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Sulfur on Early Earth
• Previously: H2S as prebiotic S 

source

• Biochemically motivated

• Ribonucleotide synthesis 
(Patel+2015)

• FeS clusters in 
protometabolism 
(Bonfio+2018)

• Problem: high H2S requires 
specific environments

NASA GSFC



Atmosphere as S-anion Source

Princeton University

H2S →HS- + H+ 
SO2+H2O→HSO3- +H+

HSO3-→SO32- + H+   

(c) G. Marsh/Creative Commons

• Volcanism: H2S, SO2

• Gases dissolve, dissociate

• Compute concentrations 
of S-anions as f(𝞍S)

• Basaltic plain 
emplacement: 
~100-1000x 
enhancement in 𝞍S 
(Halevy+2014)

• Key input: photochemical 
calculations (Hu+2013)



Millimolar

Micromolar

S in Shallow Ponds

• HS- (sulfide): 
generally low

• HSO3-, SO32- 

(sulfite): 
generally high

Ranjan et al., (2018),  Astrobiology, 18, 8



S in Shallow Ponds

• Main sulfite sink: 
disproportionation

• [Sulfite]>1 uM for 
shallow ponds

• Lower bound 
(neglects rainout, 
drainage ratio)

Ranjan et al., (2018),  Astrobiology, 18, 8

varying by 4 across the range of k17 suggested by Halevy
(2013). However, even with this uncertainty it is clear that
prebiotically relevant levels (‡1 mM) of SO2-derived anions
are available across the range of plausible sulfur outgassing
fluxes, with concentrations *1–10 mM if sulfite dispropor-
tionation is fast and *100–1000mM if sulfite dispropor-
tionation is slow. Note depending on k17, it is possible for
[HS-] in the dynamic calculation to exceed the value cal-
culated from solubility constraints; in reality, in well-mixed
solution H2S would de-gas when it reached the solubility
limit, voiding Eq. 19. In these cases, [HS-] is lower than the
value calculated from the dynamic method, modestly in-
creasing sulfite and bisulfite concentrations since Reaction
18 is slower. S-anion concentrations increase as dlake and
T decrease, and are ultimately limited by gas solubility.
Overall, our finding that prebiotically relevant levels of SO2-
derived anions were available in shallow well-mixed lakes
on early Earth is robust to the effect of redox reactions, but it
is possible for the precise concentrations to be lower than
from our equilibrium calculation depending on the depth
and temperature of the lake, and especially on the rate of
sulfite disproportionation k17. Constraining k17 is key to
improved modeling of abiotic sulfur chemistry.

5.3. Case study: Implications for cyanosulfidic
systems chemistry of Patel et al. (2015)

The cyanosulfidic prebiotic chemistry of Patel et al.
(2015) requires cyanide and sulfur-bearing anions, both as
feedstocks and as sources of hydrated electrons through UV-
driven photoionization. Patel et al. (2015) used HS- as their
sulfidic anion, and propose impact-derived sources of metal
sulfides (both from the impactor and from subsequent me-
tallogenesis) and evaporatively concentrated iron sulfides as

a source for HS-. This postulated mechanism requires spe-
cific, local environmental conditions to function. By con-
trast, simple exposure of a non-acidic lake to the atmosphere
anywhere on the planet would supply HSO3

- and SO3
2- at

prebiotically relevant levels to either supplement the pho-
tochemical reducing capacity of HS- or function as sole
sources of hydrated electrons in the Patel et al. (2015)
chemistry. Indeed, recent work by the same group suggests
that HSO3

- and SO3
2- can replace HS- as the source of

hydrated electrons upon UV irradiation, and thus drive those
parts of the reaction network that do not rely on HS- as a
feedstocks (Xu et al., in press). Reducing or eliminating the
dependence of the Patel et al. (2015) chemistry on HS- in
favor of HSO3

- or SO3
2- increases the robustness of this

chemistry, because no special local circumstances need to
be invoked. This illustrates how geochemistry can inform
improvements of the plausibility of prebiotic pathways.

Indeed, volcanism can be a source of more than sulfidic
anions. Volcanism can also be a source of phosphates
through partial hydrolysis of volcanically outgassed poly-
phosphates (Yamagata et al., 1991), and a supplementary
source of HCN through photochemical reprocessing of
volcanically outgassed reducing species like CH4 (Zahnle,
1986)13. Volcanism could thereby supply or supplement
many of the C-, H-, O-, N-, P-, and S-containing feedstock
molecules and photoreductants required by the Patel et al.
(2015) chemistry. The UV light also required by the Patel
et al. (2015) chemistry would be available at Earth’s surface
for all but the largest volcanic episodes (/S ‡ 3 · 1011 cm-2

s-1). Hence, epochs of moderately high volcanism may have

FIG. 5. Speciation of sulfur-bearing mol-
ecules in a shallow lake buffered to pH = 7 as
a function of total sulfur emission flux /S,
using a dynamic calculation with source at-
mospheric deposition and sink redox reac-
tions. The range of /S highlighted by Halevy
and Head (2014) for emplacement of basal-
tic plains on Earth is shaded in gray. Hor-
izontal dashed and dotted lines demarcate
micromolar and millimolar concentrations,
respectively. [HS-] would not be able to
achieve the high concentrations calculated
here for the slow disproportionation (low
k17) case due to solubility constraints.

13Though some concentration mechanism would be required to
achieve prebiotically relevant levels of HCN via this pathway.
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Fig. 4.— UV surface radiance for the early Earth as a function of �S, using the models of

Hu et al. (2013). The black solid line indicates the top-of-atmosphere (TOA) flux, i.e. the

irradiation incident at the top of the atmosphere from the young Sun. The vertical dashed

line demarcates 254 nm, the wavelength at which the low-pressure mercury lamps commonly

used in prebiotic chemistry experiments emit.

Surface UV Environment

• Abundant NUV 
available across 
most of 
plausible range 
of 𝞍S
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mechanisms involving cyanoferrate photoredox cycling are
proposed here (Scheme 2 and ESI 1.3†).

In conclusion, through sulfite (SO3
2!) and catalyzed, or

promoted by ferrocyanide ([FeII(CN)6]4!), SO2 can act as a more
efficient and globally available reductant than H2S in the
photochemically-driven homologation of HCN 1 to (precursors of)
biomolecules. Considering the ready availability of ferrous iron (FeII)
on early Earth, the ease with which atmospheric SO2 may be
concentrated into groundwater, and the numerous mechanisms
for supply of HCN, the sulfite-mediated, ferrocyanide-accelerated
photoreduction of cyanide offers a synthesis of sugars and
precursors of hydroxy acids and amino acids compatible with
a globally plausible geochemical scenario.
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Scheme 2 Proposed mechanisms for the photoredox cycling of iron(III)
3 iron(II) in the presence of Na2SO3.
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have rained-in to cyanide containing groundwater as hydroxy-
methanesulfonate 11. We therefore explored the chemistry
starting directly from 11 and observed efficient production of
glycolonitrile 6 when a solution of 11 was mixed with potassium
cyanide.

Starting with an initial ratio of cyanide to bisulfite/sulfite
(all in the form of hydroxymethanesulfonate 11) of 1 : 1, the
ratio of glycolonitrile 6 to hydroxymethanesulfonate 11 in the
mixture had reached 4 : 1 after equilibration (ESI), liberating
free bisulfite/sulfite to act as a reductant in subsequent photo-
chemistry. To determine the extent of Kiliani–Fischer homo-
logation upon irradiation, we again used 13C-labelled reagents
with analysis by 13C NMR spectroscopy (Fig. 1).

The equilibration reaction between hydroxymethanesulfonate
11 and cyanide with glycolonitrile 6 and bisulfite/sulfite was
mimicked by mixing 1 equivalent of 13C-labelled formaldehyde 5
with 2 equivalents of disodium sulfite and 2 equivalents of
13C-labelled potassium cyanide and adjusting the pH of the
solution to 7. Initially, only hydroxymethanesulfonate 11, glycolo-
nitrile 6 and excess HCN 1 were observed in the 13C NMR
spectrum. However, after irradiation for 12 h, nearly all the
hydroxymethanesulfonate 11 had been converted into glycolo-
nitrile 6, glyceronitrile 7, serine nitrile 16 (convertible to serine
by hydrolysis) and iminodiacetonitrile 15. Interestingly, a small
amount of acetaldehyde cyanohydrin 17 (convertible to lactate
by hydrolysis) was also produced in the reaction, which could
lead to alanine nitrile (convertible to alanine by hydrolysis) if
sufficient ammonia was present in the system at a later stage.2

We propose that acetaldehyde 18 originates from deoxygena-
tion of glycoaldehyde 2 (Scheme 1) as we had found using H2S
as the stoichiometric reductant in our earlier work.2 To quan-
tify the yields of reduced products, a known amount of
13C-labelled sodium formate was added to the solution as an

external standard, and the mixture was analyzed by quantitative
13C NMR spectroscopy (ESI). Reduced products constituted
34% of the mixture including glyceronitrile 7 (26%), serine
nitrile 16 (4%) and acetaldehyde cyanohydrin 17 (4%). Theore-
tically, reduced products could be obtained in up to 50% yield
from a 1 : 1 mixture of cyanide and bisulfite/sulfite, as the
reduction of one nitrile group requires two electrons released
from two equivalents of sulfite. After sparging argon through
the reaction mixture for 13 h to expel HCN 1 from the solution,
free glycolaldehyde 2 could be observed in the 13C NMR
spectrum (Fig. 1d).

In our previous synthesis using H2S as the reductant,
copper(I) cyanide was found to accelerate the photoreduction

Scheme 1 Reductive homologation of HCN 1. Colour scheme: previously observed chemistry using photoredox cycling of copper(II) 3 copper(I) with
the stoichiometric reductant being HCN 1 (blue), or H2S (red); previously observed transformations using either reductant (purple); additionally observed
new transformations (black).

Fig. 1 13C NMR Spectra of the reaction mixtures with 200 mM
13C-labelled KCN, 200 mM Na2SO3 and 100 mM 13C-labelled formaldehyde
(in 10% D2O in H2O). (a) 13C-Labelled 11; (b) as (a), then mixed with
13C-labelled KCN and NaH2PO4 at pH 7; (c) the mixture from (b) after
irradiation at 254 nm for 12.5 h; (d) the mixture from (c) after sparging with
argon for 13 h.

Communication ChemComm

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
5 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
5/

05
/2

01
8 

15
:2

7:
18

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online

Xu+2018; Patel+2015; Ritson+2012

Case Study: Cyanosulfidic Synthesis

• Case study: Patel+2015 
pathways (ribonucleotides, 

amino acids, sugars, lipid precursors)

• Before: HS- +h𝝂

• Now:  SO3
2- +h𝝂

• Realistic UV

• Fe, not Cu



Conclusions

• Volcanism: HSO3-, SO32- in 
shallow lakes/ponds

• Prebiotic chemistry using 
sulfites more robust

• High volcanism: good for S-
dependent chemistry (e.g., 
Xu+2018)

• Improvement: better sulfite 
kinetics. Photolysis?

David H. Harlow/U.S.Geological 
Survey
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Conclusions

• Volcanism: HSO3-, SO32- in 
shallow lakes/ponds

• Prebiotic chemistry using 
sulfites much more robust!

• Epochs of high volcanism: good 
for sulfur-dependent prebiotic 
chemistry (e.g., Xu+2018)

• Improvement: better sulfite 
kinetics. Photolysis?

David H. Harlow/U.S.Geological 
Survey



Volcanic Synergies

• HCN via high-altitude 
UV-reprocessing of 
CH4, N2 (Zanhle 1986)

• Phosphates via 
hydrolysis of outgassed 
polyphosphates 
(Yamagata+1991)

(c) G. Marsh/Creative Commons

3CH2 + N(4S)→HCN+ H 
CH3 + N(4S)→HCN+ H2 



Sensitivity to Atm. Redox State

• 100% N2: 

• S-anions: Still >µM, 
but lower 
concentrations



Sensitivity to Atm. Redox State

• 100% N2: 

• S-anions: Still >µM, but 
lower concentrations

• UV: Slightly lower


