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There are often simple and broad patterns in a seemingly chaotic history of a 9 

complex system that is filled with random events. Earth history is not an exception. For 10 

example, driven by mantle convection and plate tectonics, Earth's continents have 11 

repeatedly assembled into supercontinents and then broken apart—the supercontinent 12 

cycle (~400–600 million years) [1-3]. Episodic large igneous provinces may have 13 

triggered several mass extinction events of macroscopic life forms in the Phanerozoic 14 

Eon (since 541 Ma) [4, 5]. Identifying general patterns like these not only helps to 15 

reveal deep, underlying mechanisms but also offers excellent pedagogical frameworks 16 

in exploring Earth history. Here I highlight another grand pattern: The Grand Mirror of 17 

Isotope Anomalies (GMIA). 18 

Earth surface has become more and more oxidized over time as evident from the 19 

geological record [6-8]. Hydrogen escape may have played an important role in the 20 

early stage [9, 10]. Subduction of organic matter and pyrite into the mantle may be the 21 

sustained driving force [11, 12], with even deeper mantle-crustal processes playing a 22 

role [13]. A consequence of these processes is the rising of O2 concentration (pO2) in 23 

the atmosphere, followed by oxygenation of the shallow oceans and eventually the deep 24 

oceans. Associated changes include the scavenge of Fe(III) by O2 and Fe(II) by sulfide 25 

as well as the increase of SO4
2- concentration in the ocean overtime. Various positive 26 

and negative feedback loops are in play. 27 

In the midst of this complex and irreversible evolution, there is a threshold of 28 

atmospheric O2 concentration and therefore that of total atmospheric ozone column 29 

thickness. Below that threshold, deep ultraviolet can reach the ground or the 30 

troposphere and non-mass-dependent (NMD) sulfur isotope fractionation can be readily 31 

generated by the photolysis of volcanic SO2 at Earth surface and the signatures (i.e., 32 

non-zero Δ33S values) preserved in rock record. Above that threshold, NMD sulfur 33 

isotope signatures can no longer be generated readily in the troposphere and even more 34 

difficult to be preserved in rock record due to increasing intensity of microbial sulfur 35 

redox cycling. Instead, NMD oxygen isotope signatures appear in the atmosphere. This 36 

is because below the threshold, atmospheric CO2-O2-O3 network reaction is 37 

insignificant; above the threshold, atmospheric O2 bears non-mass-dependently 17O-38 

depleted signature while O3 bears 17O-positive signature (i.e., non-zero Δ17O values) 39 

[14]. This pO2 threshold is likely at 10-5 Present Atmospheric Level based on 40 

atmospheric chemistry models [15, 16]. The transition was coined the Great Oxidation 41 

Event (GOE), occurring at ~2.3 Ga [7], when atmospheric CO2-O2-O3 network reaction 42 

was becoming significant. Thus, the Δ33S and Δ17O of atmospheric compounds should 43 

constitute a mirror image of each other divided at ~2.3 Ga over the now ~4.6 billion-44 

year Earth history, i.e., we will see a Grand Mirror of Isotope Anomalies over the axis 45 

of the entire geological time (Fig. 1). The GMIA hypothesis hinges upon the existence 46 

of a pO2 threshold and its impacts on the underlying chemistries that produce and 47 

preserve the NMD 33S and 17O anomalies. 48 

The GMIA hypothesis has to imprint its atmospheric signatures into minerals and 49 

rocks in order to be preserved and tested. Making the atmosphere-rock connection is 50 
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not straightforward. That’s where the geochemists step in. The proposed mechanism [6] 51 

is that when SO2 is photolyzed by UV in the atmosphere, elemental sulfur and S(VI)O3 52 

are produced. The water-insoluble elemental sulfur, S8 mostly, undergoes further 53 

disproportionation to generate S- and subsequently to solid FeS/FeS2 and S(IV) species 54 

while the S(VI)O3 hydrolyzes to water-soluble SO4
2- and subsequently locked in 55 

minerals like barite or anhydrite. The sulfide minerals bear Δ33S-positive while the 56 

SO4
2- bears Δ33S-negative signatures. Importantly, due to the apparent dearth of sulfide 57 

oxidation and sulfate reduction in early Earth environment, these contrasting signatures 58 

were not homogenized or erased.  59 

On the oxygen side, stratospheric CO2-O2-O3 reaction results in O3 and CO2 60 

bearing distinct positive Δ17O values while O2 bearing negative Δ17O value [17]. 61 

Stratospheric 17O-depleted O2 mixes with photosynthetically produced, 17O-normal O2 62 

to make 17O-depleted tropospheric O2. Tropospheric O3 also bears large positive Δ17O 63 

values. When sulfate forms via the oxidation of sulfide minerals or SO2 gas, sulfate 64 

oxygen can carry tropospheric O2 or O3 signatures. Sulfate minerals are the most 65 

reliable recorder of the past atmospheric O2 and O3 signatures [18]. 66 

Although much of the geological time axis remains to be filled, the rock record 67 

has revealed a broad pattern of the expected GMIA. With a vertical 33S- or 17O-anomaly 68 

axis centered at ~2.3 Ga on the time axis, we can divide the diagram into four quadrants. 69 

The 2nd, the positive Δ33S quadrant before 2.3 Ga has been occupied by sedimentary 70 

pyrite. We see 33S anomalies in the sedimentary sulfides as old as the oldest rocks on 71 

Earth [19]. Only sporadic barite occurrences before 3.2 Ga and pyrite clusters around 72 

2.5 Ga have occupied the 3rd, the Δ33S-negative quadrant before 2.3 Ga. Recent 73 

discovery of NMD 17O depletion in sulfate [20-23] has filled most of the time intervals 74 

in the 4th, the Δ17O-negative quadrant after 2.3 Ga, while only younger-than-30-Ma 75 

volcanic-ash-bed [24] or hyperarid sulfate deposits [25, 26] dotted the 1st, the Δ17O-76 

positive quadrant after 2.3 Ga. The lack of positive Δ17O records in geological history 77 

is apparently a preservation issue: Δ17O-positive sulfate minerals can only accumulate 78 

in arid and hyperarid continental settings which can hardly survive erosion in a 79 

tectonically active planet. 80 

Despite the confirmed pattern of the GMIA, a few exceptions to the GMIA do exist 81 

and their resolution may strengthen or potentially weaken the GMIA hypothesis. The 82 

most outstanding piece of the exceptions is the positive and negative Δ33S values found 83 

in modern atmospheric sulfate of anthropogenic or volcanic sources [27-31]. Sulfur 84 

from the late Ordovician black shales in South China also display distinctly positive 85 

Δ33S values [32]. Some of the Paleoproterozoic [33] and the latest Permian pyrite grains 86 

[34] were reported to be distinctly positive or negative in Δ33S values. The modern 87 

atmospheric 33S anomalies may be explained by the unprecedent high-spatial-temporal 88 

sampling resolution that has captured the reaction-transport effects which are otherwise 89 

homogenized in geological samples. The discoveries of Proterozoic and Phanerozoic 90 

sedimentary 33S anomalies, while puzzling, have not yet constituted a critical challenge 91 

to the existing pO2 threshold paradigm. The GMIA hypothesis will be continuously 92 

tested and enhanced with new data. 93 
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