
perfect separation of color and luml~~ance  [a 
problem exacerbateci b\- mixed surrouncis (4 ,  
7)], in agreement n.it11 the behavior of a lnajor 
class of cortical cells (1 2). as well as with 
psychophysical evidence for color/lutninance 
interactions (1 1) .  .A11 of this bears on X,las- 
land's dichotoiny bet~veeii. the multiplexing 
(co-coding) and parallel channel approaches. 
h'lodels that do not filter carvo cells cio 11ot 

the  receptl\,e fteld surrounds of red-green Response: he i the r  Dacey [in his report (1 )] 
nor I [in my Perspective (211 suggested that 
mixeci cone surrounds Dose insurmountable 

spectral opponent cells, such opponency 
cannot arise from cone type-specific con- 

, L  L 

nections as originally proposecl by \Y~esel 
anci Hubel ( 3 ) ,  anti recently supporteci by 
the results of Reici and Shapley (4 ) .  An 
altematir-e is that H 1  cells do  not contrih- 

problems for cortical color coding. A num- 
her of plausible decociing schemes nlay be 
proposeci, among thein the  one suggested by 
B~llock. 

ute, or contribute only weakly, to the  sur- 
rounds of red-green cells and that cone 

If the  reci-green system is multiplexeci. 
though, 11ow about the blue-yellon, system, 
m41ere there is el-idence for a dedicated 
c11a11nel ( 3 ,  -?)? \Would the  red-green and 
blue-yellow axes 1.e hai~cileci centrally in  
different wavs? From the  ~o111t of v iex of 

account for the properties of cortical cells. 
hloreover, the use of a a n o  cells for achromat- 

type-specific opponency comes about b\ 
se1ecti1.e connectioils between binolar cells, 

ic form perception n~ithout filteriilg to sepa- 
rate color is inappropriate. As Xlarr pointed 
out, the zero crossings of the P cell signal are 
ambiguous if the color signal is not removed 
(1 2) .  If the color signal is extractable, it makes 
little sense not to use it. 

Vincent A. Billock::: 
C e n t e ~  f o ~  Complex Systems, 

Florida .4tlantic L;nizr~sit?, 
Boca Raton, FL 3343 1-17991 , GS.4 

amacrine cells, and inidget ganglion cells. 
Hon.er.er, as h,lasland also noted (1 ) ,  there 
is g r o ~ i n g  er.idence against such an  alter- 
natir-e circuitry ( 5 ) .  Billock points out that 

the  retina, such a dicl~otomv seeins quite 
possible-the blue-yellon. s\-stem appears to 
ha\-e evolved ~ildepeilciently (5) .  But ~t 
would reauire sorne\vhat ciifferent cortical 

in theory. iniked cone surrounds do not 
pose a serious probleln for quantitative 
inociels of color opponent!; and coritical 
color and luminance cociing. W e  agree with 
this conclusion, a i d  the  forinalisnl offered 
by Billock is a reasonable one. Ho\ve\,er, it 
remains to he s11on.n experimentally that 
reci-green spectral opponeilt cells cio actu- 
ally have mixeci receptive field surrounds. 
.Although, a successf~~l com~uta t iona l  model 

mechanisms for the  two color systems, be- 
cause the  spatial organization of the periph- 
eral receptil-e fielcis and the anatolnical 
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 codiilg may be 
resolved fairly boon. Perhaps the  results will 

'Preseit address, Ar l~strong Lacoraiol-9, A_ CFH\/. 
\/l!r~ght-Patterson Air Fcrce Base, OH 4 i 3 3  USA. E- 'na:  

u 

is necessary and Important, we woulci em- 
phasize that the  key retinal ii~terneui-011s 
subserving red-green opponency, their phys- 
iological properties, aild precise circuitry are 
yet to be discovered and described. 

Dennis M .  Dacey 
Department of BioloWcal S t ~ t i c t z ~ ~ e ,  

Lrniversit? o j  \T'ashington, 
Seattle. K.4 35742, GS.4 

raise new questions for esperimentation o n  
the striate cortex. 

Richard N. Masland 
Hotcard Hl~glles h'ftidical Institzc re. 

,Ilnssaci~t~setts Gene~n l  Hospital, 
Bostoi~. bf.4 C21 14. LT.4 
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Evaluating the Evidence for Past Life on Mars 

D a v i d  S, h.lcKay r t  al. ( 1 )  deserve praise 
for ciisco~~ering possible el-idence of past 
Martian life. T h e  iden t i f i ca t io~~  of indige- 
nous organic compounds in a martian me- 
teorite alone is a b reak t l~ roug l~ ,  reopening 
the  possibility of life after the  chill cast by 
Viking. T h e  characterizatio~l of the  car- 
bonate olobules sets a new standard for 

four of their five obserl-ations. 
W i t h  regard to polycyclic aromatic hy- 

drocarbons (PAHs) ,  h4cKay et al. (1 ) note  
that  "in situ chernical aromatiratio11 of 
n a t ~ ~ r a l l y  occurring biological cyclic com- 
po~ lnds  in  early diagenesii call produce a 
restricteci number of PAHs" anci suggest 
that  "ciiagenesis of microorganisms o n  
ALH84L701 could produce what we ob- 
serl-eci-a few ssnecific PAHs-rather than  

' 3 Apr '  1336 accep'ed 4 Octcber ' 936 

Respo~ise: As Maslanci [in his Perspective 
( I ) ]  pointed out, our finding 111 the report 
(2)  that both H 1  and H 2  horizontal cells in 
macaques recei1.e adciitive input from L- 
and M-cones has implicatio~ls for under- 
stanciing the  retinal circuitry that  uncierlies 
spectral opponency. If it is assumed that H 1  
cells contribute strongly to the forlnatioi~ of 

- 
study of estraterrestrial materials. Howev- 
er, McKav et al. o ~ ~ e r s t a t e  their case bv 
cintendiiI'g that  although "[nlone of tllesk 
Ifivel obserl-ations is in itself conclusive for 

a complex mixture in\.olving alkylatecl ho-  
mologs." But aromatization works equally 
well for abiotic organic matter,  which does 
no t  even need to  be cyclic. Berthelot dis- 

. 
the existei~ce of past life . . . ~vhe11 . . . con- 
sidered collectively . . . they are evicience for 
prirniti\,e life o n  early Llars." .An inorganic 
explailation is at least equally plausible for 

covered such aromatiration in 1862, pro- 
ducing ilaphthaleile from methane in  one  
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step, and other scientists ( 2 ,  3 )  studied 
this process a century later, atternpti~lg to 
account for PAHs in carbonaceous chon- 
drites. PAHs with un to at  least seven 
rings formed, in yields ranging up to 8041 
for pyrene and coronene (2 ) .  As in 
ALH84CO1, a few specific PAHs dominat- 
eci, and alkvlateci homoloes were rare. 

Such aromatiration 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 unsuhstituteci) 
PAHs are the next most stable prociuct (4). 
The equilibrium ciistribution ciepencis on the 
proportions of C, H, and 0, as well as on 
pressure (P) ,  anci temperature (T). The clos- 
er the reaction approaches this metastable 
equilibrium, the less dil-erse the products anci 
the less they "remember" the structure of the 
starting material. High-T processes such as 
combustion or pyrolysis gil-e low alkyl-PAH/ 
PAH ratios [not high ratios, as contended by 
McKay et al. (1 ) I ,  whereas low-T ciiagenesis 
initially gives ratios greater than 1 (5), which 
decrease on further equilibration. The "few 
specific PAHs" from C,, to CZZ comprise all 
homologs in this carbon number range, anci 
thus do not require a selectil-e (biological) 
source. The higher proportion of alkylated 
PAHs above mass 300 in ALH84001 rnav 
reflect either a different source (1)  or slower 
equilibration of larger molecules, but these 
a l t e ~ ~ ~ a t i v e s  cannot be ciistinguisheci 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 mav be caused 
entirely by inorganic factors. 'Carbonate, 
being fine-grained, has a larger specific 
surface area than cio the (anhycirous) 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 w h ~ c h ,  at 
T 2 l5O0C, convert simnle carbon com- 
pounds such as CO to more complex ones, 
progressing from aliphatics to PAHs and 
kerogen on  sustained heating (6) .  Such in 
sltu synthesis \vould cause organic matter 
to become associated with carbonate. 
IVhatever the source and in~t ia l  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 a n  aromatization catalyst (7) .  

The two sections on carbonates, magne- 
tite, and iron sulfides 11 ) are biaseci, headme , , 

stra~ght for biological interpretations with- 
out considering inorganic alternat~\,es. 

McKay rt al. ( 1 )  describe sel-era1 fea- 
tures of the carbonate alobules that they - 
attribute to microbiological activity 
(points 1 through 5,  below). All of these " 

features can be plausibly explained by in- 
oreanic nrocesses. ,4 similar mineral as- 
semblage occurs in C-chondrites, where it 
has been explained by abiotic aqueous al- 
teration (8-12). By analogy with C-chon- 
cir~tes, suppose that hycirothermal alter- 
ation at depth leacheci Ca" anci Mg2+ 
from rocks, producing an alkaline solution 
[pH = 12.3 or 10.7 if saturateci with 
C a ( O H ) 2  or h?g(OH)Z, respectively]. O n  
contact lvith the Mars atmosphere, COZ 
\vould ciissol\,e, gradually lowering the pH 
and precipitating carbonates. 

1 )  The chemical zoning of carbonates 
is expected from their solubilitv nrociucts , L (Y,), which parallel the rolling sequence: 
log K, for Mr-,  Ca-, and Mg-carbonate are 
-10.g5, -8.30, and -5.17, respect idy 
( 1  1 ) .  Although FeCO,, too, has a small log 
K,, ( -  10.50), it forms solid solutions with 
MgCO, that ha\-e larger K,, (9 )  and thus 
precipitate late, as observed ( 1  ) .  

2)  The  magnetite in the rims requires 
slight oxidation to Fe(III), and the pyrrho- 
tite reauires the nresence of some S2-. 
Both conciitions 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 fieleis of these 
two minerals are similar. The  magnetite 
occurs in MgS0, rather than carbonate, 
but the sire 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 maenetite. contrarv to obser- 
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vatlon. But dissolution of carbonate does 
not renuire low pH. O n  Earth, rainwater 
saturatid with atkospheric COZ has a pH as 
high as 5.3, and yet does a good, if slow, job 
of dissolving C a C 0 ,  as Ca(HCO,),: wit- 
ness limestone caves and hard water in 
limestone-rich areas. As soon as the process 
starts, buffering by HC0, -  raises the pH to 
6 and higher; thus, most of the dissolving is 
done by water of nearly neutral pH, not 
"low pH acidic conditioi~s." This ~vould also 
be true on Mars because p C 0 2  and T are 
similar. 

Moreover, because pyrrhotite and mag- 
netlte are inside the carbonate, they are 

physically protected against attack. Anci 
being less soluble in acid than are calcite " 

anti 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. 
or water ran out.  These arguments alone 
are conclusive, but, for what it is worth. 
n a t ~ ~ r a l  samples of both minerals often are 
far more resistant to acicis than expected 
from thermodynamic calculations (13). 

4) The  elongated greigite (?)  part~cles 
observeci by h,lcKay 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 b e c a ~ ~ s e  McKav 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 elobules are similar n 

to bacterially induced carbonate crystal 
buncile precipitates." After recapitulating 
observation ( i ) ,  they conclucie: "On the 
basis of these obserl-ations. nle internset 
that the carbonate globules have a bioien- 
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  ,4 matches B but not C if one has not 
even looked at C .  

McKay rt al. (1 ) conclude their paper 
by listi~lg f i x  lines of el-idence and then 
stating: 

None  of these ohservatlons is in itself conclusi\.e 
for the  existence of past life. Although there are 
alternative explanations for each of these phe- 
nomena taken individually, \\.hen they are consid- 
ered collectively, particularly in view of their spa- 
tlal association, we co~lclude that  they are evi- 
dence for primitive l ~ f e  on  early blars. 

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

Edward Anders 
Enrico Fermi Institute and 
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Unisersit) of Chicago, 
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O n e  potential fingerprint of a dynamic or- 
ganlc system would be the fractionation of S 
isotopes by bacteria. O n  Earth, the reduction 
of sulfate ions by anaerobic bacteria such as 
Desulfovibrio desulfuricans results in biogenic 
fractionation of S isotopes 32S and j4S. 
These bacteria split 0 from sulfate ions and 
excrete H2S that is enriched in 32S 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 y m  to 60 ym) ,  ion microprobe 
techniques were used to measure the 34S/32S 
ratio of individual grains. Sj4S values 
={[(34s/32s)~~~p,~/(34S/32S)CDTl - 

1000) where CDT is Canyon Diablo troi- 
lite, were obtained for three of the largest 
pyrite grains in ALH84001 subsample 87 
(3) .  IVe also attempted to analyze smaller 
pyrite grains in subsample 53. Sj4S values 
for the pyrite range from +4.8 to +7.8 %O 

(Fig. 1) .  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 amone the " 
pyrite grains analyzed in this study. 

Compared to the Sj4S values in sulfides 
that range from - 70 to + 70 %O on Earth, 
those for sulfides iorimaril~l troilite) in me- 
teorites s h ~ \ ~  1in;ted mass fractionation 
(-6.0 %O to +6.05. 760) (Fig. 1) .  The frac- 
tionation seen in meteorites has been at- 
tributed to orocesses 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). Sulfilr isotopic characteristics 
of hydrothermal sulfides are constrained by 
Inany variables, such as the sulfur isotopic 
characteristics of the hydrothermal fluid T, 
pH, and fa,; consequently, we could not 
generate unique solutions. 

Our results did allow LIS to propose sev- 
eral concl~~sions concerning the origin of 
the sulfides in ALH84001. If the pyrite 
precipitated at low T (100 to liO°C), re- 
ducing conditions and high pH (>9),  a 
S34Sflu,d equal to O 760 would precipitate 
pyrite with S34S,,,,,, between +i and + 8  
0100. These conditions are consistent with 
textural (6) and 0 - C  lsotopic systematics 
for the carbonates 18). but are inconsistent > , ,  

with proposed higher T derived from car- 
bonate geothernlornetry (4,  5) .  Alterna- 
tively, under more acidic conditions, the 
8j4Sfluld will be equal to that of the pyrite 
( + 5  to +8  %o). This requires the positive 
S34Sfl,,,d signature to be produced before or 
during pyrite deposition. The positive S34S 
in the fluid maT7 be attributed to a number 
of different processes. 

O n  the basis of the available data, we 
favor the idea that the positive S34S in the 
fluid was oroduced by either i m ~ a c t  orocess- 

& L 

es or lo\< T \veathe~ing reactions that sta- 
bilized sulfate phases, enriching surface 
components in j4S. 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 S34S 
signature transported to the location of pre- 

Range observed In 
sulfides from other 
meteorites ........... 

Fig. 1. Comparison of P4S among the pyrite in 
ALH84001, terrestrial sulfides, and sulfdes in oth- 
er meteortes. 

cipitation. We concluded that either situa- 
tion is not consistent with the S isotooes 
being fractionated by biogenic activity. 

Although our results do not support the 
observations of McKay et al. ( I ) ,  our basic 
assunmtion 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 sultable en- 
vironment. For examole. on Earth. dlssimi- 

1 ,  

latory sulfate reduction and the resulting S 
isotooic fractionation is restricted to a lim- 
ited group of bacteria that live in reducing 
environments. These few genera of micro- 

L 7  

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 N e w  Mexico, 
Albuquerque, N M  871 3 1 , L;SA 
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M c ~ a ~  et al. ( 1 )  suggest that the PAHs they 
detected in martian meteorite ALH84001 
may be related to past llfe 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- 

PAHs in other carbonate-bearing martian 
meteorites such as EETA 79001 (7) that 
apparently were formed much later than the 
putative ancient life-bearing clement peri- 
od on Mars. 

Jeffrey F. Bell 
Hawai'i lnstitute of Geophysics 

and Planetology , 
University of Hazcai'i at Mcinoa, 

Honolulu, HI 96822, L;SA 

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 PAHs 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 oreanic sub- REFERENCES - 
stances are exposed to high T, and, given 
sufficient time, aromatisation can proceed 
even at low 7 (4). The coinposition of the 
oroducts of such thermal aromatization de- 

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 

I .  D. S. McKay eta l . ,  Science 273, 924 (1 9961. 
2. S. J Clemett et a / . .  Lunar Planet. Sci. XXIII, 233 
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Lunar Planet Sci. Conf. [J. Geophys. Res. 87 
(suop.), A84 (1 98211. 

6. J. F. Bell, F. P. Fanale, D. P. Cruikshank, n Re- 
sources of Near-Eai?h Space, J. S. Lewis et al.. Eds. 
(Un\/. of Arizona Press. Tucson. AZ. 1993'1. oo. 887- 

surface of Mars in the absence of an ozone 
laver 14). However. thls mechanism would 

pends on the nature of the starting material, 
the transformation temoeratures, and the 

not have operated 3.6 billlon years ago In 
ALH84001 because thls rock was well below 

duration. In general, abiotic synthesis of 
PAHs from simple organic precursors-for 
example, CH, 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- 

the surface (even if the thicker martian at- 
mosphere at the time did not absorb much of 
the ultraviolet flux). PAHs falling onto Mars 
at this inore cleinent time would have been 

901; 6. Zener and E. N. Wells, ~ u n a r ~ l a n e t .  ~ c i .  25, 
1541 (1 994). 

7. J, C. Gradie and J. Veverka, Nature 283, 840 (1 980). incorporated into the active groundwater 
svstem that deoosited the carbonates. 8. J, C. Wright, M. M. Grady, C. T Plinger, ibid. 340, 

220 (I 989). 
In addition to infall of material on helio- 

centric orbits, there is evidence for an addi- 
tional local source of PAHs unique 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 

1 September 1996; accepted 9 October 1996 
temperature aromatization of complex or- 
ganic (or biological) precursors (or both). 
I11 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 

Resbonse: Several authors have raised com- 
ments concerning the observation of PAHs 
in ALH84001. We  welcome the opportuni- 
ty to respond. 

The search for indigenous PAHs on 
ALH84001 was undertaken to investlgate 

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 
poly~ners formed in the solar nebula (7). 
Grazing impacts at low orbital velocity 
would allow for greater survival of projectile 
material than in conventional heliocentric 

two primary objectives: first, to determine 
whether an indigenous reduced carbon- 

that it shows features in its distribution 
consistent with both low-temperature and 
high-temperature thermal aromatization. 
Such a distribution could conceivablv arise 

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- 

through a sequence of secondary heating 
events that oerturbs or adds to an initial 

era1 phases in the meteorite and, in partic- 
ular, the carbonate globules. 

We  observed a distribution of PAHs 
within interior fragments of ALH84001 ( I )  
that appears to be strongly correlated with- 
in and about reeions rich in carbonate elob- 

impacts. Thus, the unique obl~que craters of 
Mars lnav have contributed a laree amount 

simple abiotic distribution, as suggested by 
Anders. The PAH distribution we have u 

of PAHs, even though they comprise only 
about 5% of total impacts. 

McKay e t  al. state that "Comparison of 
the mass distribution of PAHs observed in 
'4LH84001 with that of PAHs in other 
extraterrestrial materials indicates that the 
closest match is with the CM2 carbona- 
ceous chondrites." This observation sue- 

observed is also equally consistent with the 
decomposition of biological matter. In the 

L 7  u 

ules (Fig. 1). Extensive contamination and 
control studies argue for an indigenous ori- 
gin to these PAHs (2). The total PAH 
concentration is conservativelv estimated 

terrestrial environment the geological di- 
agenesis of certain terpenoids and pigments 
can lead to the observation of a few specific 
PAHs overlvine a weaker, more com~lex ,  

by us to average above 1 part per million 
(ppm) and appears to be made up from two 
d~stlnct PAH mass groupings: a strong lower- 
mass enve lo~e ,  178 to about 300 atomic 

mass distribltion. For example, per;lene 
(C2,Hl,) is found in a variety of marine " 

gests a similar history for PAHs 111 these two 
classes of meteorites. The CM2 chondrites 

sediments arising from the decomposition 
of erythroaphin pigment (7-13); retene 
(C,,H,,) is found in forest soils arising from 
the decomposition of abietic acid (12); flu- 
oranthene (ClGHl0) and picene (CZ2Hl4) 
are found in mercury ores (1 4);  and various 
phenanthrene (C14Hl,) and chyrsene 
(C,,H12) derivatives have been associated 
with French pond mud ( 15, 16). We  regard 
the observed PAH distribution to be con- 
sistent with a few soecific PAHs suoeriin- 

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 PAHs 
observed in ALH84001 are primordial or- 
ganics (partly from the Phobos/Deimos par- 
ent bodv with additional coinoonents from 

mass units (arnu) composed of simple three- 
to six-member f ~ ~ s e d  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 

primitive asteroids and comets) that under- 
a7ent eroundwater alteration on Mars. This - 
hypothesis could be tested by searching for posed on a weaker background of more 
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Fig. 1. Concentrations of ALH84001,180 ALH84001,180 
PAHs found on martian Carbonate rich Carbonate poor 
meteolite ALH84001, cal- 

at 178 mu @henan- $ loo 
threne), 202 mu byrene), - 
228 mu (chrysene), and Z 
252 mu mrylene). Up- 2 50 
per panels show histo- 5 
grams of signal intensi- Z 

ties for 40 pm x 40 pm 
sample spots on car- O S ~ = - -  O - - - - -  
bonate-rich (left column) v s g - . z R  v z z 2 ' " -  - - 
and -poor (right column) Z s O O  - - -  - - -  =- 2- 
portions of the meteorite. Signal intensity Signal intensity 
Lower panels show the Spatial distribution map Spatial distribution map 
correspond~ng two-di- 
mensional spatial distri- 
bution maps of PAHs '300-/ 

;; - , ] 
(co-addition of the four 
dominant PAH species). 
The total integrated PAH 5 400 5 
signal intensity in the car- 
bonate-rich region is 
about 2.1 times that 
measured in the carbon- 
ate-poor region. The 0 
strongest spot intensity, o 2 ~ 3  ~ O C  620 o 200 400 600 
which occurs in the car- il m ~m 
bonate-rich surface, is abo@ 3.0 times that of the strongest spot intensity in the carbonate-poor surface. 

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 equilibration. At the present 
time, we do not know the formation and 
transformation of PAHs over geological 
time scales and under various geological 
environments. 

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 (1 7) or high (1 8) 
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- 

Simoneit and .Hites suggest that the 
PAHs originate from the "thermal degrada- 
tion of (extraterrestrial) biopolymers," and 
Requejo and Sassen also point out that the 
higher mass PAH envelope may-arise from 
"partial thermal decomposition of carbona- 
ceous polymers." Indeed, our PAH distribu- 
tion resembks 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 

Depalhnent 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 PAHs are discussed by 
Clemett and Zare in the response above. 
We know of no experimental data showing 
that carbonates preferentially absorb PAHs 
com~ared 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. Also, 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% bv volume. 

~Aders  (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- 

SCIENCE * VOL. 274 * 20 DECEMBER 1996 



scale and are clearlv internro\vn and forined nlust include chaneinn coliditions and ki- 
in  the salne event (;hat is: they constitute a 
co-genetic assemblage). T h e  same cannot 
be said for these ln~ilerals in C I  chondrites, 
which are regolith breccias (4-7) that have 
~mdergone lnultiple episodes of aqueous al- 
teratlon. T h e  vario~us lithologies in  CI 

L 

chondrites are a collectioll of inaterials that 
record different P, T, fluid conlpositio~ls 
over time. These lithologies do not  contain 
the  same micrometer-scale intergrowth of 
carbonate-magnetite-pyrrhotite that xve ob- 
served in ALH84GG1. In  addition, h\-drated 
mi~lerals comprise the  bulk of the matrix of 
most CIS (8 ) .  Carbonate-sulfate-imagnetite, 
carbonate-sulfide intergro\vths, and ele- 
mental S have been observed in  CI chon- 
~lrites (5) .  Carbonate-sulfate-magnetite in- 
tergrowths are intinlate mixtures of irregu- 
larly shaped carbonates, ro~uided magne- 
tites, and tiny sulfate laths predonlillantly 
occurring as ~ . o i ~ l  filling (5) .  T h e  magne- 
tites are larger than any observed in 
ALH84GG1. W e  did not observe any sulfate 
111 the ALH84G01 carbonate rims. CI car- 
bonate-sulfide internrowths are sulfide laths 

L= 

coherently intergrown xvith ~rregularly 
shaped carbonates. These sulfides are pyr- 
rhotites and are a t  least a n  order of magni- 
tude larger than those in ALH84001 (5: 9 ) .  

T h e  modal abundance of carbonates var- 
ies xvithin and anlong CIS (5 ,  10) .  C I  car- 
bonates have three compositions: dolomite, 
hre~unnerite, and calcite (or aragonite) (5 ,  
1 1 ) .  T h e  complex, oscillatory chemical :on- 
ing and rim de\~elopment observed in 
ALH840G1 has not been reported in any 
carbonates \v i th~n any carbonaceous chon- 
dr~tes .  Dolomite is t l~edominan t  phase in CI 
chondrites, whereas dolomite is not  the 
cloininant phase in  carbonate globules in 
ALH84GG1 (1 ,  2 ,  12).  While a fe\v zoned 
grains have been described (4-6), none 
show the zonation and complex rim forma- 
tion sho\vn by the ALH841G0 carbonates. 

T h e  solubility of solid carbonate in any 
fluid (Anders's point 1 )  is a f~lnct ion of 
many factors, including solution ionic 
strength, temperature, cation concentra- 
tion, carbonate alkalinity (or p C 0 2 ) ,  pH,  
grain size, and solid-solution chemistry 
(13) .  W e  agree that the trend in catloll 
chemistn; observed for carbonate nlobules 
can be irocluced by inorganic plkesses.  
T h e  lack of infornlation about the  orecioi- 
tating fl~uid precludes us from attempting to 
predict trencls in  carbonate chernis t r~  using 
~onven t iona l  aqueous ~noclels that conside; 
ion interactions. This problem IS exacerbat- 
eel by oscillatory chemical zoning in some 
globules (14)  and the  distinctions in chem- 
istrv observed between carbonate elobules 
and other carbonate-rich regions of the  me- 
teorite (12) .  W e  have previously pointed 
out that  ALH84001 (15)  and other mar- 

tian meteorites contaill seconclar\- carbon- 
ates (16).  Euhe~lral magnetites foun~l  111 C I  
chondrites can be intiinatelv iilterero\vn 
nit11 carbonates (Anders's point 2) ;  magne- 
tite often occurs as a bo~undarv between two 
distinct carbonate generations (5 ) .  Howev- 
er, nlannetites in  CI chondrites are much " 

larger than (and have a different morphol- 
ogy from) those in  ALH840G 1 (1 7 ) .  Fur- 
thermore, the magnetite in CIS is nearly all 
in the size range for inult~doinaill magnetite; 
illost of the magnetite that xve describe m 
the carbonate rims of ALH840G1 is in the 
single domain size range for cuboidal- and 
arro\vhead-sl1a1-7eCl magnetite, the predoini- 
nant  size range for biogeilic inagnetosomes. 

W e  agree xvith Anders (point 3 )  that 
carbonate call d~ssolve a t  nearl\- neutral pH 
~ ~ n d e r  the right conditions. Hoa~el-er,  re- 
gardless of the  numerical value of the pH,  
the observation is that carboilates formed 
and then s~~bsequent l \ -  Kere partially dis- 
solve~l. This partial clissolution was not ac- 
coinpanied by ally detectable corrosion o i  
the  lnagnetites or sulficles, but would re- 
quire a change 111 eH-pH concl~tio~ls or 
cation concentrat~ons. It inay be that the  
llanophase sulfides and magnetite were 
physically protected by the  carbonate, but 
the carbonate is T7er\- fine-nrainecl in much " 
of the  area co~l ta i~l i l lg  these minerals allow- 
ing possible fluid access along grain b o ~ m d -  
aries [figure 4 111 our report (3)].  Alterna- 
tively, as suggested by Anders, these miner- 
als may dissolve slo\vly under collditions 
that dissolve carbonate rapidl\-, or the\- may 
be inore resistant to dissolution than pre- 
dicted. Again, because the  conluosition of 

u 

the fluid is not  xel l  known, we were ~ m a b l e  
to propose specific p H  condi t~ons.  W e  are 
dealing with n o n e q u i l i b r ~ ~ ~ i n  assemblages 
and conditions which change over time-as 
ind~cated,  for example, by the  strong :onlng 
of the carbonate chemistr\- over short dis- 
tances, as well as the  oscillatory nature of 
sonle of the  :oning. T h e  nlain difference 
between C I  cllondrite and ALH84GG1 car- 
bonates 1s that the  latter show pronounced 
:oninn at the  nlicroineter scale and contain 

L= 

nanophase illagnetites a n ~ l  sulfi~les. Al- 
thounh a formation inecha~lism has vet to  
be diterlnined for the  carbonate g1obL;les in 
ALH84G01, the  circular to o v o ~ d  outlines of 
the  carbonate are consistent with biologi- 
callv mediated reactions (18. 19).  Terrestri- 
al carbonates also commonl\- display circu- 
lar and concentric inorpllologies (18) .  Such 
features have not  been found in carbona- 
ceous chondrites, but are common in ter- 
restr~al carbonate concretions and early dl- 
agenetic ce~nen t s  (18-23). It is possible to 
propose an\- number of inorganic models for 
the  procluction of the  carbonate, t he  mag- 
netite, and the  iron sulfides, but the  models 
cannot be simple equilibrium models and 

L, " 
netic effects. Whether  such ~noclels are 
nlore plausible than biogenic inoclels is a 
matter of judgement. 

Although we \\.ere not  able to positivel\- 
identify griegite based o n  electron diffrac- 
tion (Anders's point 4) ,  the chemistry and 
mol-phology of these sulfides particles sug- 
gests that the\- are greigite (3) .  Greigite is 
co~nmonly formed in bacteria in  the same 
inanner as magnetite (21 ). In terrestrial sed- 
iments, much fine-grained natural greigite is 
interpreted as either biogenically formed or 
as a d~agenetic reaction product betn.een 
H2S ancl Fe ions in  solution (22) .  T h e  
source of H2S  is usually believed to be the 
product of bacterial decoinpositio~i of organ- 
ic matter coupled with reduction of sulfate 
in solution, but inorganic sources of H2S 
can also be envisioned. N o  greigite or other 
similar monosulfides have been reported in  
carbonaceous chondr~tes  or in other mete- 
orites or in lunar samples. 

T h e  morphology of the  possible foss~l 
forms in ALH84G01 (An~lers 's  point 5 )  is 
certainly not  ~ le f in~ t ive ,  and more data are 
needed. W e  have not  seen similar structures 
in anv lunar, meteoric, or cosnl~c dust sain- 
ple. Honever,  ancient microfossils in terres- 
trial rocks are also soinetinles ident~fied ori- 
nlarily o n  the basis of morphology and sire 
distribution, althoueh the indieenous na- 
ture of the  ~nicrofossils must be established 
(23) .  As  Anders states, the  presence of 
fossilized indigenous microorganis~ns would 
be the strongest evidence of all and lvould 
render the  d~scussion of some of the  other 
lines of evidence somewhat irrelevant. 

Finally, Anders states that all of our data 
are colnpatible ~vit11 a biogenic origin, but 
his main objection seems to  be that we have 
not  given equal time to  inorganic inecha- 
I I I S I ~ S  and that we have come do1v11 too 
hard o n  the biogenic side. W e  hope that the  
disc~~ssion above a.111 clarify our view of 
soine of the  proposed inorga1;ic mecl~anisms 
and explain \yh7 we did not far-or them. 
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Resho~~se:  Shearer and Pav~l t e  have con-  
t r~hu ted  ~ m p o r t a n t  neiv data regarding the  
S isotopic systematics in  the  magmatic 
phase pyrite within the  lnartlan meteorite 
ALH840G1 ( 1 ) .  However, it appears tha t  
Shearer and Papike have no t  anal\-zed the  
S chases that  may be directly related to 
the  proposed biogenic activity we pro- 
posed ( 2 ) .  W e  noted the  presence of in- 
tergrorvths of magnetite and pl-rrhotite 
phases ~ v ~ t h i n  c a r h o ~ ~ a t e  rims. T h e  pyrrho- 
tite ohases n ~ t h i n  the  "Oreo" rims of the  
ca r l~ona te  globules are betiveen 2G and 
100 11111 in  slze (2 ) .  These  sulfide phases 
are t ~ v o  to  three orders of magnitucle 
s~llaller than  the  pyrite phases descr~bed 
(stated to  he between 15 and 4G p in )  and 
ai1aly:ed h\- Shearer and P a p ~ k e  ( 1 ) .  W e  
did no t  report results o n  the  late-stage 
PI-rites tha t  had heen ohserr-ed earlier by 
hlittlefehldt ( 3 ) ,  Treiinan (4), and  Harvey 
and RlcS\'i~een (5).  Al though these late- 
stage pyrites ma\- 11al.e forilleil during a 
hycirotheri11al episode, they are not  neces- 
sarily contemporaneous with the  carbon- 
ate globules. It  1s our understanding that  
the  (2s.'- beam used 111 the  ion microprohe 
analysis ( 1 )  ivas a t  least 8 y m  or larger 111 

a r e .  Ion microprohe analysis of car- 
bonate ~ ~ h a s e s  for S Isotopes n~l l l  be a 
cha l l eng~ng  analytical prol~lem.  During 
such analys~s, masses of 1 2  ('"'"OT), 34  
( 1 6 0 : ~ ~ )  alld 36 ( ' ~ ~ ~ o i - )  amu nil1 be 

p r o d ~ ~ c e d  fro111 the  O n-1t111n the  car- 
bonates. Unless e f f~c ien t  energy f i l t e r~ng  
c a n  he used to separate them,  these ions 
may interfere bv1t11 masses 32 ("ST) alld 
34 ("Si-) amu norlllally useL! n-hen sul- 
fide phases are analyzed for their S isoto- 

pic co~npos i t io~ i s .  T h e  nanophase sulti,le 
phases fo~unil ( 2 )  \vithin the  carbon- 
ates were si~laller in  si:e and  intimatelv 
associated ivith the  host carbonates i n  
contrait  t o  the  late-stage pyrites associateil 
m.ith the  s~ l l ca te  host phases analyzed l ~ y  
Shearer and Papilte ( 1 ) .  Sulfur isotope 
lneasurelnellts o n  nanophase sulfides ~vould 
add important co~ls t ra i i~ts  to the  interpre- 
t a t ~ o n s  o t  thz genesis of the  nanopl~ase 
sulfides. 
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