SCIENTIFIC CORRESPONDENCE

and products can lead to ridiculous results.
For example, consider the synthesis of
cocaine from glycine:

10 C,H;NO,(aq)+ 9 H,=C,,H, NO,(aq)+
(glycine) (cocaine)

3CO)g) + 9NHyg) + 10H,0(l)

Using the free energies of formation AG,
=—88.58 + 0.16 kcal mol™* for glycine* and
AG;=—65.8 + 10.0 kcal mol™! for cocaine
(our estimate) and the standard AG; for
NH,, CO,and H,O (refs 4,5) gives AG,,., =
—64.0 + 10.0 kcal at 25 °C and an equili-
brium constant K, = 10*’. Using this equili-
brium constant, and taking NH, fugacity =
10-% atm and CO, fugacity = 25 atm, as spe-
cified by Shock and Schulte (even though
these values are unrealistic), we calculate the
cocaine to glycine ratio as a function of the
H, fugacity, fis,. Taking glycine as 4 X 10~°
M, which would be the concentration if 10
p-p-m. glycine were dissolved in the intersti-
tial water (10% by volume) of the Murchison
parent body®, we find that the cocaine and
glycine concentrations will be equal at fi1, = 4
X 1076 atm (log fis, = —5.4 £ 0.8). A cocaine
concentration of 4 X 1072 M s close to satur-
ation (6 X 107* M) (ref. 7), and so cocaine
would precipitate out at slightly higher fi,
values. At fi, = 7 X 107* atm, 99% of the
glycine would be converted to cocaine.
These fu, values are in agreement with those
calculated from the estimated redox poten-
tials during aqueous alteration on the carbo-
naceous chondrite parent body’. As far as
we know, no meteorites contain profuse
amounts of cocaine.

Although the assumption of thermo-
dynamic equilibrium generally leads to a
good description of inorganic reactions,
thermodynamic equilibrium is attained only
rarely with organic compounds. Calculations
based on thermodynamic equilibrium can
generate misleading conclusions for organic
mixtures.
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SHOCK AND SCHULTE REPLY — Natural systems
exist in states of partial equilibrium in which
some species are preserved far from equili-
brium by kinetic barriers and others coexist
at stable or metastable equilibrium. To iden-
tify metastable equilibrium states, realistic
physical and chemical parameters that pre-
vail in natural systems must be evaluated.
Evidence from nature, elucidated with ther-
modynamic calculations, indicates that over
millions of years the complex mixtures of
organic compounds in sedimentary basins
approach metastable equilibrium states at
temperatures as low as 100 °C (ref. 9). At
low temperatures, the enormous lengths of
time required to reach metastable equili-
brium states make laboratory experiments
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impossible. But such states may be reached
on laboratory time scales at higher tempera-
tures, as demonstrated in our reinterpreta-
tion' of experiments conducted by Miller
and Bada!!, in which a metastable state
among aqueous amino acids was established
at 250 °C. Our model for organic synthesis
on meteorite parent bodies is based on these
observations, with constraints that were
likely to prevail during aqueous alteration.
Although humorous, Miller and Bada’s
use of cocaine and glycine equilibrium is mis-
leading, owing to hand-picked thermo-
dynamic data and compositional constraints.
Their calculated abundance of cocaine is a
strong function of both AG,,, and their
assumed concentration of glycine. Although
their methods are not referenced, it is clear
that the large uncertainty in their estimated
A G, for aqueous cocaine propagates directly
into A G,,.,, and causes K, for the glycine to
cocaine reaction to lie bemcen 10 and 10%¢.
The law of mass action for this reaction yields

(a glycine)m (fl'lz)9
Ky
oo Uy

and it can be seen that calculated cocaine
activities (a) will also be subject to 14 orders
of magnitude of uncertainty. This uncer-
tainty can be masked, and results can be cal-
culated that are consistent with abundant
cocaine, by a careful choice of the activity
of glycine, given its power of ten.

To arrive at their activity of aqueous gly-
cine, Miller and Bada need a bulk glycine
concentration of 10 p.p.m., and a water to
rock ratio during alteration of 0. 1. Their par-
ent-body glycine concentration exceeds by
33% the highest concentration of glycine in
Murchison extracts'2. It is important to
remember that amino acid concentrations
reported for meteorites are actually those of
acid-hydrolysed, hot-water (100 °C) ex-
tracts, in which hydrolysis increases the free
amino acid concentration by as much as
800% (ref. 12). For the water to rock ratio,
they assume that the Murchison parent body
contained 10% by volume interstitial water,
and cite DuFresne and Anders® (whose
paper was published seven years before the
meteorite fell). In fact, DuFresne and An-
ders state that the Orgueil meteorite contains
10% water, but this is the amount of
H,O structurally bound in hydrated silicates,
which must be a small fraction of the water
present during alteration. Oxygen isotopes
indicate minimum water to rock ratios of 0.5
and 0.8 for Murchison and Orgueil, respec-
tively'3, but these values require the assump-
tion that the minerals analysed formed
simultaneously in the same aqueous
environment. This appears unwarranted
given present knowledge of the paragenesis
of meteorite alteration'*. It is more likely that
water to rock ratios during meteorite alter-
ation were much like those in terrestrial
hydrothermal systems. If so, the concen-
trations of many organic compounds in
meteorites may have accumulated slowly
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from dilute solutions in the same way that
massive ore deposits form from vast quan-
tities of solution carrying a few p.p.m. metal.
By overestimating the amount of glycine,
and underestimating the water to rock ratio,
Miller and Bada obtain a glycine concentra-
tion (1072%) consistent with metastable
equilibrium only if cocaine were found in
meteorites. In our calculations, we take ac-
count of all the aqueous organic compounds
for which thermodynamic data can be calcu-
lated'*, place mass-balance constraints on
each element, and minimize the Gibbs func-
tion for the chemical system. We calculate an
aqueous glycine activity of 107%% during
metastable aqueous alteration of pyrene at
100 °C, 100 bars, fy;; =1072, and fH set by
the mckel—-bunsemtg mineral assemblage
( fco is set to 10'* by the phase rule). The
correspondmg activity of aqueous cocaine
is 10737, consistent with the absence of
cocaine in carbonaceous chondrites.
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