one 
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step, and other scientists (2, 3) studied 
this process a century later, attempting to 
account for PAHs in carbonaceous chon
drites. PAHs with up to at least seven 
rings formed, in yields ranging up to 8% 
for pyrene and coronene (2). As in 
ALH84001, a few specific PAHs dominat
ed, and alkylated homologs were rare. 

Such aromatization is nothing more than 
an approach to a (metastable) equilibrium in 
a carbon-rich system, under conditions 
where formation of graphite is kinetically 
inhibited so that (mainly unsubstituted) 
PAHs are the next most stable product (4). 
The equilibrium distribution depends on the 
proportions of C, H, and 0, as well as on 
pressure (P), and temperature (T). The clos
er the reaction approaches this metastable 
equilibrium, the less diverse the products and 
the less they "remember" the structure of the 
starting material. High-T processes such as 
combustion or pyrolysis give low alkyl-PAH/ 
P AH ratios [not high ratios, as contended by 
McKay et al. (1)], whereas low-T diagenesis 
initially gives ratios greater than 1 (5), which 
decrease on further equilibration. The "few 
specific PAHs" from C 14 to C zz comprise all 
homo logs in this carbon number range, and 
thus do not require a selective (biological) 
source. The higher proportion of alkylated 
PAHs above mass 300 in ALH84001 may 
reflect either a different source (1) or slower 
equilibration of larger molecules, but these 
alternatives cannot be distinguished without 
further work. 

McKay et al. (1) suggest that the spatial 
association of the PAHs with the carbon
ate globules favors a biological origin of 
both. But this association may be caused 
entirely by inorganic factors. Carbonate, 
being fine-grained, has a larger specific 
surface area than do the (anhydrous) sili
cates, and may even be an inherently bet
ter adsorbent. Thus, it may preferentially 
scavenge dissolved or particulate carbona
ceous matter during deposition from water 
solution, as well as condensable organic 
compounds from a (volcanic or impact
generated) gas phase injected into rock 
fractures at a later time. Moreover, some 
of the phases associated with carbonate 
(magnetite, clay minerals) are catalysts for 
Fischer-Tropsch-type reactions which, at 
T ~ 150°C, convert simple carbon com
pounds such as CO to more complex ones, 
progressing from aliphatics to P AHs and 
kerogen on sustained heating (6). Such in 
situ synthesis would cause organic matter 
to become associated with carbonate. 
Whatever the source and initial chemical 
form of this organic matter, it would be 
aromatized during any later reheating 
events. Indeed, ferric oxide, a likely cause 
of the orange color of the carbonate glob
ules, is an aromatization catalyst (7). 
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The two sections on carbonates, magne
tite, and iron sulfides (1) are biased, heading 
straight for biological interpretations with
out considering inorganic alternatives. 

McKay et al. (1) describe several fea
tures of the carbonate globules that they 
attribute to microbiological activity 
(points 1 through 5, below). All of these 
features can be plausibly explained by in
organic processes. A similar mineral as
semblage occurs in C -chondrites, where it 
has been explained by abiotic aqueous al
teration (8-10). By analogy with C-chon
drites, suppose that hydrothermal alter
ation at depth leached Ca2+ and Mg2+ 
from rocks, producing an alkaline solution 
[pH = 12.3 or 10.7 if saturated with 
Ca(OH)z or Mg(OH) z, respectively]. On 
contact with the Mars atmosphere, COz 
would dissolve, gradually lowering the pH 
and precipitating carbonates. 

1) The chemical zoning of carbonates 
is expected from their solubility products 
(Ksp)' which parallel the zoning sequence: 
log K~ for Mn-, Ca-, and Mg-carbonate are 
-1O.b5, -8.30, and -5.17 , respectively 
(11). Although FeC03 , too, has a small log 
Ksp (-10.50), it forms solid solutions with 
MgC03 that have larger Ksp (9) and thus 
precipitate late, as observed (1) . 

2) The magnetite in the rims requires 
slight oxidation to Fe(III), and the pyrrho
tite requires the presence of some S2-. 
Both conditions were met in C-chon
drites, where a similar mineral assemblage 
formed under guaranteed abiotic condi
tions. They contain troilite rather than 
pyrrhotite, but the stability fields of these 
two minerals are similar. The magnetite 
occurs in MgS04 rather than carbonate, 
but the size distribution overlaps the 
ALH84001 distribution, peaking at 200 
nm (12). It would be interesting to check 
C -chondrite carbonates for magnetite 
rims. 

3) McKay et al. (1) state that "the ob
served dissolution of carbonate would nor
mally require low pH acidic conditions," 
which would have corroded or dissolved 
Fe-sulfide and magnetite, contrary to obser
vation. But dissolution of carbonate does 
not require low pH. On Earth, rainwater 
saturated with atmospheric CO2 has a pH as 
high as 5.3, and yet does a good, if slow, job 
of dissolving CaC03 as Ca(HC03 )z: ' wit
ness limestone caves and hard water in 
limestone-rich areas. As soon as the process 
starts, buffering by HC03 - raises the pH to 
6 and higher; thus, most of the dissolving is 
done by water of nearly neutral pH, not 
"low pH acidic conditions." This would also 
be true on Mars because pC02 and Tare 
similar. 

Moreover, because pyrrhotite and mag
netite are inside the carbonate, they are 
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physically protected against attack. And 
being less soluble in acid than are calcite 
and magnesite, they also are chemically 
protected, as long as any carbonate re
mains to buffer the acid. Manifestly, some 
carbonate did remain, so either acid, time, 
pr water ran out. These arguments alone 
are conclusive, but, for what it is worth, 
natural samples of both mi.nerals often are 
far more resistant to acids ' than expected 
from thermodynamic calculations (13). 

4) The elongated greigitf (?) particles 
observed by McKay et al. are in a morpho
logical no-man's land, and do not strength
en the case for a biological origin, all the 
more so because McKay et al. (1) do not 
compare these particles with abiotic greigite 
from nature and the laboratory. Because the 
greigite has been identified only on the 
basis of morphology, the argument is some
what lacking in rigor. 

5) McKay et al. (1) note that the "tex
tures of the carbonate globules are similar 
to bacterially induced carbonate crystal 
bundle precipitates." After recapitulating 
observation (i), they conclude: "On the 
basis of these observations, we interpret 
that the carbonate globules have a biogen
ic origin . . . " Again, they reach this con
clusion without comparing these textures 
with those in meteorites or terrestrial 
rocks. It is not clear how one can prove 
that A matches B but not C if one has not 
even looked at C. 

McKay et al. (1) conclude their paper 
by listing five lines of evidence and then 
stating: 

None of these observations is in itself -conclusive 
for the existence of past life. Although there are 
alternative explanations for each of these phe
nomena taken individually, when they are consid
ered collectively, particu larly in view of their spa
t ial association, we conclude that they are evi
dence for primitive life on early Mars. 

For all these observations, an inorganic 
explanation is at least equally plausible, and, 
by Occam's Razor, preferable. Consistency 
arguments alone-weak consistency argu
ments especially-cannot strengthen, let 
alone prove, an extraordinary conclusion. 

Edward Anders 
Enrico Fermi Institute and 
Department of Chemistry, 

University of Chicago, 
5640 South Ellis Avenue, 
Chicago, IL 60637, USA 
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One potential fingerprint of a dynamic or
ganic system would be the fractionation of S 
isotopes by bacteria. On Earth, the reduction 
of sulfate ions by anaerobic bacteria such as 
Desulfovibrio desulfU7icans results in biogenic 
fractionation of S isotopes 3ZS and 34S. 
These bacteria split 0 from sulfate ions and 
excrete HzS that is enriched in 3ZS relative 
to sulfate (1). With the use of this terrestrial 
analog, we evaluated the possibility of life on 
Mars (2) by measuring S isotopic systematics 
in pyrite from ALH84001 (3). Particularly 
relevant is the temporal and spatial relation
ship between the sulfides that we analyzed 
and the carbonate forms described by McKay 
et al. (2). Textural observations (3, 4, 5, 6) 
indicate that the pyrite in ALH84001 pre
cipitated during the formation of the carbon
ate that preserved the forms identified by 
McKay et al. (1) as bacteria. 

Because of the small size of the pyrite 
grains (1 J-Lm to 60 J-Lm), ion microprobe 
techniques were used to measure the 34SPZS 
ratio of individual grains. 834S values 
= {[(34SPZS),ample/(34SP ZS)COTl - 1} X 
1000) where CDT is Canyon Diablo troi
lite, were obtained for three of the largest 
pyrite grains in ALH84001 subsample 87 
(3). We also attempted to analyze smaller 
pyrite grains in subsample 53. 834S values 
for the pyrite range from +4.8 to +7.8 %0 
(Fig. O. Within the stated uncertainties, 
the pyrites from ALH84001 are demonstra
bly enriched in 34S relative to Canyon Dia
blo troilite. In addition, on the basis of the 

uncertainties of the ion microprobe analy
ses, there are real differences among the 
pyrite grains analyzed in this study. 

Compared to the 834S values in sulfides 
that range from -70 to + 70 %0 on Earth, 
those for sulfides (primarily troilite) in me
teorites show limited mass fractionation 
(-6.0 %0 to +6.05. %0) (Fig. O. The frac
tionation ,seen in meteorites has been at
tributed to processes that include nebular 
heterogeneity, low temperature (100°C) re
actions between water and elemental sulfur, 
and oxidation of FeS in an aqueous envi
ronment (7). Sulfur isotopic characteristics 
of hydrothermal sulfides are constrained by 
many variables, such as the sulfur isotopic 
characteristics of the hydrothermal fluid T, 
pH, and foz; consequently, we could not 
generate unique solutions. 

Our results did allow us to propose sev
eral conclusions concerning the origin of 
the sulfides in ALH84001. If the pyrite 
precipitated at low T (100 to 150°C), re
ducing conditions and high pH (>9), a 
8J4Sfluid equal to 0 %0 would precipitate 
pyrite with 834Spyrite between +5 and +8 
0/00. These conditions are consistent with 
textural (6) and O -C isotopic systematics 
for the carbonates (8), but are inconsistent 
with proposed higher T derived from car
bonate geothermometry (4, 5). Alterna
tively, under more acidic conditions, the 
834Sfluid will be equal to that of the pyrite 
( + 5 to + 8 %0). This requires the positive 
834Sfluid signature to be produced before or 
during pyrite deposition. The positive 834S 
in the fluid may be attributed to a number 
of different processes. 

On the basis of the available data, we 
favor the idea that the positive 834S in the 
fluid was produced by either impact process
es or low T weathering reactions that sta
bilized sulfate phases, enriching surface 
components in 34S. Fractionation of S iso
topes through large impact processes has 
not yet been documented, although S frac
tionation on the lunar surface has been 
attributed to micro-meteorite "gardening." 
Regardless of the mechanism, these compo
nents may then be leached and their 834S 
signature transported to the location of pre-
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TECHNICAL COMMENTS 

cipitation. We concluded that either situa
t ion is not consistent with the S isotopes 
being fractionated by biogenic activity. 

Although our results do not support the 
observations of McKay et al. (1), our basic 
assumption could be incorrect, in that ei
ther a modern terrestrial analog for biogenic 
fractionation of S may not be appropriate 
for ancient (greater than 1 Ga) martian 
organisms or that the pyrite is not tempo
rally related to the "organic" forms. Micro
bial sulfate respirators may not have existed 
on Mars, or the identified bacteria may not 
have been microbial sulfate respirators. The 
degree of isotopic fractionation by metabo
lism of inorganic sulfur by microorganisms 
on Earth is variable and is controlled by the 
physiology of the cell and the transfer of 
sulfur among reservoirs in the cell. The 
impact of microbial sulfate respirators on 
the sulfur cycle in a planetary crust is de
pendent on the existence of a suitable en
vironment. For example, on Earth, dissimi
latory sulfate reduction and the resulting S 
isotopic fractionation is restricted to a lim
ited group of bacteria that live in reducing 
environments. These few genera of micro
bial sulfate respirers dominate the terrestrial 
crustal sulfur cycle. Therefore, although sul
fate reducing bacteria existed on Earth by at 
least 2.7 Ga (2), it is possible that "martian 
organisms" did not process sulfur at the 
same rate as the former. 

C. K. Shearer 
J. J. Papike 

Institute of Meteoritics, 
Department of Earth and Planetary Sciences, 

University of New Mexico, 
Albuquerque, NM 87131, USA 
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McKay et al. (1) suggest that the PAHs they 
detected in martian meteorite ALH84001 
may be related to past life on Mars. Al
though they make a convincing case that 
these PAHs are not a result of terrestrial 
contamination, they do not discuss the pos
sible nonbiological mechanisms by which 
PAHs may have been introduced into this 
meteorite on Mars. PAHs of a clearly non-
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biological origin have been found in a vari
ety of meteoritic materials (2) . One of the 
first discoveries from the Apollo lunar sam
ples was that 1 to 2% of the lunar soil is 
meteoritic material, predominantly of the 
carbonaceous chondrite type (3) . Conse
quently, the Viking GCMS instrument was 
expected to detect a significant percentage 
of meteoritic organics in the martian soil. 
The fact that this instrument did not detect 
any organic molecules was widely discussed 
in the aftermath of Viking, and it was gen
erally agreed that the meteoritic organics 
were destroyed by the highly active photo
chemistry in the martian soil, driven by the 
intense solar ultraviolet flux that reaches the 
surface of Mars in the absence of an ozone 
layer (4). However, this mechanism would 
not have operated 3.6 billion years ago in 
ALH84001 because this rock was well below 
the surface (even if the thicker martian at
mosphere at the time did not absorb much of 
the ultraviolet flux). P AHs falling onto Mars 
at this more clement time would have been 
incorporated into the active groundwater 
system that deposited the carbonates. 

In addition to infall of material on helio
centric orbits, there is evidence for an addi
tionallocal source of PAHs un.ique to Mars. 
Viking Orbiter photographs revealed that 
Mars has an extraordinary abundance of 
oblique or "butterfly" impact craters, which 
are thought to be produced by tidal decay of 
fragments from a disrupted former satellite of 
Mars, of which the martian moons Phobos 
and Deimos are surviving remnants (5). 
Both moons have dark red reflection spectra 
characteristic of Class D asteroids (6), 
thought to be rich in primordial organic 
polymers formed in the solar nebula (7). 
Grazing impacts at low orbital velocity 
would allow for greater survival of projectile 
material than in conventional heliocentric 
impacts. Thus, the unique oblique craters of 
Mars may have contributed a large amount 
of PAHs, even though they comprise only 
about 5% of total impacts. 

McKay et al. state that "Comparison of 
the mass distribution of P AHs observed in 
ALH84001 with that of PAHs in other 
extraterrestrial materials indicates that the 
closest match is with the CM2 carbona
ceous chondrites." This observation sug
gests a similar history for P AHs in these two 
classes of meteorites. The CM2 chondrites 
are composed of primordial nebular con
densates that later experienced aqueous al
teration in a groundwater system on their 
parent asteroid. I suggest that the P AHs 
observed in ALH84001 are primordial or
ganics (partly from the Phobos/Deimos par
ent body with additional components from 
primitive asteroids and comets) that under
went groundwater alteration on Mars. This 
hypothesis could be tested by searching for 
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PAHs in other carbonate-bearing martian 
meteorites such as EET A 79001 (7) that 
apparently were formed much later than the 
putative ancient life-bearing clement peri
od on Mars. 

Jeffrey F. Bell 
Hawai'i Institute of Geophysics 

and Planetology, 
University of Hawai'i at Manoa, 

Honolulu, HI 96822, USA 
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Response: Several authors have raised com
ments concerning the observation of P AHs 
in ALH84001. We welcome the opportuni
ty to respond. 

The search for indigenous P AHs on 
ALH84001 was undertaken to investigate 
two primary objectives: first, to determine 
whether an indigenous reduced carbon
bearing phase (organic C) was present with
in ALH84001; and second, to investigate 
whether this organic matter showed any 
spatial correlation with the secondary min
eral phases in the meteorite and, in partic
ular, the carbonate globules. 

We observed a distribution of P AHs 
within interior fragments of ALH84001 (1) 
that appears to be strongly correlated with
in and about regions rich in carbonate glob
ules (Fig. 1). Extensive contamination and 
control studies argue for an indigenous ori
gin to these P AHs (2) . The total P AH 
concentration is conservatively estimated 
by us to average above 1 part per million 
(ppm) and appears to be made up from two 
distinct PAH mass groupings: a strong lower
mass envelope, 178 to about 300 atomic 
mass units (amu) composed of simple three
to six-member fused ring compounds show
ing little or no alkylation; and a weaker 
higher-mass envelope, of more than 300 
amu to beyond 450 amu, that reveals a 
complex assemblage of PAHs with exten
sive alkyl side chains showing varying de
grees of dehydrogenation. Before our study, 
Grady et al. (3) determined that ALH84001 
contains apparently 600.6 ppm of C of 
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which 257.1 ppm was loosely identified as 
organic on the basis of its volatilization and 
combustion below 450°C. The PAHs rep
resent only a small fraction of this reduced 
C reservoir. 

Although the observation of P AHs in 
themselves is no proof for either a biological 
or abiotic origin, failure to observe such a 
PAH distribution would certainly have ar
gued against any hypothesis of biological 
activity. Anders correctly asserts that PAH 
structures are formed whenever organic sub
stances are exposed to high T, and, given 
sufficient time, aromatization can proceed 
even at low T (4). The composition of the 
products of such thermal aromatization de
pends on the nature of the starting material, 
the transformation temperatures, and the 
duration. In general, abiotic synthesis of 
P AHs from simple organic precursors-for 
example, CH4 or HC=CH-is achieved at 
medium to high pyrolytic T and results in a 
PAH distribution that is characterized by a 
relatively simple mixture of unsubstituted 
hydrocarbons (4, 5, 6). Such a distribution 
is observed in the lower PAH mass enve
lope of ALH84001. A quite different prod
uct distribution is observed from the low
temperature aromatization of complex or
ganic (or biological) precursors (or both). 
In this case the PAH product distribution is 
generally characterized by a complicated 
mixture of highly alkylated and partially 
dehydrogenated PAHs (4,7). Such a distri
bution is observed in the higher-mass enve
lope of ALH84001. The PAH distribution 
we observed in ALH84001 is remarkable in 
that it shows features in its distribution 
consistent with both low-temperature and 
high-temperature thermal aromatization. 
Such a distribution could conceivably arise 
through a sequence of secondary heating 
events that perturbs or adds to an initial 
simple abiotic distribution, as suggested by 
Anders. The PAH distribution we have 
observed is also equally consistent with the 
decomposition of biological matter. In the 
terrestrial environment the geological di
agenesis of certain terpenoids and pigments 
can lead to the observation of a few specific 
PAHs overlying a weaker, more complex, 
mass distribution. For example, perylene 
(CzoH 12) is found in a variety of marine 
sediments arising from the decomposition 
of erythroaphin pigment (7-13); retene 
(C1sH1S) is found in forest soils arising from 
the decomposition of abietic acid (12); flu
oranthene (C16H lO) and picene (C22H 14) 

are found in mercury ores (14); and various 
phenanthrene (C14H lO) and chyrsene 
(C1sH !2) derivatives have been associated 
with French pond mud (15 , 16) . We regard 
the observed PAH distribution to be con
sistent with a few specific PAHs superim
posed on a weaker background of more 
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Fig. 1. Concentrations of 
PAHs found on martian 
meteorite ALH84001, cal
culated by the co-addition 
of the four principal peaks 
at 178 amu (phenan
threne), 202 amu (pyrene), 
228 amu (chrysene), and 
252 amu (perylene). Up
per panels show histo
grams of signal intensi
ties for 40 J.Lm X 40 J.Lm 
sample spots on car
bonate-rich (left column) 
and -poor (right column) 
portions of the meteorite. 
Lower panels show the 
corresponding two-di
mensional spatial distri
bution maps of PAHs 
(co-addition of the four 
dominant PAH species). 
The total integrated PAH 
signal intensity in the car
bonate-rich region is 
about 2.1 times that 
measured in the carbon-
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complex aromatic molecules. 
The above arguments have been ex

pressed in terms of T of formation, but as 
Anders asserts, time and T are largely in
terchangeable for the aromatization process. 
Thus, it is also possible to discuss the dif
ferent types of PAHs in terms of differing 
degrees of equilibrat ion. At the present 
time, we do not know the formation and . 
transformation of P AHs over geological 
time scales and under various geological 
env ironments. 

Because ALH84001 is an igneous rock, 
the PAHs we observed must have been 
formed or introduced subsequent to forma
tion of the rock during some later epoch. 
Because carbonate is not a special material 
for concentrating PAHs from an aqueous 
stream, it seems reasonable to assume that 
the PAHs formed at a time coincident with 
or subsequent to the time of the carbonate 
formation. A key question is whether the 
carbonates formed at low (17) or high (18) 
T. If the former, then abiotic pathways 
seem unlikely, whereas if the latter, then 
conversely an abiotic origin seems the most 
likely scenario. In this latter case the source 
of the PAHs may be related to that respon
sible for PAHs in carbonaceous meteorites, 
as suggested by Anders as we ll as by Bell. 
Anders has also raised the possibility that 
the carbonates have acquired coatings of 
carbonaceous matter from heterogeneous 
catalysis of hydrocarbon gas streams, but 
again this scenario seems to require high T. 

Simoneit and Hites suggest that the 
P AHs originate from the "thermal degrada
tion of (extraterrestrial) biopolymers," and 
Requejo and Sass en also point out that the 
higher mass PAH envelope may arise from 
"partial thermal decomposition of carbona
ceous polymers." Indeed, our PAH distribu
tion resembles closely what is found in stud
ies we have made of terrestrial and meteor
itic kerogens. Terrestrial kerogens have a 
biological origin, whereas meteoritic ones 
do not. Because of the igneous nature of the 
primary minerals in ALH84001, it is a puz
zle for us to understand the origin of an 
abiotic kerogen-like precursor in and about 
the carbonate globules but not associated 
with the primary mineral phase. 

Simon J. Clemett 
Richard N. Zare 

Department of Chemistry , 
Stanford University, 

Stanford, CA 94305-5080, USA 
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Response: We are pleased to respond to 
Anders's comments. ALH84001 is an igne
ous rock, a differentiate from the early mar
tian crust. The carbonates in it are second
ary minerals shown to have been added to 
the rock in cracks and pore space while it 
was on Mars (1-3). Most of the features we 
discuss (3) were found in small areas about 
100 micrometers in length. We know of no 
inorganic example from either meteorites or 
terrestrial rocks that display a similar set of 
features as secondary alteration of an igne
ous rock. 

Most of the questions raised by Anders 
concerning the P A Hs are discussed by 
C lemett and Zare in the response above. 
We know of no experimental data shOWing 
that carbonates preferentially absorb P AHs 
compared to silicates. Some of the other 
minerals, particularly in the brecciated 
zone, are as fine-grained as the carbonates 
(1 , 2), so it would be difficult to attribute a 
preferential absorption to the grain size 
alone. A lso, we did not describe any clay 
minerals associated with the carbonates in 
our article (3) . However, we have observed 
two nanometer-sized regions of phyllosili
cates in ALH84001 adjacent to orthopyrox
ene (opx) and in one carbonate-opx inter
face. The abundance of clay minerals in 
ALH84001 appears to be much less than 
1 % by volume. 

Anders (points 1 through 5) correctly 
points out that the same minerals that 
occur within carbonate globules in 
ALH84001 are present within certain car
bonaceous chondrites that have undergone 
low T aqueous alteration. However, this 
comparison does not fit well in detail, al
though basic processes may apply to both. 
In ALH84001 Mg-Fe carbonate, magnetite, 
and pyrrhotite coexist at the micrometer-
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scale and are clearly intergrown and formed 
in the same event (that is, they constitute a 
co-genetic assemblage). The same cannot 
be said for these minerals in CI chondrites, 
which are regolith breccias (4-7) that have 
undergone multiple episodes of aqueous al
teration. The various lithologies in CI 
chondrites are a collection of materials that 
record different P, T, fluid compositions 
over time. These lithologies do not contain 
the same micrometer-scale intergrowth of 
carbonate-magnetite-pyrrhotite that we ob
served in ALH84001. In addition, hydrated 
minerals comprise the bulk of the matrix of 
most CIs (8). Carbonate-sulfate-magnetite, 
carbonate-sulfide intergrowths, and ele
mental S have been observed in CI chon
drites (5). Carbonate-sulfate-magnetite in
tergrowths are intimate mixtures of irregu
larly shaped carbonates, rounded magne
tites, and tiny sulfate laths predominantly 
occurring as void filling (5). The magne
tites are larger than any observed in 
ALH84001. We did not observe any sulfate 
in the ALH84001 carbonate rims. CI car
bonate-sulfide intergrowths are sulfide laths 
coherently intergrown with irregularly 
shaped carbonates. These sulfides are pyr
rhotites and are at least an order of magni
tude larger than those in ALH84001 (5, 9). 

The modal abundance of carbonates var
ies within and among CIs (5, 10). CI car
bonates have three compositions: dolomite, 
breunnerite, and calcite (or aragonite) (5, 
11 ). The complex, oscillatory chemical zon
ing and rim development observed in 
ALH84001 has not been reported in any 
carbonates within any carbonaceous chon
drites. Dolomite is the dominant phase in CI 
chondrites, whereas dolomite is not the 
dominant phase in carbonate globules in 
ALH84001 (1, 2, 12). While a few zoned 
grains have been described (4-6), none 
show the zonation and complex rim forma
tion shown by the ALH84100 carbonates. 

The solubility of solid carbonate in any 
fluid (Anders's point 1) is a function of 
many facrors, including solution ionic 
strength, temperature, cation concentra
tion, carbonate alkalinity (or pCOz), pH, 
grain size, and solid-solution chemistry 
(13). We agree that the trend in cation 
chemistry observed for carbonate globules 
can be produced by inorganic processes. 
The lack of information about the precipi
tating fluid precludes us from attempting to 
predict trends in carbonate chemistry using 
conventional aqueous models that consider 
ion interactions. This problem is exacerbat
ed by oscillatory chemical zoning in some 
globules (14) and the distinctions in chell1.
istry observed between carbonate globules 
and other carbonate-rich regions of the me
teorite (12) . We have previously pointed 
out that ALH84001 (15) and other mar-
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tian meteorites contain secondary carbon
ates (16). Euhedral magnetites found in CI 
chondrites can be intimately intergrown 
with carbonates (Anders's point 2); magne
tite often occurs as a boundary between two 
distinct carbonate generations (5) . Howev
er, magnetites in CI chondrites are much 
larger than (and have a different morphol
ogy from) those in ALH84001 (17). Fur
thermore, the magnetite in CIs is nearly all 
in the size range for multidomain magnetite; 
most of the magnetite that we describe in 
the carbonate rims of ALH84001 is in the 
single domain size range for cuboidal- and 
arrowhead-shaped magnetite, the predomi
nant size range for biogenic magnetosomes. 

We agree with Anders (point 3) that 
carbonate can dissolve at nearly neutral pH 
under the right conditions. However, re
gardless of the numerical value of the pH, 
the observation is that carbonates formed 
and then subsequently were partially dis
solved. This partial dissolution was not ac
companied by any detectable corrosion of 
the magnetites or sulfides, but would re
quire a change in eH-pH conditions or 
cation concentrations. It may be that the 
nanophase sulfides and magnetite were 
physically protected by the carbonate, but 
the carbonate is very fine-grained in much 
of the area containing these minerals allow
ing possible fluid access along grain bound
aries [figure 4 in our report (3)]. Alterna
tively, as suggested by Anders, these miner
als may dissolve slowly under conditions 
that dissolve carbonate rapidly, or they may 
be more resistant to dissolution than pre
dicted. Again, because the composition of 
the fluid is not well known, we were unable 
to propose specific pH conditions. Weare 
dealing with nonequilibrium assemblages 
and conditions which change over time- as 
indicated, for example, by the strong zoning 
of the carbonate chemistry over short dis
tances, as well as the oscillatory nature of 
some of the zoning. The main difference 
between CI chondrite and ALH84001 car
bonates is that the latter show pronounced 
zoning at the micrometer scale and contain 
nanophase magnetites and sulfides. Al
though a formation mechanism has yet to 
be determined for the carbonate globules in 
ALH84001, the circular to ovoid outlines of 
the carbonate are consistent with biologi
cally mediated reactions (18, 19). Terrestri
al carbonates also commonly display circu
lar and concentric morphologies (18). Such 
features have not been found in carbona
ceous chondrites, but are common in ter
restrial carbonate concretions and early di
agenetic cements (18-20). It is possible to 

propose any number of inorganic models for 
the production of the carbonate, the mag
netite, and the iron sulfides, but the models 
cannot be simple equilibrium models and 
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must include changing conditions and ki
netic effects. Whether such models are 
more plausible than biogenic models is a 
matter of judgement. 

Although we were not able to positively 
identify griegite based on electron diffrac
tion (Anders's point 4), the chemistry and 
morphology of these sulfides particles sug
gests that they are greigite (3). Greigite is 
commonly formed in bacteria in the same 
manner as magnetite (21). In terrestrial sed
iments, much fine-grained natural greigite is 
interpreted as either biogenically formed or 
as a diagenetic reaction product between 
H2S and Fe ions in solution (22). The 
source of H2S is usually believed to be the 
product of bacterial decomposition of organ
ic matter coupled with reduction of sulfate 
in solution, but inorganic sources of H2S 
can also be envisioned. No greigite or other 
similar monosulfides have been reported in 
carbomiceous chondrites or in other mete
orites or in lunar samples. 

The morphology of the possible fossil 
forms in ALH84001 (Anders's point 5) is 
certainly not definitive, and more data are 
needed. We have not seen similar structures 
in any lunar, meteoric, or cosmic dust sam
ple. However, ancient microfossils in terres
trial rocks are also sometimes identified pri
marily on the basis of morphology and size 
distribution, although the indigenous na
ture of the microfossils must be established 
(23). As Anders states, the presence of 
fossilized indigenous microorganisms would 
be the strongest evidence of all and would 
render the discussion of some of the other 
lines of evidence somewhat irrelevant. 

Finally, Anders states that all of our data 
are compatible with a biogenic origin, but 
his main objection seems to be that we have 
not given equal time to inorganic mecha
nisms and that we have come down too 
hard on the biogenic side. We hope that the 
discussion above will clarify our view of 
some of the proposed inorganic mechanisms 
and explain why we did not favor them. 
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Response: Shearer and Pap ike have con
tributed important new data regarding the 
S isotopic systematics in the magmatic 
phase pyrite within the martian meteorite 
A LH84001 (1). H owever, it appears that 
Shearer and Pap ike have not analyzed the 
S phases that may be directly related to 
the proposed biogenic activity we pro
posed (2) . We noted the presence of in
tergrowths of magne tite and pyrrhotite 
phases within carbonate rims. The pyrrho
tite phases within the "Oreo" rims of the 
carbonate globules are between 20 and 
100 nm in size (2). These sulfide phases 
are two to three orders of magn itude 
smaller than the pyrite phases described 
(stated to be between 15 and 40 f.Lm) and 
analyzed by Shearer and Papike (1). We 
di.d not report results on the late-stage 
pyrites that had been observed earlier by 
Mittlefehldt (3), Treiman (4), and Harvey 
and McSween (5). Although these late
stage pyrites may have formed during a 
hydrothermal episode, they are not neces
sarily contemporaneous with the carbon 
ate globules. It is our understanding that 
the Cs+ beam used in the ion microprobe 
analys is (1) was at least 8 f.Lm or larger in 
size. Ion microprobe analysis . of car
bonate phases for S isotopes will be a 
ch allenging analytical problem. During 
such analysis, masses of 32 (1 60 160 +),34 
(160180 +) and 36 (180 180+) amu will be 
produced from the 0 within the car
bonates. Unless efficient energy filtering 
can be used to separate them, these ions 
may interfere with masses 32 (32S+) and 
34 (34S+) amu normally used when sul
fide phases are analyzed for their S isoto-
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pic compositions. The nanophase sulfide 
phases found (2) within the carbon
ates were smaller in size and intimately 
associated with the host carbonates in 
contrast to the late-stage pyrites associated 
with the silicate host phases analyzed by 
Shearer and Papike (1). Sulfur isotope 
measurements on nanophase sulfides would 
add important constraints to the interpre
tations of the genesis of the nanoph ase 
sulfides. 
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