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In 1953, Miller (1) published a short paper de-
scribing the spark discharge synthesis of amino
acids from a reducing gas mixture thought to rep-

resent the atmosphere of the early Earth. This exper-

iment showed that the basic molecules of life could
be synthesized from simple molecules, suggesting that
Darwin’s “warm little pond”was a feasible scenario.

AfterMiller’s death on 20May 2007, we found
several boxes containing vials of dried residues.
Notebooks (2) indicated that the vials came from his
1953–54 University of Chicago experiments that used
three different configurations (3, 4). One was the
original apparatus used in (1). Another incorporated
an aspirating nozzle attached to the water-containing
flask, injecting a jet of steam and gas into the spark.
The third incorporated the aspirator device but used a
silent discharge insteadof electrodes.AlthoughMiller
repeated his experiment in 1972 with use of the origi-
nal architecture (5), the others were never tested again.

We were interested in the second apparatus be-
cause it possibly simulates the spark discharge syn-
thesis by lightning in a steam-rich volcanic eruption
(6) (Fig. 1A). Miller identified five different amino

acids, plus several unknowns, in the extracts from
this apparatus (3). Product yields appeared some-
what higher than those in the classical configu-
ration, although Miller never confirmed this. We
reanalyzed 11 vials in order to characterize the
diversity of products synthesized in this apparatus.

The residues in the vials were resuspended in
1-ml aliquots of doubly distilled deionized water and
characterized by high-performance liquid chroma-
tography and liquid chromatography–time of flight
mass spectrometry that allows for identification at
the sub-picomolar (<10−12 M) level (2). We identi-
fied 22 amino acids and five amines in the volcanic
experiment (Fig. 1C), several of which had not been
previously identified in Miller’s experiments. Vials

from the other two experiments were also reanalyzed
and found to have a lower diversity of amino acids
(table S1). The yield of amino acids synthesized in
the volcanic experiment is comparable to, and in
some cases exceeds, those found in the experiments
Miller conducted (1, 3, 5). Hydroxylated com-
pounds were preferentially synthesized in the vol-
canic experiment. Steam injected into the spark
may have generated OH radicals that reacted with
either the amino acid precursors or the amino
acids themselves (7).

Geoscientists today doubt that the primitive at-
mosphere had the highly reducing compositionMiller
used. However, the volcanic apparatus experiment

suggests that, even if the overall
atmosphere was not reducing, localized
prebiotic synthesis could have been
effective. Reduced gases and lightning
associated with volcanic eruptions in hot
spots or island arc–type systems could
have been prevalent on the early Earth
before extensive continents formed (8).
In these volcanic plumes, HCN, al-
dehydes, and ketones may have been
produced, which, after washing out of
the atmosphere, could have become in-
volved in the synthesis of organicmole-
cules (3, 4, 8). Amino acids formed in
volcanic island systems could have
accumulated in tidal areas, where they
could be polymerized by carbonyl
sulfide, a simple volcanic gas that has
been shown to form peptides under
mild conditions (9).
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Fig. 1. (A) Lightning associated with the 3 May 2008 eruption of the Chaiten volcano, Chile. [Photo credit: Carlos Gutierrez/UPI/
Landov] (B) The volcanic spark discharge apparatus used by Miller (3). Gas quantities added were 200 torr of CH4, 200 torr of NH3,
and 100 torr of H2 [these would have dissolved in the water according to their solubilities (2)]. Water was added to the 500-cm

3 (cc)
flask and boiled, and the apparatus sparkedwith a Tesla coil for 1 week; (C) Moles (relative to glycine =1) of the various amino acids
detected in the volcanic apparatus vials [see (2) and table S1 for abbreviations]. Amino acids underlined have not been previously
reported in spark discharge experiments. Values for amines areminimumvalues because of loss due to their volatility duringworkup.
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