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Recent research has hypothesized that hydrogen peroxide (H202) may have emerged from abiotic geochemical
processes during the Archean eon (4.0-2.5 Ga), stimulating the evolution of an enzymatic antioxidant system in
early life. This eventually led to the evolution of cyanobacteria, and in turn, the accumulation of oxygen on
Earth. In the latest issue of Redox Biology, Koppenol and Sies (vol. 29, no. 103012, 2024) argued against this
hypothesis and suggested instead that early organisms would not have been exposed to HoO5 due to its short half-

life in the ferruginous oceans of the Archean. We find these arguments to be factually incomplete because they do
not consider that freshwater or some coastal marine environments during the Archean could indeed have led to
H,0, generation and accumulation. In these environments, abiotic oxidants could have interacted with early life,
thus steering its evolutionary course.

Koppenol and Sies [1] argue that prior to the emergence of
oxygen-evolving photosynthesis on early Earth, dissolved Fe(Il) in the
oceans would have rapidly reduced HyO2 making it unavailable for
early ecosystems. This hypothesis of “short-life HyO, in the Archean”
was proposed based on a conceptual model illustrating thermodynamic
instability of H2O3 in iron-rich (ferruginous) Archean seawater. Their
conclusion contrasts with recent studies (e.g., He et al., 2021; Stone
et al., 2022; He et al., 2023; Wu et al., 2023) proposing that oxidants are
continually produced through abiotic reactions, such as the hydration of
radicals on fresh mineral surfaces. In turn, they could accumulate in
waters containing scarcely soluble Fe(II) species under the extremely
anoxic Archean atmosphere. Numerous lines of geochemical evidence
have demonstrated the existence of oxygen oases in the Archean [2-4],
aligning with genetic evidence supporting the evolution of the antioxi-
dant system in weakly oxidized microenvironments and the freshwater
origin of cyanobacteria [5,6].

DOI of original article: https://doi.org/10.1016/j.redox.2023.103012.
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Koppenol and Sies [1] explored the viability of diverse mechanisms
for HyOo-production through the calculation of their Gibbs energies.
Utilizing thermodynamic prediction to estimate HyO, production via
various abiotic reactions, such as ionizing irradiation [7], atmospheric
reactions [8], surface reactivity of pyrite (FeSy) [9-11] and silicate
minerals [12-14], and the condensation of water vapor [15,16], is a
reasonable approach. However, the experiments conducted under
simulated Archean atmospheric conditions [9-16] have unequivocally
established the potential for HoO5 production in abiotic reactions. In
certain instances, even micromolar quantities of HoO, were immediately
detected in the reactions between H,O and radicals on the surface of
abraded quartz and silicate minerals [12-14]. Nevertheless, it is
imperative to first clarify the experimental conditions used in previous
work as well as the geological context in the Archean, before subjecting
H,0, generation by minerals to technical testing.

Koppenol and Sies [1] addressed a technical challenge regarding the
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Fig. 1. The stability of H>O, in aqueous bodies at the presence/absence of Fe(II). (a) The effect of Fe(II) concentration on the stability of HoO» (Used by permission of
Elsevier, from Wang (2003) Dyes. Pigm. 76 (3), Figure 4a and 714-720). If H,O, reacts with Fe(II) to form *OH, H,O,-probe molecule is readily oxidized by the *OH
and its concentration decreases. (b) The relationship between the absorbance of CV' and the H,0, concentration that was determined by using LCV method without

EDTA addition (He et al. [12]).

use of ethylene diamine tetraacetic acid (EDTA) as a chelating agent for
Fe(Il) in HoO5 measurements. They noted that chelating Fe(II) with
EDTA did not effectively prevent HoO5 dissociation through Fenton re-
actions. In the leuco crystal violet (LCV) method, commonly used for
H20; quantification, LCV is first added to filtered liquid samples. It is
then oxidized by hydroxyl radicals (*OH) produced from the dissociation
of Hy0; catalyzed by horseradish peroxidase, resulting in the formation
of the colored crystal violet cation (cv™), which is subsequently
measured with a UV-Vis spectrophotometer. The LCV method, without
EDTA-mediated iron chelation, is widely used in laboratory or field
H,0, concentration measurements, and its results are consistent with
those obtained using the fluorometric method [17,18]. The presence of
transition metal ions in mineral suspension can catalyze H,O, dissoci-
ation before its concentration is measured. Cohn et al. [19] used EDTA
as an effective iron chelator to stabilize HoOy in pyrite suspensions.
However, Koppenol and Sies [1] argued that EDTA fails to inhibit the
catalysis of HoO, dissociation by Fe(II). While they are correct on this
point, their criticism of the HyO5 quantification method by He et al.
[12-14] is misplaced. Indeed, He et al. [12-14] clarified that EDTA was
not used in their experiments due to the extremely low Fe content
(0.01%) in their selected model mineral, quartz. The concentration of
dissolved Fe(II) for the quartz suspension (17.82 ppm at a loading of 0.5
g mL’l; see Supplementary Information of Wu et al. [14]) was signifi-
cantly lower than that of the pyrite suspension (~1904 ppm at a loading
of4g LY [9], leading to relatively stable HyO4 generation in abraded
quartz as shown by the changes in HyO2 probe molecule concentration at
[Fe(ID] = 5.0 x 10~ M (F ig. 1a). In their particle loading experiments,
He etal. [12] demonstrated a strong linear correlation between the HoO4
yield and the amount of abraded quartz (r> = 0.985), indicating the
H0; stability without the addition of EDTA. Moreover, the perfect
linear correlation between absorbance of CV'™ and H,O, concentrations
% = 0.999) (F ig. 1b) underscores the robustness of the HyO5 quantifi-
cation using the LCV method in iron-deficient samples. Consequently,
the experimental results provide a reliable basis for the authors to reveal
the mechanism of HyO2 generation by minerals [12-14].

Could there have been weakly oxidized microenvironments in the
Archean? It is well established that the atmosphere-ocean system on the
Archean was highly reduced [21]. Koppenol and Sies [1] propose a short
half-life (~0.7 s) of HyO5 in the Archean ferruginous oceans, attributing
it to the instantaneous dissociation of HyO4 induced by the widespread
presence of geochemically active Fe(II) species. We agree that the con-
ditions in early bulk seawater (e.g., [Fe(I)] = 0.1 mM, P(CO3) = 0.1 atm
[22]) likely inhibited the accumulation of HyOs. It is, therefore, plau-
sible that the Archean marine organisms might not have been exposed to

H30, generated in situ and/or transported into seawater, given its im-
mediate dissociation upon contact with Fe(II). However, geochemical
evidence now indicates that Archean terrestrial and some coastal envi-
ronments had more redox heterogeneity than the oceans [2,3], and that
transient oxidation events occurred under a globally anoxic atmosphere
[3,23]. In water bodies with low levels of Fe(Il), the accumulation of
H20;, is feasible, allowing for the existence of weakly oxidized micro-
environments. In fact, geological findings from freshwater and shallow
marine deposits of the 3.2 Ga Moodies Group [24] reveal the widespread
presence of calcite rather than aragonite. As calcite growth is signifi-
cantly impeded by even trace concentration of dissolved Fe(II), the
occurrence of calcite suggest that the concentration of Fe(Il) in the
ancient river water was below 10 pM [25,26]. Consequently, the HyO4
generated by quartz abrasion would possess a much longer half-life than
the reference time (3.6 h, [Fe2+] =16 pM) (Fig. 1), thereby potentially
accumulating in coastal settings [20]. Furthermore, calculations of HyO,
concentration imply the probable presence of a weakly oxidized zone in
such settings [12], a notion supported by continental weathering of
sulfide, specifically the sulfur isotopic composition of barite from the
Moodies Group [27]. In addition, mineral radicals oxidize HoO to HoO>
in the anoxic groundwater in faults along the Himalayan Mountains,
mirroring the formation of weakly oxidizing microenvironments in the
subsurface and near-surface areas of tectonically active areas in the
Archean [13,28]. Similar H,O2-producing processes might also occur in
hot subsurface [29]. Thus, given the varied redox chemistry across the
Archean terrestrial surface and the ubiquitous geodynamic activity, the
existence of weakly oxidized microenvironments on the Archean Earth
should not be considered unusual.

Irrespective of the sedimentary evidence, phylogenetic analyses posit
that oxygen-detoxifying enzymes, such as catalases, emerged early in
life, predating biogenetic O,. This implies that early microorganisms,
including the Last Universal Common Ancestor (LUCA), already had
exposure to abiotic oxidants and thus evolved mechanisms to manage
oxygen toxicity [30,31]. Ancestral cyanobacteria evolved a hetero-
dimeric photosystem I reaction center as a protective antioxidant system
[32], and utilized superoxide dismutase enzymes (SODs) with copper
and zinc cofactors (CuZnSOD) to remove superoxide free radicals (0%)
during the Archean [33]. Recent studies further propose that the
ancestral cyanobacteria may have evolved in terrestrial environments
with low-salinity and freshwater [5,6,34], such as in the environment
where the stromatolites of the Ventersdrop Group were deposited [35]
or in the mats that colonized fluvial and coastal siliciclastic sediments
which became the Moodies Group [36]. This is consistent with the
geochemical conditions of the weakly oxidized microenvironments
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mentioned above [27,37]. Importantly, in such terrestrial environments
with low Fe(Il) concentrations, HoO; could persist for an extended
period, potentially triggering the development of antioxidant enzymes
in ancestral cyanobacteria.

In conjunction with the insights from Koppenol and Sies [1], we
introduce a significant geological scenario proposing the creation of
weakly oxidized microenvironments through the introduction of HyOo
generated by minerals on the Archean terrestrial surface. It is crucial to
highlight that the ecological niche during the Archean extended beyond
the oceans, and that the long-overlooked terrestrial ecosystems merit
more consideration [38-40]. The weakly oxidized microenvironments
likely provided valuable opportunities for the evolution of early life in
the Archean.
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