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 21 

The initial rise of molecular oxygen (O2) shortly after the Archean-Proterozoic transition 2.5 billion 22 

years (Ga) ago was more complex than the single step-change once envisioned. Sulfur mass-23 

independent fractionation (S-MIF) records suggest that the rise of atmospheric O2 was oscillatory, 24 

with multiple returns to an anoxic state until perhaps 2.2 Ga ago
1,2,3

. Yet, few constraints exist for 25 

contemporaneous marine oxygenation dynamics, precluding a holistic understanding of planetary 26 

oxygenation. Here we report thallium (Tl) isotope ratio and redox-sensitive element (RSE) data for 27 

marine shales from the Transvaal Supergroup, South Africa. Synchronous with S-MIF evidence of 28 

atmospheric oxygenation in the same shales
3
, we find lower authigenic 

205
Tl/

203
Tl ratios indicative of 29 

widespread manganese (Mn) oxide burial on an oxygenated seafloor and higher RSE abundances 30 

consistent with expanded oxygenated waters. Both signatures disappear when S isotope data evidence 31 

brief returns to an anoxic atmospheric state. Our data connect recently identified atmospheric O2 32 

dynamics on early Earth with the marine realm, marking a turning point in Earth’s redox history 33 

away from heterogeneous and highly localized “oasis”-style oxygenation. 34 



 2 

 35 

The timing and tempo of the initial rise of molecular oxygen (O2) on Earth, commonly referred to as the 36 

“Great Oxidation Event” (GOE), remains a topic of intense debate4. This debate is fueled in large measure 37 

by the links connecting O2 to life. Large-scale O2 production requires oxygenic photosynthesis, and so by 38 

understanding the GOE we come to better understand one of life’s earliest and most profound impacts on 39 

our planet. The GOE forever changed the evolutionary trajectory of life on Earth, eventually setting the 40 

stage for the evolution and rise of animal life.  41 

 42 

The evidence commonly referred to as a ‘smoking gun’ for the GOE is the disappearance of sulfur mass-43 

independent isotope fractionation (S-MIF) from Earth’s ancient sedimentary record5. Generation of S-MIF 44 

is mediated by photochemical reactions that occur in the absence of a stratospheric ozone (O3) layer, and 45 

therefore requires an atmosphere with negligible amounts of the O2 from which O3 derives. One-46 

dimensional photochemical models that simulate S-MIF production and preservation estimate a partial 47 

pressure of O2 (pO2) below 10–6 (0.0001%) of the present atmospheric level (PAL), what essentially 48 

amounts to trace levels of O2
6,7.  49 

 50 

Early datasets suggested that S-MIF sharply and irreversibly disappeared from Earth’s sedimentary record 51 

2.3 Ga ago8,9. This rapid disappearance is captured most clearly in sedimentary rocks from the Transvaal 52 

Supergroup from South Africa, specifically those spanning the boundary between the Rooihoogte and 53 

Timeball Hill formations. Taken at face value, these S isotope data seemed to indicate a singular and rapid 54 

atmospheric O2 rise lasting ~1–10 million years9. More recent datasets have, however, uncovered multiple 55 

episodes of S-MIF disappearance and reappearance in the overlying strata3 (Figure 1A). Similar S-MIF 56 

dynamics are found in sedimentary deposits from Western Australia1 and Fennoscandia2. The minutia of 57 

these expanded datasets remains a topic of continued investigation10,11. Nevertheless, their most 58 

straightforward explanation remains an oscillatory initial rise of O2 in Earth’s atmosphere, lasting a few 59 

hundred million years3,12.  60 

 61 

While much progress has recently been made in our understanding of atmospheric O2 dynamics across the 62 

GOE, our understanding of coeval marine O2 dynamics has not kept pace. Before the GOE, evidence of 63 

local O2 accumulation is found at times and places in the surface ocean – in so-called “oxygen oases” – 64 

alongside S-MIF evidence of a persistently anoxic atmosphere13,14. Following the disappearance of S-MIF, 65 

oceanic and atmospheric oxygenation have generally fluctuated in tandem, with changes to one directly 66 

affecting the other (albeit with some incongruency controlled by marine biogeochemical cycling, for 67 

example during Mesozoic Oceanic Anoxic Events4). The importance of this transition away from oases-68 
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style oxygenation is of major importance, as it marks the first development of a stably oxygenated global 69 

surface ocean15. But the timing of this transition is currently unknown.  70 

 71 

We attempt to track this oxygenation transition using sedimentary thallium (Tl) isotope ratios (reported as 72 

205Tl = (205/203Tlsample  205/203TlNIST–997 – 1)  10,000). Thallium isotopes can track ancient ocean 73 

oxygenation by reconstructing past changes in seafloor manganese (Mn) oxide burial, a process that 74 

requires O2-bearing bottom waters16. A uniquely large positive isotope fractionation effect is imparted on 75 

Tl during sorption to Mn oxides (up to  = 1.0021, where  = (205Tl/203Tl)solid/(
205Tl/203Tl)solution), in particular 76 

hydrogenous Mn oxides that precipitate directly from oxygenated seawater and that are constituted 77 

primarily of hexagonal birnessite17,18. Modern seawater is enriched in the lighter-mass Tl isotope because 78 

of widespread seafloor Mn oxide burial on today’s well-oxygenated seafloor (seawater 205Tl = –6 79 

compared to the modern seawater input value of 205Tl  –2 [ref 19]). The seawater 205Tl value is today, 80 

and was likewise probably also in Earth’s past, transferred to sulfide minerals (e.g., pyrite) in sediments 81 

formed under reducing conditions (defined here as lacking sedimentary Mn oxide burial, for example in 82 

fully anoxic sediments or sediments with a shallow porewater oxygen penetration depth20,21,22). These 83 

sulfide minerals can be targeted with acid-leaching techniques (see Methods) and their “authigenic” Tl 84 

isotopic composition (205TlA) can then be used as a direct estimate for the ancient seawater 205Tl value20,23.  85 

 86 

We complement our isotopic data with sedimentary redox-sensitive element (RSE) enrichments. We focus 87 

on two RSEs: molybdenum (Mo) and uranium (U). Oxidative weathering serves as the primary input 88 

mechanism of Mo and U to modern seawater24,25. During this process, Mo and U are oxidized, liberated 89 

from the upper continental crust, and delivered to oceans as the soluble molybdate oxyanion (MoO4
2-) and 90 

uranyl carbonate complex (UO2[CO3]3
4-). These species are stable over a very long timeframe in today’s 91 

well oxygenated ocean, evident by their calculated residence times of ~440 kyr for Mo25 and ~400 kyr for 92 

U26. At multiple times in Earth’s past, the spread of anoxic seawater dramatically decreased the solubility, 93 

and hence concentrations, of Mo and U in the global ocean. The removal efficiency of these elements is so 94 

high under anoxic conditions (anoxic and sulfidic conditions in the case of Mo27) that substantial reservoir 95 

drawdown is even possible under high rates of supply via oxidative weathering (e.g., during Mesozoic 96 

Oceanic Anoxic Events, when pO2 was comparable to today28). Thus, seawater Mo and U reservoir sizes 97 

are modulated by changes in both oxidative weathering and global marine redox, but changes to the latter 98 

can outcompete the former. Evidence of large seawater Mo and U reservoirs is strong evidence of 99 

oxygenated oceans, especially during the Precambrian when lower pO2 led to substantially decreased rates 100 

of oxidative weathering4.   101 

 102 
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We apply our paleoceanographic tools to organic-rich shales from the ~2.31 to 2.22 Ga Rooihoogte and 103 

Timeball Hill formations preserved in drill core EBA-2 (Fig. 1; see Methods). The EBA-2 drill core captures 104 

the abrupt disappearance of S-MIF in the uppermost Rooihoogte Formation once thought to signify the 105 

transition to a permanently oxygenated atmosphere (~1,340 m drill-core depth8,9; see Fig. 1A/G). This S-106 

MIF disappearance occurred prior to 2,316 ± 7 Ma according to a Re-Os age derived from overlying 107 

shales29. The EBA-2 drill core also captures the more recently identified S-MIF dynamics extending into 108 

the Timeball Hill Formation indicating a protracted, oscillatory GOE (extending upward to ~800 m core 109 

depth3; Fig. 1A). These S-MIF dynamics extend beyond 2,256 ± 6 Ma according to U-Pb ages derived from 110 

tuff beds located in the uppermost part of this formation30. 111 

 112 

Previously reported data suggested that some EBA-2 samples were deposited under the locally reducing 113 

conditions ideal for seawater 205Tl capture3,31. Across the Rooihoogte-Timeball Hill boundary, and 114 

concurrent with multiple S-MIF oscillations, many samples show an elevated proportion of highly reactive 115 

to total Fe (FeHR*/FeT  0.38; where FeHR* includes a correction for loss of highly reactive Fe to clay 116 

minerals during early diagenesis3) and high total organic carbon (TOC) contents (Fig. 1). These combined 117 

signatures indicate sedimentation beneath at least locally anoxic bottom waters32. The new RSE data also 118 

support this interpretation. Elevated Mo and U enrichment factors (EFs; calculated relative to bulk upper 119 

continental crust33 as Metal EF = (Metal/Al)sample  (Metal/Al)crust) across the Rooihoogte-Timeball Hill 120 

boundary (Fig. 2D/E, 2J/K) indicate efficient RSE removal, and hence also require anoxic bottom waters 121 

(anoxic and sulfidic in the case of Mo27). This interval captures the most pronounced S-MIF fluctuations 122 

present in the EBA-2 drill core, thus providing particularly strong evidence for fluctuating atmospheric 123 

oxygen levels. Samples from the Timeball Hill Formation above ~1,300 m drill core depth were often 124 

deposited under locally oxic conditions according to Fe speciation data (Fig. 1B) and these samples are thus 125 

unlikely to always be reliable seawater 205Tl archives3. However, certain samples above ~1,300 m, 126 

including some that carry a S-MIF signature indicative of a return to atmospheric anoxia3, do have elevated 127 

FeHR*/FeT ratios and slightly elevated U EF values, supporting anoxic water column conditions conducive 128 

to seawater 205Tl capture. 129 

 130 

Coherent trends emerge between our paleoceanographic tools and the multiple S isotope data reported for 131 

the same samples (Fig. 3A-3C). Lower-than-crustal 205TlA values, down to –5.1 ± 0.2, are found 132 

exclusively in samples without a clear S-MIF signature (i.e., where 33S = 0.0  0.3‰10; Fig. 3A). Strong 133 

Mo and U EFs, as high as Mo EF = 384 and U EF = 46, are also commonly found in these same samples 134 

(Fig. 3B-3C), although fewer samples have elevated Mo EF due to the additional requirement for elevated 135 
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water column sulfide concentrations27. The opposite trends, higher 205TlA values and lower Mo and U EFs, 136 

are found in S-MIF-bearing samples, including those that document short-lived intervals of atmospheric 137 

anoxia in the upper part of the succession (i.e., above ~1,300 m). 138 

 139 

The geochemical coherence found across the Rooihoogte-Timeball Hill formation boundary supports a 140 

coupled relationship between atmospheric and oceanic oxygenation, rather than a decoupled oxygen ‘oasis’ 141 

scenario. Lower 205TlA values indicate widespread burial of Mn oxides beneath O2-bearing bottom waters 142 

on the seafloor at the same time S-MIF loss indicates atmospheric oxygenation. This inference is 143 

corroborated by the coeval Mo and U enrichments, which require some combination of widespread 144 

oxygenated seawaters and intensified oxidative weathering on land. By contrast, higher 205TlA values 145 

indicate little to no seafloor Mn oxide burial at the same time S-MIF signals indicate a return to an anoxic 146 

atmospheric state. This is again corroborated by the RSE data, which require some combination of expanded 147 

anoxia on the seafloor and less intense oxidative weathering on land to account for the generally much 148 

smaller enrichments.  149 

 150 

Alternative means for driving low sedimentary 205TlA values do exist, but none of them appear applicable 151 

in this case. It is possible that biomass may preferentially incorporate the lighter-mass Tl isotope, and if so 152 

sediments that receive a large proportion of their Tl from biomass could have low 205Tl values22. More 153 

work is warranted on the topic, but this scenario seems unlikely based on currently available Tl isotope 154 

data; no modern marine sediments studied to this point possess low 205TlA values that can be convincingly 155 

linked to delivery of Tl via biomass21,22. Previous work has established that the EBA-2 drill-core was 156 

deposited near an ancient redoxcline31, and therefore the general sample-to-sample 205TlA scatter found 157 

near the Rooihoogte-Timeball Hill formation boundary (Fig. 1L) could also be linked to local redox changes 158 

(e.g., redox changes that promote Mn oxide formation and dissolution). Changes in terrigenous influx seem 159 

an unlikely explanation for the observed trends, as is also the case for the multiple S isotope variations10, 160 

because this material would be expected to have a 205Tl value more or less similar to average upper 161 

continental crust, with 205Tl  –2.  162 

 163 

Low inferred seawater 205Tl values near the Rooihoogte-Timeball Hill formation boundary suggest 164 

sufficient bottom water O2 accumulation for widespread burial of Mn oxides. Uncertainties surrounding the 165 

flux per areal unit of Tl removal into the different types of marine sediments deposited during the GOE, or 166 

what the different sediment types even were, preclude quantitative estimations of the areal extent of seafloor 167 

oxygenation34. Additional uncertainties associated with ancient ocean mixing timescales and seawater Tl 168 
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residence times complicate assumptions of a globally homogenous seawater Tl reservoir. Nonetheless, it 169 

stands to reason that a low seawater 205Tl value, and by extension also the oxic area of seafloor Mn oxide 170 

burial required to promote it, was at least regional in extent, and potentially occurred over a significant 171 

portion of the global seafloor. The dissolved seawater Mn reservoir before the GOE was very large, perhaps 172 

four orders of magnitude larger than today35, because reduced Mn(II) is more soluble than its oxidized  173 

Mn(III/IV) counterparts and would have been the predominant stable form of Mn in an overwhelmingly 174 

anoxic global ocean. Hence, in the relatively small areas of the Paleoproterozoic shallow ocean that were 175 

persistently oxygenated, Mn oxide burial rates could have been very high, exerting substantial leverage on 176 

seawater 205Tl values. Consistent with this prediction, the world’s largest sedimentary Mn deposit, the ~2.4 177 

Ga old Hotazel Formation in South Africa36, is also found at a time of inferred atmospheric O2 instability 178 

prior to the end of the GOE12. 179 

 180 

Anaerobic Mn-oxidation pathways are sometimes invoked as an alternative means for explaining evidence 181 

of Mn-oxide precipitation prior to the GOE. The two most commonly invoked pathways are anoxygenic 182 

photosynthesis (via Mn-oxidizing phototrophs37,38) and abiotic photo-oxidation (via UV-light39). Crucially, 183 

both pathways are light-dependent and would thus have been relegated exclusively to the photic zone. Even 184 

if formed in this manner, Mn oxides would be very unlikely to survive transit through anoxic waters below 185 

the photic zone, let alone long-term burial in sediments with persistently anoxic pore waters34. Thallium 186 

would be released back into the water column during the reductive dissolution process, preventing a net 187 

isotope fractionation effect22.  188 

 189 

An absence of low 205TlA values above ~1,300 m core depth in the Timeball Hill Formation is notable and 190 

seems to indicate less prolific Mn oxide burial on the seafloor over this extended period. Muted Mn oxide 191 

burial does not necessarily imply less widespread oxygenated bottom waters. Rather, a diminished 192 

dissolved seawater Mn(II) reservoir was more likely to blame (illustrated in Fig. 3). Surface ocean 193 

oxygenation was generally more stable after S-MIF loss ~2.3 Ga ago15, equating to a larger area of seafloor 194 

capable of burying Mn oxides. However, burial in each individual environment would now be limited by 195 

lowered Mn(II) availability. If this hypothesis is correct, then ~2.3 Ga could mark a dramatic turning point 196 

for the global marine Mn cycle.  197 

 198 

Earth surface redox ~2.3 Ga ago was clearly different from the preceding time interval; pO2 was higher and 199 

fluctuated in concert with at least regional changes in ocean oxygenation. Evidence of regional seawater 200 

oxygenation is found ~2.5 Ga ago and before, but always alongside S-MIF evidence of a functionally anoxic 201 

atmosphere14. Two particularly prominent transient “whiffs” of oxygen are identified in the late Archean 202 
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sedimentary record ~2.65 Ga and ~2.50 Ga ago. The younger ~2.50 Ga old event was particularly strong 203 

according to, amongst other data, Mo EF values as high as 82 and 205Tl values as low as –4.3 in organic-204 

rich shales from the Mount McRae Shale, Western Australia34,40. And yet, S-MIF remained a persistent, 205 

uninterrupted feature of the sedimentary record across this event41. Compare these signals to those 206 

recovered from the Rooihoogte and Timeball Hill formations (Fig. 2). Higher Mo EF values, up to 384, 207 

indicate more intense oxidative weathering on land (note however that an expanded area of emerged, 208 

weatherable land42 could also have contributed to this Mo EF increase). Higher U EF values, up to 46, are 209 

even more compelling. Unlike Mo, U is not strongly enriched in shales formed during the ~2.50 Ga whiff 210 

event (U EF values are less than 342). The lack of U enrichment in the older shales is probably due to the 211 

higher oxidation requirements of uraninite (UO2), the primary crustal U host, relative to sulfides, the 212 

primary crustal Mo host44. In other words, the partial pressure of O2 in Earth’s atmosphere ~2.50 Ga ago 213 

was sufficiently high to promote widespread oxidative sulfide weathering on land, but not high enough to 214 

promote widespread oxidative UO2 weathering. This apparently changed by ~2.3 Ga ago according to our 215 

dataset.  216 

 217 

The GOE signifies a tipping point in Earth’s O2 mass-balance35,45. For the first time on a global scale, net 218 

production of O2 during oxygenic photosynthesis outpaced O2 destruction by reducing minerals exposed at 219 

Earth’s surface and reducing gases released from its interior. At first, production did not dramatically 220 

outpace destruction. This allowed for brief reversals in the relationship, for example when oscillatory 221 

changes in biogenic fluxes of reduced gases led to transient increases in the rate of O2 destruction46. These 222 

reversals affected both the atmospheric and oceanic realm according to our new data. Only much later, after 223 

what seems to have been a few hundred-million-years after initial S-MIF loss, did O2 sources sufficiently 224 

outpace O2 sinks to forever oxygenate our planet3. Oxygenation was progressive and manifested early on 225 

only as transient events. These events increased in strength with time leading up to the tipping point, as O2 226 

mass-balance progressively shifted in favor of accumulation. Empirical evidence supports this claim, with 227 

oxygenation episodes of seemingly increasing magnitude identified at ~2.65 Ga, ~2.50 Ga, and now ~2.32 228 

Ga ago.  229 

 230 
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 353 

Figure captions 354 

Figure 1: Geochemistry of the EBA-2 drill core from South Africa. (A,G) Oscillations in atmospheric 355 

O2 between ~2.32 Ga and ~2.22 Ga ago are captured by fluctuating S-MIF (33S) signals that extend into 356 

the upper Timeball Hill Formation3,9. Note that some of these samples do not have accompanying Fe 357 

speciation or trace metal data (signified with + datapoints). (B,H) Elevated FeHR/FeT ratios and (C,I) TOC 358 

abundances suggest that these sedimentary rocks were deposited beneath an anoxic water column near the 359 

Rooihoogte-Timeball Hill boundary; above this boundary, muted values suggest formation beneath an 360 

oxygenated water column3,31. All datapoints are colored according to the local redox conditions suggested 361 

by their respective Fe speciation data (see legend in panel B). New (D,J) Mo and (E,K) U enrichment factor 362 

data support these local redox constraints (see the text). These redox-sensitive element data, together with 363 

(F,L) new 205TlA data, provide novel information about marine redox conditions during the GOE. Data are 364 

compiled from this and previous studies3,9,31. Error bars in panels F and L are in 2SD and are either equal 365 

to the individual sample’s reproducibility or the USGS shale SCo-1 reproducibility, whichever is greater. 366 

Stratigraphic column is modified from previous work3. The depositional age in the lower panel is based on 367 

shale Re-Os geochronology29. The gray-shaded area in the 33S data panel signifies the typical mass-368 
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dependent fractionation range of 0.0  0.3‰10. The brown-shaded area in the 205Tl panel signifies the 369 

estimated average for upper continental crust47. R. = Rooihoogte Formation and R.D. = Rietfontein 370 

Diamictite.  371 

 372 

Figure 2: Geochemical comparison of Paleoproterozoic shales targeted in this study versus older 373 

Archean shales that evidence an early “whiff” of O2. The more pronounced shifts in the younger shales 374 

(A–C) track paired oscillations in atmospheric and marine O2, whereas the muted trends in the older shales 375 

(D–F) – all of which bear S-MIF signals – track isolated oxygen oases. Data are from drill cores EBA-2 376 

and ABDP9 and are compiled from this and previous studies3,34,40,41,43. The gray shaded area refers to 377 

unfractionated 33S values of 0.0  0.3‰10. The brown-shaded area signifies the estimated average 205Tl 378 

value for upper continental crust48. Datapoints are colored based on local redox conditions, as identified by 379 

FeHR/FeT
3,31,48 (see Fig. 1 legend). 380 

 381 

Figure 3: Conceptual schematic of hypothesized changes to the dissolved seawater Mn(II) reservoir 382 

and seafloor Mn oxide burial as a result of oscillatory oxygenation during the GOE. Consequent 383 

effects on sedimentary S and Tl isotope trends are also included.  384 

 385 

Materials and Methods 386 

The Rooihoogte and Timeball Hill formations in drill core EBA-2 387 

Samples targeted in this study come from the EBA-2 core (26.4700ºS, 27.5883ºE) drilled near Carltonville 388 

in South Africa (Kloof Goldfields Property, Eastern Boundary Area). Many of the same drill core depths 389 

were targeted in previous work3,31. The studied interval comprises the Rooihoogte and Timeball Hill 390 

formations, and the succession has been subjected to only lower greenschist facies regional 391 

metamorphism49. The upper part of the Rooihoogte Formation predominantly consists of mudstone and 392 

black shale that coarsens upwards into siltstone, with a thin chert breccia at the top49. The Timeball Hill 393 

Formation comprises two upward coarsening sequences where the lower part of both sequences is 394 

composed of highly carbonaceous black mudstone50. The mudstones in each sequence become less 395 

carbonaceous up-section, and are interbedded with dark-grey to grey siltstones. The mudstones and black 396 

shales of the upper Rooihoogte and Timeball Hill formations were deposited in a pro-delta setting, which 397 

is generally thought to have had open connection to the ocean to the southwest49,51,52,53. The upper sequence 398 

of the Timeball Hill Formation is capped by a glacial diamictite and conglomerate of the Reitfontein 399 

Member50. 400 

 401 

Thallium isotope ratios 402 
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Samples were prepared for Tl isotope ratio analysis in the NIRVANA Laboratory at Woods Hole 403 

Oceanographic Institution (WHOI). Roughly 200 mg of finely powdered material from each targeted EBA-404 

2 drill core depth was transferred to a pre-cleaned perfluoroalkoxy alkane (PFA) vial (Savillex) and 405 

subjected to an overnight 2 M HNO3 leach shown in previous work to successfully isolate authigenic 406 

(seawater-derived) Tl from detrital (terrigenous-derived) Tl20,23,54. Once leached, samples were centrifuged, 407 

the supernatant pipetted into a new pre-cleaned PFA vial, and digested to completion on hot plates using a 408 

series of concentrated acid mixtures. To avoid digesting any detrital Tl inadvertently transferred after 409 

centrifugation, HF was not used at any point during digestion (only HNO3, HCl, and H2O2). Before Tl 410 

isotope analysis, samples were purified from matrix elements via a two-step ion-exchange 411 

chromatography55,56.  412 

 413 

Thallium isotope ratio measurements were performed following procedures outlined in previous work55,56 414 

and using a Thermo Finnigan Neptune multi-collector inductively coupled plasma mass spectrometer (MC-415 

ICP-MS) located at the WHOI Plasma Mass Spectrometry Facility. A desolvating nebulizer system was 416 

used during sample introduction (Aridus II) and measurements were performed in low-resolution mode 417 

using sample-standard bracketing and external normalization to NIST SRM 981 Pb. NIST SRM 997 was 418 

used as the bracketing standard; all 205Tl data are calculated relative to this standard. Because each sample 419 

was doped with a known quantity of NIST SRM 981 Pb, authigenic Tl concentrations could be calculated 420 

during MC-ICPMS analysis using measured 205Tl/208Pb ratios. Samples and standards were analyzed at a 421 

concentration of ~7 ng/g Tl, which typically yielded an ion current around 80 pA on m/z 205 (1011  422 

resistor). All samples were analyzed in duplicate. The average and maximum 2 standard deviation (SD) 423 

reproducibility of these duplicate measurements was 0.3 and 0.8  units. One USGS shale SCo-1 standard 424 

was leached, purified, and analyzed with each sediment sample set to monitor accuracy. This standard 425 

yielded a 205TlA value of –2.9 ± 0.3; 2SD (n = 4), which is indistinguishable from values reported in 426 

previous work (205TlA = –2.9 ± 0.1; 2SD54). Reported errors are always in 2SD and either equal to the 427 

individual sample’s reproducibility or the USGS shale SCo-1 reproducibility, whichever is greater.  428 

 429 

Molybdenum and uranium abundances 430 

Redox-sensitive element concentration data were generated using a Thermo Fisher Scientific iCAP Q ICP-431 

MS located at the WHOI Plasma Mass Spectrometry Facility. Concentrations were calculated via reference 432 

to ion beam intensities obtained from a five-point calibration curve constructed from serial dilutions of a 433 

gravimetrically prepared multi-element standard. Indium (In) was added to each sample before 434 

measurement as an internal standard to monitor and correct for signal drift. Concentration measurements 435 
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conducted using the same methods and instrument are shown to be accurate and precise to within ±5–10% 436 

based on agreement with replicates and published USGS reference material values57. 437 
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