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Reduction of Carbon Dioxide by Magnetite: meter (if necessary) and of sampling ports for gaseous products,
Implications for the Primordial Synthesis of Organic respectively. The R®, employed in this study was pure synthetic
Molecules magnetite, which was characterized by X-ray diffraction (XRD)

analysis before and after the reaction. With small amounts6f H
present in the reaction mixture organic compounds including
acetic acid are formed. Acetic acid and all other products were

Structure Research Laboratory identified by gas chromatographynass spectroscopy (G®/S)

University of Science & Technology of China anq quantified by gas chromatographx (GC). The temperature was
Hefei 230026, Peoples Republic of China varied to generate a range of conditions between 100 and 350

Kahlen Berg 9, D-30826 Garbsen, Germany °C. The pressure was autogenic, depending on reaction conditions.
In the following discussions, if it is not specifically mentioned,
Receied April 21, 1999 most of the reactions were conducted at 380 10 atm for 2.5
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. _Under the most reducing conditions, the main products which
phZP:s %?Egﬁﬁ'gﬁﬁﬁg ;#en;atzi SL%SS;J trﬁ: r? ef ;c; b%?rqlt))/ a?ém(;itwere identified included acetaldehyde, ethanol, and acetic acid
are still unknown. Miller has simulated electric discharges in a (F|gure 1) with small amounts of 2-butenal, hexanedial, and ot.hers
reducing atmosphere of GHNHs, and HO and obtained an being present as well. At 35 and 10 atm up to 4 mol % acetic
aqueous solution of simple carboxylic and amino acids, which ?rglr?l (frvlghré%i%fi%tntoo]}hgé?g'?L:??gg;gfg”;rmb@'?gd
has long been considered as one of the pillars of the theory of a . :
heterotrgophic origin of life in a prebiort)ic brofh With they (respect to the total system) (Figure 2). Interestingly, the amount

sllowance for exagenaus sources, reducing atmospheres yie 2221 260 ereases a- I temperare s cecreasig, ubie
organic mixing ratios in the early oceans some 3 orders of : 9

magnitude higher than those obtained for nonreducing atmos-de'[ected at128C, even under higher pressures (€.g., 20 atm) of

phereg. Thus, models for earth’s primitive atmosphere that CO, and in the presence of less®l No molecular hydrogen,

postulate no significant abundance of reduced gases suffer themethane or methanol could be detected by-G4&S, indicating

drawback that the origin of life is more difficult to understahnd. :R:: gﬁhrgerﬁz%n;rig;[ifotr?%fQC%ci/ugltil\?i?]els'igmiz)l\?il;fgertir: [Srr?em
C. Huber et al. have reacted g&H and CO in the presence of : o ’ i’
FeS CoS. or NiS in water at 10€. and were able t% detect the 9€neration of K Carbon dioxide is a low-energy molecule, with

formation of organic molecul€sThus, an alternative theory for g‘erosiitgr;gﬁ/rgn?)s({i?ﬁlgg Egﬁﬁlgtlhojfg:ﬁwgrggg_(gﬁﬂgliolrr:t;lig-
the origin of life being of a chemoautotrophic nature is based on P ! y

these observatiorf$. Actually, the reactants used by C. Huber et ing_ anon ion-pairing co_untercation (vex (tearaethylammc_)nium)

al. are still in a reduced state. Currently, the prebiotic significance bheemgégggﬁdrgsoiegfj“ﬁ ?fﬁgya\;sngcivggi &?teg:atlhfozz o
of all these experiments appears to be questionable becauséeduction to CO- evir?cin that the f%rmation of the ng
atmospheres with less or even nonreducing properties are now. dical anion is ; d dhi hﬁ’ likelv in th ; . d
favored’-¢ However, so far no evidence has been presented thatLal |caFan|r<]) n s indeedhig Iy un Ibe Yy Ik? the syite(;n mvebstlgate
significant amounts of organic molecules related with life can be ere. Furthermore, no single carbon-bearing hydrocarbon com-

generated in an oxidizing atmosphere. It is currently suggestedpound could be detected, suggesting that the mechanism of the

that the primordial atmosphere comprises mostly an unproductive ?:;Egsg L%Lmﬁgolggorg?rgfccrgfggﬁuIlisténvg\éﬁisguig'tzlfnﬁgg{_‘
mixture of CQ, Nz, and HO, with CO being in a dense staté? ate bound to r'zhegsurfatr:)e of the soligee grticles containin
The conditions typical of crust and oceanic hydrothermal systems BEP 9

combine temperatures between 300 and 800with pressures ferrogs ions. The XRD patterns of the solid p_roducts show the
of 0.1-0.4 GPa, and notably magnetite is a major form of iron coexistence of B8, and FeO; after the reaction, even when

oxide in the present-day crustFor a better understanding of gxgtee sns1 C':I'ﬁigignbgr?ln Sée;fr};ifggﬁgf t?ess)ulrrf]a::r;:elaregrcagijg e
the origin of life in an oxidizing atmosphere it will be important isyoxidiied to FeO byycarbonpdioxide indicating the inv)(glvement
; ; ; ; 3 )

t&;zhg\rqv dt:ra: cail(r:t;??;llljc;f glgr? d(i:t?gnlgane(\j/ite)\(/avfg;nt]hegsglrggggiggrr? of a surface mediated reaction. Incidentally, surface-mediated
ations. we hgf)/e showed the reactic;n of dense @it Fe:O; in processes are often highly stereoselective, which may explain the

! ; ference of living systems faramino acids? No ilmenite was
the presence of different amounts of water. The reactants werePr€ ; - . .
loaded into a flexible Au/Ti reaction cell which was sealed and g?ﬁger?e?i)t/exvsi?ha%i‘ly;rﬁ’ V‘é?éc?ug]égrx b%ggm:gstgﬁ ][gf ?rt]'i(;n
transferred into a steel alloy autoclave. Two capillary tubes 9 9 AP

extending from the cell permitted the attachment of a pressure- is that Au/Ti alloy |s_ stable in our reaction COI’]dItIO.nS.
To further examine the effect of water, experiments were

:ﬁu,thOF for Cfoge,spondgnTce- rl]f-"ra"i C?VCV?UStC-edU-Cn- conducted in atmospheres in which magnetite ;(ze and

s Kgmgf'&ﬁ’g g rence & fechnology ot -hina. different amounts of water were used. Small amounts & H
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Figure 2. CO; reduction to CHCOOH (given in mol %) plotted against
Figure 1. lon Chromatograms of the GEMS analysis. The reduction temperature at 10 atm in G®,0/F&0, system ©). All reactions were
was conducted in C£H,0/Fe0, system at 350C, under 10 atm for conducted a 2.5 h period. No detectable organic molecules were obtained
2.5 h. The peaks at 10.880, 14.324, 19.146 min correspond to acetalde-in experiments conducted at 128. Also shown are yields at 35
hyde, ethanol, and acetic acid, respectively. with different amounts of LD (given in mol %) added to the GFe;04
system @).
pounds. This result also implys that exces®©Hs unfavorable
for the CQ reduction cannot simply be explained by a variation namically more favorable to form peptides from individual amino
in the oxidizing condition, but the presence of excess water might acids in a system lacking4@ than that in its presence, in good
rather be unfavorable for the adsorption of 2 the surface of ~ agreement with the preferred conditions for the formation of acetic
Fe;0, particles (i.e., competitive adsorption). acid or ammonia, respectively.

Most gas compositions in metamorphic systems have ratios of ~ From this study, it can first be concluded that thermal dense
H,0 to the total amount of gas of 0.5 or greafeOn the other  carbon dioxide systems are indeed attractive sites for the origin
hand, gases trapped in some mid-ocean ride basalts exhibit lowof life. Such systems contain a GQ@eservoir, N, and small
ratios of HO to total gas! Thus, CQ reduction to organic  amounts of HO in the presence of reducing agents. Actually,
compounds would be restricted to such localized regions from this kind of system has been found in some mid-ocean ridge
which H,O had been removed by processes such as chemicalbasalts2 Possibly, peptides were originally formed in such a
reactions”'?Brandes et al® have employed reduced iron oxides, system and subsequently delivered to the open ocean by CO
in their experiments, demonstrating the mineral-catalyzed reduc-thermal or hydrothermal vent systems described in ref 18.
tion of molecular nitrogen and nitrogen oxides to ammonia at  Second, the reduction of G@nay occur later than that of N
temperatures between 300 and 8@ In good agreement with  in the evolution of the biosphere. It has been reported that the
the FgO,/H,0O system, N reduction was strongly inhibited by  reduction of N requires high pressures and high temperatures
the presence of excess water, which is quite similar to the (0.1 Gpa, 306-800°C), which are more vigorous conditions than
suppression of the acetic acid formation in our case. The activationthose required for the -€C formation from CQ in our case. It
of amino acids and the formation of peptides under primordial thus seems that G@&ould be reduced whenever, ié reduced,
conditions is one of the great riddles of the origin of life. Although put higher temperatures (e.g., 800) would destroy rather than
the activation of amino acids and the formation of peptides under create organic compouné.
hot, anaerobic, aqueous conditions is possiblejs thermody-
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