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Abstract

Emerging geochemical evidence suggests that the atmosphere-ocean systeventrale
significant decrease inx&ontent following the Great Oxidation Event (GOE), leading to a mid-
Proterozoic ocean (ca. 2@8Ga) with oxygenated surface waters and predominantly anoxic deep
waters. The extent of mid-Proterozoic seafloor anoxia has been recstintigted using mass-
balance models based on molybdenum (Mo), uranium (U), and chromiuner{@hments in
organic-rich mudrocks (ORMHere we usea temporal compilation of concentrations for the
redox-sensitive trace metal rhenium (Re) in ORM to provide an independent icoretraéhe
global extent of mid-Proterozoic ocean anoxia and as a tool for monmalyge&ploring how the
marine geochemical cycle of Re has changed through Tilme compilation reveals that mid-
Proterozoic ORM are dominated by low Re concentrations that overahbr mildly higher than
those of Archean ORM and significantly lower than many ORM deposited during.ti2e2e-
2.06 Ga Lomagundi Event and during the Phanerozoic Eon. These temporal trasutsiatent
with a decrease in the oceanic Re inventory in response to an expansioriafadter an interval
of increased oxygenation during the Lomagundi event. Mass-balance modelingratrihe Re
geochemical cycle indicates that the mid-Proterozoic ORM with low Re enmthiare consistent
with extensive seafloor anoxiBeyond this agreement, these new data bring added value because
Re, like the other metals, responds generally to low oxygen conditions bit$ loas distinct
sensitivity to the varying environmental controls. Thus, we can broadgegapacity to infer
nuanced spatiotemporal patterns in ancient redox landscapes. For example, desiilterttad
number of data, some mid-Proterozoic ORM units have higher Re enrichmemayhagflecta
larger oceanic Re inventory during transient episodes of ocean oxygenAtioimproved

understanding of the modern oceanic Re cycle and a higher temporal resolutibe fRe
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compilation will enable further tests of these hypotheses regarding changessurfitial Re
geochemical cycle in response to variations in atmosphere-ocean oxygeNatrertheless, the
existing Re compilation and model results are in agreement with previoM®Cand U evidence

for pervasively anoxic and ferruginous conditions in mid-Proterazmans.

Keywords: rhenium; anoxia; Proterozoic; organic-rich mudrocks; oceggen



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

1. Introduction

The progressive oxygenation of the early Earth's surface paofound impact orEarth’s
biological and geochemical evolutionypons et al., 2014 A poorly oxygenated atmosphere-ocean
system in the Archean is indicated by several lines of evidence in the sedymectad Carquhar
et al., 2000; Bekker et al., 2018verjensky and Lee, 2010; Lyons et al., 20%4ch as abundant
banded iron formations (BIF}common occurrence of regsensitive detrital mineralsand
preservation of sulfur mass-independent fractionation (S-MIF). In additiehmow concentrations
of some redox-sensitive elements (e.g., \,in sedimentary archives suggest low seawater
concentrations of these elements because of their limited oxidative mobilizatioth&@achean
continental crustcott et al., 2008; Partin et al., 201Fhe Great Oxidation Event (GOE) is
marked by a permanent increase of atmospherim@tent to >0.001% present atmospheric level
(PAL), starting between 2.45 and 2.32 Ga\({lov and Kasting, 2002; Bekker et al., 2004; Bekker,
2014; Gumsley et al., 20)L.7This transition was accompanied by the appearance of new mineral
species containing redox-sensitive elements in their highest oxidation states, reiduBibn
deposition, disappearance of S-MIF, and an increase in seawater M &lilfate concentrations
(Bekker et al., 20042010, 2013 Schroder et al., 2008; Scott et al., 2008, 2@\vErjensky and
Lee, 201QHazen et al., 2011; Planavsky et al., 2012; Reuschel et al., 2012; Partire@13l.,
Reinhard et al., 2013aThe latter part of th&OEwas marked by a protracted episode of elevated
organic carbon burial (Lomagundi Event) between ca. 2.22 and 2.06 Ga, which riesalke-
lasting but transient increase in atmosphere-oceaoi@ents to levels that may not have occurred
again until the late Neoproterozoi€grhu and Holland, 1996; Scott et al., 2008, 2014; Kump et

al., 2011; Planavsky et al., 2011, 2012, 2@&kker and Holland, 2012; Partin et al., 2D13
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Although dramatic swings in the extent of atmosphere-ocean oxygenatigctagaized in
the early and late Proterozoic, surficial redox dynamics during the interyesiiod are generally
considered to be muted. Recent geochemical data (e.g., redox-senstevengtals and Fe
speciation) suggest stratified ocean redox conditions for the middle portioa Bfoterozoic (ca.
1.8-0.8Ga hereatfter referred to as the mid-Proterozoic), wherein oxygenatedeswaters were
underlain by euxird (anoxic and sulfidic) waters in highly productive marginal settings, and
ferrous iron (F&) accumulated in suboxic to anoxic deep waters in offshore settings (feursigino
anoxig Poulton et al., 20ZPlanavsky et al., 201 Reinhard et al., 2013a; Sperling et al., 2015
While Fe speciation data indicate ferruginous conditions at many times and localities rimd-
Proterozoic, the scarcity of preserved ancient seafbaoticularly of the deepest parts of the ocean,
creates a challenge for postulating marine redox landscapes on lesgidba

Although low Q levels have been suggested for the mid-Proterozoic atmosphere and oceans
(<0.1-1.0% PAL Planavsky et al., 2014.iu et al., 2016; Reinhard et al., 2016; Tang et al., 2016
Hardisty et al., 201)7 such conditions imply poorly buffered surface i@ventories and the
potential for significant spatiotemporal variabiliti?l@navsky et al., 2014; Cole et al., 2016
Reinhard et al., 2016; Daines et al., 20liideed, there has been much recent interest in the
possibility of dynamic spatiotemporal variations in atmosphere-oceancedditions during this
time (e.g.,Sperling et al., 2014Gilleaudeau and Kah, 2015; Gilleaudeau et al., 2016; Mukherjee
and Large, 2016; Planavsky et al., 20R@inhard et al., 2016; Zhang et al., 2D&@ainst a
background of lower atmospheric p@ompared with today (e.gGole et al., 2016 Hence,
additional data and proxies sensitive to global redox conditions are needed torimdtstand the
spatiotemporal evolution and the dominant redox state of the mid-Proterozoic oceems. S

information is critical to a full understanding of the relationship between Earth'scesurfa



98 oxygenation and the evolution of both eukaryotic organisms and complex metazoamdife,

99 integrated use of diverse metals spanning a broad range of redox serfsityvjfyeinhard et al.,
100 20133, detrital backgrounds, uptake pathways, and crustal sources will strengthenausioos.
101 The concentrations of some redox-sensitive trace metals in mariaeiorgh mudrocks
102  (ORM) can provide insight into global ocean redox conditions. Behaving lactgakervatively
103  in oxygenated seawater, trace metals such as Mo, Cr, Re, and U avedémanoxic sediments
104  at higher rates compared with oxygenated sedimerttsremoval rates dependent on the specific
105  chemistry of the water column and underlying sediment pore fluids K&giord and Emerson,
106 1999; Tribovillard et al., 2006 Chromium, U, and Re become authigenically enriched in
107  sediments overlain by anoxic water columns (at both high and low levels divdis$6S) and,
108 to a lesser extent, in anoxic sediments overlain by mildly oxygenated bottom (atessis et
109  al., 1996; Morford and Emerson, 1999; Morford et al., 2005; Partin &04I3; Reinhard et al.,
110 20133. By contrast, high authigenic Mo enrichments in sediments require thewdation of
111  dissolved HS in the water column. Anoxic sediments beneath mildly oxygenated bottom waters
112 display mild Mo enrichment$ dissolved HS is present in sediment pore fluids at shallow depths
113  below the sediment-water interfacer(sius et al., 1996; Morford and Emerson, 1999; Morford et
114  al., 2009.
115 Because these trace metals have long seawater residence times relhévaverage ocean
116  turnover time (~12 kyr), their enrichment record in open-marine anoxic sediments reflects, in
117  principle, the global marine redox state. Once an environment becomes authigactoador a
118  particular redox-sensitive trace met#the degree of authigenic enrichment of that metal in
119  sediments will be broadly proportional to its dissolved seawater inveptioryo and Lyons, 2006

120  Scott et al., 2008Reinhard et al., 2013awhich on a global scale will be controlled mainly by the



121 collective state of marine redox conditiersnce pervasive oxidative continental weathering and
122 the associated riverine flux of dissolved anionic metal complexes are estalfisbeck( al., 2008
123 Partin et al., 2013; Reinhard et al., 2013a an ancient ocean that was more anoxic than teday,
124  globally higher rate of metal burial in seafloor sediments should occur, leadingettrease in
125  seawater metal concentrations and thus lower metal enrichments in coevabO&Me{( al., 2008;
126  Sahoo et al., 2012; Partin et al., 2013; Reinhard et al., p013a

127 Building from the approach dbcott et al. (2008)new constraints on the extent of ocean
128 anoxia were recently presented for the mid-Proterozoic ocean using tracanteleords.
129  Through a mass-balance model combined with Mo and Cr enrichments in @RNMard et al.
130 (20133 estimated the extent of mid-Proterozoic anoxia to be at leagi03® of the modern
131 seafloor area, with euxinic conditions covering less thai16% of the modern seafloor. However,
132 the Cr enrichment record is also consistent with virtually complete seafloor anaksad&antage
133  of Cr is its high detrital contribution to ORMR¢inhard et al., 2013awhich makes it an
134  intrinsically less precise tracer for benthic redox landscapes under condftmgrvasive marine
135 anoxia. Based on the U recoftqrtin et al. (2013postulated that anoxic conditions covered over
136  50% of the modern seafloor area. However, this estimate assumes that the flukunianoxic

137  basins on continental margiapplies to the global seafloor. Hence, the mass-balance model of
138  Partin et al. (20135 over-sensitive to anoxic conditions and consequently may utidessthe

139  true extent of ocean anoxia.

140 Rhenium (Re) behaves conservatively in oxygenated seawater and, unlikeaMde

141  efficiently removed to anoxic sediments at low dissolve8 l¢vels when the bottom waters are
142  weakly oxygenated or anoxithus making it a more effective proxy for tracking general ocean

143  anoxia (i.e., combined euxinic and ferruginous anoxia)ddner et al., 1993; Crusius et al., 1996;



144  Morford and Emerson, 1999; Morford et al., 2005, 20Akhough Cr and U behave simibarin

145  this regardRartin et al., 20LReinhard et al., 2013zahe magnitude of authigenic Re enrichment
146  in anoxic marine sedimenis significantly higher than the detrital background compared with Cr
147 and U, as reflected by higher Re enrichment factors in organicegimentgelative to upper
148  crust (Table 1). Thee higher Re enrichments indicate that Re is more sensitivextdeficient

149  conditions tharCr and U and can potentially provide more quantitatively precise information on
150 deep-sea redox state. Because of these distinct geochemical propergesictimaent record of
151  Re in anoxic marine ORM may provide a novel and complementary perspectivébahaglean

152 redox conditions.

153 To yield new insights into the evolution of marine redox conditions during the mid-
154  Proterozoic as well as to infer first-order variations in the seawateentration of Re through
155  geologic time, we compiled Re concentration data for ORM from thetliterand report new Re
156  concentration data from several Precambrian intervals. We quantify thees@und sinks of the
157 Re marine cycle based on modern observations and integrate these obsemtititims mass-
158  balanceapproach developed biyeinhard et al. (2013alUsing this mass-balance model, we
159  discuss the sensitivity of the marine Re cycle with respect to the expansion andticontrfac
160 ocean anoxia during this interval of Eastthistory and its implications for the extent and
161  variability of mid-Proterozoic ocean anoxia.

162

163 2. Themodern marine Re cycle

164 2.1 Marine sources

165 Rhenium exists in seawater primarily as the soluble perrhenate oxyanion, R&0 a

166  concentration of 40 pmol kf(Anbar et al., 1992; Colodner et al., 199 the modern ocean,
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most of this dissolved reservoir is derived from oxidative weatheriaglftde minerals and ORM
in the upper continental crust, based on the good correlation observed globhadigro&e and
sulfate concentrations in river€dlodner et al., 1993Viiller et al., 2011 Dubin and Peucker-
Ehrenbrink, 201k Excluding anthropogenic inputs, the average Re concentration of hasr
been calculated to be 11.2 pmolkbased on data from 38 rivers on five continents (~37% of
total water discharge; 25% of continental exorheic drainage. ii@a)estimate yields a riverine
flux of 4.29x106 mol yr, which corresponds to a seawater residence time of L.3x{Qiller et
al., 201).
Seafloor hydrothermal vents have been considered as an additional compdahemrhafine
Re cycle (orford and Emerson, 1999t is postulated that Ctomplexation in high-temperature
hydrothermal fluids may yield high Re concentratiod®iig and Wood, 1999; 20)2However,
Re may be removed from such fluids by precipitation of sulfides under fluid-satjiébrium
(Miller et al., 201). Miller et al. (2011)presered the first published Re measurements in high-
temperature hydrothermal fluids in the Manus Basin, from which an estimatead 1.2« 1§ mol
yrt was derivedIf globally representative, this flux constitutes 0.1% of the pre-anthropogeni
riverine Re input flux and thus has a negligible influence on the modern oceanesRdalance.
Low-temperature hydrothermal fluids are a possible minor source wf fRe modern ocean
(like Mo; Morford and Emerson, 1999but no data exist to quantify this flukeinhard et al.
(2013a)calculated that the modern low- and high-temperature hydrothermal fluxes afdVera
are unlikely to be above ~10% and ~1% of their riverine fluxes, respectieign the similar
geochemical behaviour of Re and Mo, it is reasonable to assunteghabdern hydrothermal

flux of Re to the oceans is also small.
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2.2 Marine Sinks
2.2.1 Overview

Sink fluxes of Re from modern seawater comprise sediment burial in three ettiogss
oxic, suboxic (defined below), and anoxic. Because of the solubility of RB® accumulation is
typically very slow in well-oxygenated marine settings wherpéhetrates more than 1 cm below
the sediment-water interface. By contrast, Re accumulation is significan#yefficient in anoxic
marine settings. Rhenium removal from an anoxic water column is likely dominatioidiic
redox reactions rather than biological uptake. In anoxic conditions, Re is rethuoetié soluble
heptavalent (VII) to the insoluble tetravalent (V) staielpdner et al., 1993; Crusius et al., 1996;
Morford and Emerson, 1999; Morford et al., 2l0Scavenging oRe** by organic matter is
suggested by the direct association of Re with organic matter in fine-grainedrgscame their
lithified equivalents (ORM) %elby and Creaser, 2003; Georgiev et al., 20h2some ORMa
good positive correlation is observed between Re concentration and total @aydaic (TOC)
content (e.g.Rooney et al., 20)@shas been observed for Mal¢eo and Lyons, 2006 but this
is not observed in all ORM (e.@phen et al., 1999Decoupling of Re and TOC contents in ORM
may reflect temporal (i.e., stratigraphic) variations in local bottotemRe concentrations at the
site of deposition. Co-precipitation &e’* with a FeMo-S phase has also been proposed for
removal of Re from sulfide-bearing watet$e(z and Dolor, 2012 which might be responsible
for a scatter of Re concentration vs. TOC content in ORM.

Rhenium burial rates characteristic of each of the three settings are calcukgddoba
observations in modern marine environments (Table 2; supplementary tables &kel&2) we

describe how representative burial rates were calculated for each sink.



213 2.2.2 Oxic sink

214 Oxic settings are characterized by permanent burial of Mn oxides in sedimemés Gvhe
215  penetration depths below the sediment-water interface are large. To be comstht@névious

216 trace metal studies, we define oxic settings as those with par@tration depth >1 cm, at which
217  point Mn redox cycling begingV{orford and Emerson, 1999Rhenium adsorption onto -Hén

218 oxides is minimal relative to other redox-sensitive trace metals such asdvte (et al., 1986;
219  Colodner et al., 1993 As discussed iReinhard et al. (2013the extent of modern seafloor
220 covered by oxic sedimentgth an Q penetration depth >1 cm is ~84%.

221 The modern oxic Re flux is dominated by continental margin sediments, where therdedim
222 mass accumulation rate is high. It was assumed in previous Re bemigestructions that pelagic
223  sediments, which form the majority of modern-day oxic seafloor, aeghgible sink. This is
224  supported by an average [Repf 0.05 ppb in pelagic sedimerdbthe North Atlantic Colodner,

225  19917), which translates into a burial flux of 1.2x1@g cm? yr! (assuming an average linear
226  sedimentation rajeThe pelagic burial rate, designated to represent Re burial in abyssal k#gions
227  the seafloor, is combined with an average burial rate of 7:#xg0cm? yr! for Re in shelf
228 sediments deposited from well-oxygenated waters on continental marginsf (lgen, Central
229  Arctic Ocean, Northwestern US margin, and African margin; Table gield an area-weighted
230 average oxic Re burial rate of 1.6<10g cn?yr! (continental margin and deep-sea abyssal
231 regions cover an area of 7.4¥1@n? and 2.7x1& cm?, respectively Sverdrup et al., 1942;
232 Wollast, 2003. Again, the oxic burial rate is dominated by continental margin sediments and is
233 unlikely to vary significantly with new estimatesr fpelagic sediments.

234
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2.2.3 Suboxic sink

Similar to Mo, Cr, and U, a significant difference exists in Retdation rates under anoxic
water columns and those under weakly oxygenated bottom watgrsli(ier et al., 1993; Crusius
et al., 1996; Morford and Emerson, 1999; Morford et al., 0D& be consistent with previous
studies on trace element redox modeling, we define the suboxic setting as/lzeeathe Q@
penetration depth below the sediment-water interface is <Pamiif et al., 2013; Reinhard et al.,
20139. This condition accounts for areas of the seafloor where dissGves present in bottom
waters but typically at levels low enough (<100 puM; higher values are possible in shallow
coastal locationsylorford and Emerson, 1999; Morford et al., 2005, 2007, P8dzhat FeMn
oxides are not permanently buried and reduction of Re occurs in the anoxic sgaireematers,
resulting in appreciable authigenic accumulation of Re in sediments. In modern suboxic
continental margin environments, authigenic Re accumulation occurs in anoxiesdivithout
significant Mo accumulation if dissolved-8l in shallow pore waters is low, thus demonstrating
that Re removal rate is not scaled #SHavailability (Morford and Emerson, 1999; Morford et al.,
2009.

Depending on the organic carbon flux and oxygen penetration depth, modern suboxic R
burial rates range from 0-2.3 ng cr? yr* at the Northwestern US margin to ~1.5 ngoymtin
the Gulf of California. Our estimate of the suboxic Re burial rate combines these valub®séth
observed in oxygen-minimum zones and high productivity regions in the@é&lih Borderlands,
African margin, Laurentian Trough, Buzzards Bay, Hingham Bay, andrti®#an Sea (Table)2
Weighting by relative areal extent yields a suboxic Re burial rate of 0.41 HgrcmThe total

area of modern suboxic seafloor is not precisely known and is solved trsengink parameters
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in the mass-balance model, followifteinhard et al. (2013JThe modern suboxic seafloor is

calculated to make up ~4.7% of the global seafloor.

2.2.4 Anoxic sink

Rhenium is most effectively removed to sediments deposited from anoxambetiters. In
the modern ocean, such environments are restricted to marginal basin€ggaro Basin),
seafloors beneath areas of intense upwelling (e.g., Peru margin, &amstelf), and highly
restricted basins (e.g., the Black Sea). In the modern ocean, anafkooiseare dominated by
euxinia due to the excess of sulfide relative to Fe (i.e., above afra@ @S, the stoichiometric
proportions of pyrite). During the Proterozoic Eon, however, ferrugiaousia is believed to
have been more widespreado(lton et al., 2010; Planavsky et al., 201Extrapolating from
modern observations of significant authigenic Re accumulation without klamadation n
anoxic sediments when dissolved3Hn pore waters is low, we infer that Re burial in sediments
below anoxic waters does not depend @8 Hvailability in the water column. This independence
allows us to merge both types of anoxia into one sink in this study.

We adopt the latest estimate of ~0.11% for the modern anoxic seaflogpudnieshed by
Reinhard et al. (2013ayhich combines results from anoxic basin studies. A portion of modern
anoxic sediments are found in highly restricted basins where Re is signifidapteted in deep
waters due to slow renewal rates (as demonstrated for the Black@eaner et al., 1995As
such, Re burial rates in restricted anoxic settings are lower compared witbgaore/ater anoxic
settings. For example, the estimated burial rate of Re in the Black Sea (<d&yng; Ravizza
et al., 199) is lower than those estimated for the less restricted Cariaco Basifh. 6L cr? yr

1 Calvert et al, 2015; this stuiand Saanich Inlet {1..5 ng cn? yr; Poirier, 200§. For the
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purpose of establishing a model for the well-mixed open ocean, such highly rebiasitesl(e.g.,
the Black Sea) are excluded from our Re mass-balance.

Published measurements of anoxic Re burial rates exist for a few sniadl fiach as Walvis
Bay and Saanich Inlet (2.1 and115 ng c? yri, respectivelyColodner et al., 1993; Poirier,
2009. Measurements from anoxic sediments in a few continental margins otehaed by
intense upwelling) display much higher variation (Table 2). For our studelee she large and
well-characterized Cariaco Basin from which new [Relata yield an anogiburial rate of 1.34
ng cnm?yr1, consistent with published valueSglvert et al., 20155I). The Cariaco Basin is the
largest and best understood modern anoxic basin that has a relatively unresinoesion to
the open oceams well as a fairly constant [Rejrecord analinear sedimentation rat®¢terson
et al., 200). Hence, we believe that this value is more representative of anoxic conditibies
modern ocean than assuming arithmetic or area-weighted averages of anakiatas. In any
case, the Re burial rate in the Cariaco Basin is roughly in the middle of tleeofdRg burial rates
observed in other anoxic basins and upwelling continental margin systems.

Our estimated anoxic burial rate of ~1.34 ngZyn! is three times greater than the suboxi
burial rate, averaged at 0.42 ngégm . The oxic burial rate, 16103 ng cm?yr?, is extremely
low by comparison. These averages are combined with the areal extesht sétting to determine
the magnitude of the sink flug€Table 3). In summary, Re removal from modern seawater is
dominated by the suboxic sink, which equates to 88% of the riverine flux. The oxic and anoxic
sinks are much smaller, both at ~6% of the riverine. flinis relationship is comparable with the
modern Cr budget estimated Bginhard et al. (2013awhere the oxic, suboxic, and anoxic sinks
constitute 10%, 84%, and 6% of the riverine Cr flux, respectivedgain, anoxic sinks are

relatively small because this redox condition is minor in the modern oceanxithsuboxic, and
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anoxic seafloor areas in our mass balance totals ~89% (Table 3), imflging11% of the
seafloor is authigenically neutral with respect to Re.

Based on a redox-sensitive behavior of Re that is generally comparableetoredox-
sensitive elements (e.g., Mo, Zn, U), it is postulated that Re burial #oxiated with the anoxic
sink is controlled by the size of the dissolved Re reservoir; thisim@ortant assumption in our
study and remains to be confirmed and ideally quantified by experimental woasurements
of bottom water Re concentrations from modern anoxic basins (i.e., other tiglack&ea). A
significant implication of this assumption is that the size of the dissolvexvogsean be locally
influenced by the degree of basin restriction from the open ocean. In the hgjhisted Black
Sea, for example, slow deep-water renewal rates have caused depletion of Retiothevaters
(Colodner et al., 1995which should cause lower Re enrichments and burial fluxes in organic-
rich sediments (when normalized to TOC) relative to less restricted anoxic sdtttegd, the Re
concentration and burial flux of Unit | sediments in the Black Sea is genkenatly than those of
the Cariaco Basin and other relatively open-ocean anoxic settings (T&elepi)g in mind that
sedimentation rate and organic carbon flux also locally influence Re concentiatanggnic-
rich sediments)A similar relationship between metal concentrations in bottom waters and organic-
rich sediments in anoxic basins has been noted for other redox-sensitive el@uenido, U
andZn; Algeo and Lyons, 2006; Scott et al., 2008, 2(A&tin et al., 2013

Extrapolating from this observatipthe Re concentration of anoxic sediments deposited in
relatively open-marine settings (i.e., negligible to mild basin restrictibadld show a first-order
relationship with the size of the global seawater Re reservoir, which in turn depehdgioerine
flux and the temporally varying extent of oxic, suboxic, and anoxic conditiotieecseafloor. The

riverine flux of Re is assumed to have become largely independent of atmosptertiel®at the



326 early stage of the GOE, when atmospheridedels rose above the threshold (as low as <0.001%
327  PAL) required to support subaerial oxidative dissolution of crustal sulfide minerals avetyleli
328 of the related products to the oceaRsi(ihard et al., 2013b; Greber et al., 20Details of these
329 assumptions await further study, particularly weathering relationships. Howbaages in the
330 size of the seawater Re inventory during the Proterozoic and Phaneroesilikely controlled
331 primarily by global marine redox distribution. The first-order tempardlspatial extent of anoxic
332 conditions in the mid-Proterozoic ocean can thus be inferred by examiningagmtude of Re
333 enrichment in ORM.

334

335 3. Analytical methods

336 The pronounced enrichment of authigenic Re in anoxic ORM make this lithologyethe
337 archive for tracking changes in the oceanic Re reservoir througbggeal time. Hence, &
338 compiled a database of Re concentrations and associated TOC contents in marinedDgta thr
339 literature surveysupplemented with new analyses of Precambrian ORM (see Supplementary data
340 files). New Re concentration data were obtainedHFaHNO3z-HCI dissolution of ashed sample
341 powders followed by analysis on a Thermo Scientific X Series quadrupole wrelyctoupled
342 plasma mass-spectroreet(Q-ICP-MS) at the W. M. Keck Foundation Laboratory for
343  Environmental Biogeochemistry, Arizona State University, following the ispemethods
344  described imMnbar et al. (200/andKendall et al. (2010)Some new Re data were also obtained
345  via Carius tube dissolution of sample powders in 4-ESQ, medium, chemical separation of
346 Re and analysis by isotope dilutiamegative thermal ionization mass-spectrometry-NDIMS;

347 Thermo TRITON) at the Canadian Centre for Isotopic Microanalysis, thiiyef Alberta (e.qg.,

348 Kendall et al., 2019aThe accuracy of Re measurements bYOB-MS was verified by analysis



349 of ORM for which the Re concentrations were also determined by the marsepe-NTIMS

350 method Kendall et al., 201)) Data reported in the literatiwere predominantly derived by 1D
351  NTIMS and ICRPMS. Uncertainties for Re concentrations are usually <10% fC®-MS, and

352 typically <1% for isotope dilution analysis using NTIMS or MCP-MS. All TOC contents in
353  the compilation were reported in previous studies. For samples with pre-exi®hddata, the Re
354  concentrations were measured on the same sample powders used for TOD afders.

355 All datasets compiled from previous studies (supplementary tables S3, &4lieezd first

356 for marine, fine-grained siliciclastic sediments based on petrographic examimai. are
357 defined by having a total organic carbon content of >0.4 Wwi#ns and Severmann, 2006; Partin
358 etal., 2013; Reinhard et al., 20),3s0 to avoid spuriously high Re/TOC ratios. We further applied
359 the geochemical filter ofFer/Al > 0.5 which delineates sediments deposited under anoxic
360 conditions (e.g.l.yons and Severmann, 2Q0®oulton et al., 203,0Planavsky et al., 20)1Where

361 the above information is not available, efforts were made to determine locacmubtions using
362 other geochemical proxies (e.§lp enrichments We define Re concentrations equal or greater
363 than 5.0 ppb (i.e., >10 times the crustal average of-8012ppb;Esser and Turekian, 1993;
364 Peucker-Ehrenbrink and Jahn, 2001; Dubin and Peucker-Ehrenbrink, @)bging diagnostic
365 for deposition from sediment anoxighis approach enables an internally consistent compilation
366 that includes samples deposited from mildly/weakly oxygenated waters (with sediment anoxia)
367 and from fully anoxic waters. We assume that levels of authigenic Rb&ment generally scale
368 to first-order with water column Re concentrations (i.e., follovdgtt and Lyons, 201far Mo),

369 thus allowing us to track broad first-order changes in the Re concenttb@®M via comparison
370 oftime-bin averages. Although Re concentrations of less than 5.0 ppdcowyn some Archean

371 ORM deposited beneath a fully anoxic atmosphere, only a minority a@feAn samples had



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

sufficiently low Re concentrations to be excluded from the compilationaMée note that Re
concentrations in Unit | and Il sediments of the restricted Black Sea arecsigtiifiabove this
threshold (~2076 ppb;Ravizza et al., 1991; Crusius et al., 1996; Piper and Calvert);2hel
filter therefore does not exclude Black Sea-type restricted basins fronorti@lation. As Re
burial is independent of sulfiqél.S) availability, no filter for euxinia is required as in the case for
Mo. Temporal averages were binned at $ Mhtervals(“time-point means”) to compensate for
age uncertainties; for example, the time-point means§iRe} 660 Ma is the arithmetic mean of
all [Rekeadata from the ca. 657 Ma Aralka Formati@cl(aefer and Burgess, 2003; Kendall et al.,
2006 and the ca. 659 Ma Tashir Formatiétopney et al., 2095

Basin connectivity was inferred from sedimentology and paleogeographitsteations,
where available. Because we model Re burial in unrestricted marine basins,|wdedxmits
deposited in settings with obvious extreme basin restriction/isolationtéreestrial settings)
where Re accumulation rates in sediments are typicallgrloempared with open-marine settings.

PublishedRe-Os depositional ages are listed in supplementary data tables to demonstrate
minimal post-depositional disturbance of Renlpar et al., 2007 Oxidative weathering is known
to cause scattered R@sisotope systematics (e.Georgiev et al., 20)2therefore it is reasonable
to expect that deep penetration of i2low the sediment-water interface would similarly disturb
Re-Os systematics in the sedimeriirsius and Thomson, 200DRM affected by post-
depositional hydrothermal alteration, which is known to remobilize both elenaeatexcluded
from the compilationKendall et al., 2009; Rooney et al., 2D1We included samples that have
experienced anhydrous greenschist facies metamorphism because@wiftdope systematics

in ORM is not usually disturbed under such conditions (Bgpney et al., 20)1
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Radioactive decay of’'Re, which makes up ~63% of naturally occurring Re, causes the
present-day Re concentration of ORM to be lower than that at the time aittepddowever,
the slow rate of'®’Re decay (half-life = 41.6 Ga) has a minimal effect on observed Re
concentrations (maximum correction factor of ~3% for Archean QRN hence no correction

was made for this effect.

4. Results

Our filtered compilation of [Redq (76 binned time points) and [ReITOC (52 binned time
points) through geologic time is presented in figures 1 and 2, with statistiGaingiars
summarized in Table.4rhe full compilation database is available as supplementary spreadsheet
files. A salient observation of the compilation is that both {gehd [Rede/ TOC display broad
fluctuations through geologic time and that four distinct stages are discEoremhmparison, we
calculated mean [Re}and [Reded/ TOC for the four stages by taking the arithmetic mean of the
binned time-point meanis each stage. Using the binned time-point means serves to minimize
skewing of the stage mean values by individual ORM units with larger datasets.
Mean [Redeq for the four stages, calculated from time-point meansfrRedlues (Table S4 in the
supplementary databgsare 13.0 + 4.4 ppb (Stage 1; 1SDbinned time points), 102.2 £ 15.1
ppb (Stage 2; 1SD; 2 binned time po)n20.8 + 19.8 ppb (Stage 3; 1SPL binned time points),
and 154.9 + 207.9 ppb (Stage 4; 1SD; 44 binned time points) (Table 4). Mead TR&] for the
four stages are 4.7 + 2.7 ppb/wt.% (Stage 1; 1SD; 5 binned times p&h&): 6.2 ppb/wt.%
(Stage 2; 1SD; 2 binned time point8.1 + 3.5 ppb/wt.% (Stage 3; 1SD; 10 binned time points),
and 31.3 + 39.2 ppb/wt.% (Stage 4; 1SD; 35 binned time points). The time-paim{Re}.sand

[Re]sed TOC values at 1105 Ma (82.6 ppb, 16.0 ppb/wt.%) are significantly higher than the other



417  stage 3 values, which range between 5.7 and 52.2 ppb and between 4.3 and 10.4 dptiiert.%.
418 1105 Ma time-point mean is excluded, stage 3 has a meand&el7.7 + 14.5 ppb (1S20
419  binned time points) and a mean [RéTOC of 7.3 £ 2.4 ppb/wt.% (1SD; 9 binned time points)
420 (Table 4).

421 As the time-binned mean [Re] in each stage do not follow a normal or log-normal
422  distribution, bootstrap analysis was carried out to estimate the confidence infezaah of the
423  four sets of binned time-point mean [Re{SI). The means of 10,000 [Rg]bootstrap time-point
424  means (and associated 95% confidence intervals) for stages 1, 3,rari84pb (10, 17), 25 ppb
425 (14, 37),and 151 ppb (95, 220), respectively (Table 4). The means of 10,]RTRE bootstrap
426  time-point means (and associated 95% confidence intervals) for the sametalyese &e 5
427  ppb/wt.% (2, 7), 7 ppb/wt.% (5, 9), and 28 ppb/wt.% (18, 40), respectivablg ™). A direct
428  comparison of bootstrap statistics between stages 1, 3, and 4 shows thatistinefbo®an [Redd
429  of stage 4 is distinct from the other two stages, with 95% confidence intervals takaodotnt;
430 however, the bootstrap 95% confidence intervals for stages 1 and 3 ovaddmoIstrap analysis
431 demonstrates that while high Re enrichment in stage 4 is statistically significant, tielawir

432  stages 1 and 3 are statistically similar to each other.

433 Our plot of [Reded through time (Fig. 1) best shows the trend in maximumsfRedlues,
434  which to first-order reflects the maximum size of the Re seawater resinaach stage. The
435  significance of the pattern displayed by the maximumsgr&gnd is supported by mean [Rg]
436  values derived via bootstrap analysis (Table 4). Our compilation suggestsparate stages of
437  elevated [Relqduring the latter part of the GOE (stage 2) and the Phanerozoic (stage 4), with the
438 latter characterized by much higher maximum enrichments. Maximurge{Re$tages 1 and 3

439  (except the Touirist Formation) are lower by comparison, with stage 3 containing mgtir
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values than stage 1. We further tested for possible bias of{Restribution by sample size.
Median [Redeqd binned at 100 Myr intervals show only a very weak correlation with sample size
(R? = 0.02,n = 19,p = 0.57; Fig. 3). We therefore consider it unlikely that the distribution of

[Relseadata is biased by sample size.

5. Discussion
5.1 Temporal trends in Re concentrations

Our temporal compilation of Re concentrations (fRejn anoxic marine ORM (Fig. 1)
displays four distinct stages that correspond to the evolution of atmospheric anid Geontent
(Table 4). The choice of divisions is supported by statistical tests whichrodhét the difference
in average [Re}d between stages is statistically significant (see section Wd )note that these
first-order trends are still observed for a less rigorously filtemdpilation. A similar trend is
observed when Re concentrations are normalized to TOC content®)(ligmonstrating that the
first-order secular variations in [Re] as represented by the four stages, likely result from first-
order changes in the global seawater Re reservoir rather than changelkargkic carbon fluxes
to the seafloor. Although variations in riverine Re fluxes might be linkethdages in crustal
exhumation rates (e.g., during supercontinent assembly vs. dispersaljypathesized transition
from relatively more mafic to felsic continental crust by ~2.5 Gau{me et al., 2015; Tang et al.,
2016, a simple sensitivity test of our mass-balance model demonstrates thahmutcfux
variations should impart minimal influence on the ggEcord §I). In general, our interpretation
of atmosphere-ocean>@evels based on the Re record conforms well to that derived from the

higher-resolution Cr and U reca(Partin et al., 2013; Reinhard et al., 20)L3a
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Stage 1 covers the Archean and the earliest Proterozoic prior to the Gafist€dly low
[Relseqduring this interval indicates a small oceanic Re inventory, which in turn poiexsensive
seafloor anoxia and a small pre-GOE riverine Re flux because of-podD atmosphere. Some
Late Archean units near the end of this stage have higher Re concentratioms tugisastent
with other geochemical evidence for transient increases in atmosphere@cdevels that
enabled oxidative dissolution of crustal sulfide miner8lglfert et al., 2005; Anbar et al., 2007
Wille et al., 2007; Reinhard et al., 200@&ndall et al., 2010, 201%a

Stage 2 spans the time interval between 2.50 and 2.05 Ga and corresponds t@sa imcre
global atmosphere-ocean ©ontent associated with the GOQEekker et al., 2004; Bekker and
Holland, 2012; Planavsky et al., 2QFartin et al., 2013 During the second half of the GOE, the
ca. 2.222.06 Ga Lomagundi Event was likely marked by elevated organic matter burial with
sedimentary rocks as inferred from high §'3C values in coeval carbonates. The high rates of
primary productivity may have been driven by enhanced phosphorus fluttessdoeans caused
by the initial oxidative weathering of sulfide minerals in exposed Archean continental crust
(Bekker and Holland, 20)2 This organic matter burial event was likely accompanied by
significant release of ©Oto the atmosphereKarhu and Holland, 1996 consistent with
geochemical and geological evidence for a shift to higher seaveategrdrations of Mo, U, Cr,

V, andSQs? in response to this hypothesized increase in atmosphere-ocean oxyg@hatioder

et al., 2008; Scott et al., 2008, 2014; Bekker and Holland, 2012; Planavsky#8t.d|Reuschel

et al., 2012; Sahoo et al., 2012; Partin et al., 28E3nhard et al., 2013aAs for other redox-
sensitive metals, the increaseadxidative terrestrial weathering accompanying the GOE would
have permanently established a continuous riverine flux of dissolved Re to the ocealsnbat,

with contraction of seafloor anoxia, enabled buildup of a larger dissolvedes&voir in
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oxygenated seawater. Such a scenario is supported by high average/éiReds for the Sengoma
Argillite and Zaonezhskaya formations (117.4 and 87.1 ppb, respectivaiih are well above
the maximum average [ReJobserved for any ORM in stage 1 (19.9 ppb

After the GOE, [Rekqddrops significantly during stage 3 (2-@661 Ga), approaching near-
Archean values in many ORMhis decrease in authigenic Re enrichment mirrors a similar drop
in the U, V, and Cr concentrations in ORM deposited over the one billion géarsthe
Lomagundi Event$%ahoo et al., 201 Partin et al., 2013; Reinhard et al., 20l3olybdenum
abundancem stage 2 and 3 ORM, which are far more sensitive to the extent of ocean euxinia than
general anoxia compared with other redox-sensitive metals, are intermediatenlibvgeeseen
in Archean and Phanerozoic ORMc(tt et al., 2008; Sahoo et al., 2012; Reinhard et al., Y013a
The lack of S-MIF in stage 3 sedimentary rocks indicates that atmosphdeeels were high
enough to support persistent oxidative mobilization of Re from crustal sulfide miapdeorganic
matter Reinhard et al., 2013Planavsky et al., 201&reber et al., 201 % ole et al., 2016 Hence,
the drop in authigenic Re enrichments during stage 3 likely reflects an expangiolbab ocean
anoxia rather than a decline in the riverine Re flux. Thes{Rie] most stage 3 ORM are similar
to stage 1 ORM, indicating that the extent of oxygenation generally remained farthaiof the
Lomagundi Event (stage 2) and the Phanerozoic (stage 4).

The ca. 1.1 Ga Touirist Formation, deposited in an epeiric sea durlvg) gka-level high-
stand conditions (e.gGilleaudeau and Kah, 20),5has an average [Red (82.6 ppb) that is
significantly higher than the overall average of other stage 3 ORM (phRand is similar to
stage 2 levels, suggesting that atmosphere-ocean oxygenation at ca. 1yll@aaexizeen higher
than at other times during stage 3 after the Lomagundi Event. Some samples ofiittst To

Formation have undergone contact metamorphism. HowtineRe-Os isotope systematics of



508 these thermally overmature samples are not significantly perturbed by flasysjsyed indicated
509 by a Re-Os age of 1105 + 37 Ma (MSWD = 8.8) that, although exhibitidgrese for minor
510 open-system behavior (MSWD > 1), is not statistically differemfa ReOs age of 1107 + 12
511 Ma (MSWD = 1.1) derived for a separate stratigraphic interveieimnally immature samples in
512  the Touirist FormationKooney et al., 2000 Two samples with high Re concentrations of > 85
513  ppb come from the interval yielding a-R&s isochron with MSWD ~ 1, suggesting that the high
514 Re levels in the Touirist Formation represent a primary sedimentarpemmt. As a similar spike
515 in sedimentary enrichment is absent from the correlative stage 3 rectrd®aitin et al., 201)3
516  a higher-resolution record of Re concentration for stage 3 is needeldustly evaluate if the
517  Touirist Formation truly represents an episode of higher oxygenatedionadgit ca. 1.1 Ga.

518 Stage 4 (<0.61 Ga) covers the latest Neoproterozoic and the Phanerozoiddagnwith

519  high Mo, U, V, and Cr concentrations, the overall kigRe concentrations in ORM from this
520 stage point to the build-up of dissolved, redox-sensitive trace metals in nygenaked oceans,
521  (Scottetal., 2008; Sahoo et al., 2012; Partin et al., 2013; Reinhar@6i.8§, Given the growing
522 geochemical evidence for dynamic fluctuations in Neoproterozoic oceafox reonditions
523  extending back to ca. 800 Ma (e §ahoo et al., 2012, 2016; Planavsky et al., 2014; Kendall et al.,
524  2015; Sperling et al., 2015; Thomson et al., 2@de et al., 2016; Kuznetsov et al., in p)etze
525 boundary between stages 3 and 4 may potentially shift back in time with new Re dalaoWe
526  note the general absence of high Re enrichments (like those observed itretBdiaaaran, Early
527 Cambrian (>535 Ma), and Late Phanerozoic ORM) during the early Pale@f®M (leposited
528 between 535 and 375 Ma). Although the temporal resolution of the Re dataset is tlow tione
529 interval, the lower Re enrichments are consistent with less oxygenated cordiitimgsthe early

530 Paleozoic compared with other Phanerozoic intervals. This inference isasistent with
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generally lower U concentrations, lighter Mo isotope compositions, asgdesation evidence for
widespread anoxic deposition of the Early Paleozoic ORKN( et al., 2010; Partin et al., 2013;
Sperling et al., 2015

Following permanent establishment of widespread ocean oxygenation and contoéction
anoxia to mostly marginal marine settings (i.e., oxygen-minimum zamesestricted basins)
expansions of anoxia occurred as transient and sporadic oceanic anoxi¢@n&igy typically
associated with mantle plume events, emplacement of Large Igneous Pr¢uiRsd, submarine
ocean plateau, greenhouse conditions, extreme rates of continental weatherimgh g@Q.
During the Toarcian OAE, the Re and Mo enrichments of ORM are muted, indicatimdaivn
of the oceanic Re and Mo reservoirs in response to expanded areaiag et al., 2008; Owens
et al., 201§ Conversely, during the Cretaceous OAEs 1a and 2, which were associatetPwith L
emplacement, Re concentrations of ORM are often not muted and are coilclated with
excursions to higher Os concentrations and unradiogéf@s/%%0s—suggesting delivery of
magmatic Re (and Os) to seawater in sufficient quantities to offset thesitrearial of Re (and
Os) into anoxic sediment$jrgeon and Creaser, 2Q@ttini et al., 2012; du Vivier et al., 2014;

Kendall, 2013.

5.2 Constraints on the extent oidProterozoic ocean anoxia

To arrive at a quantitative estimate for the extent of mid-Proteroz@&anoanoxia, we
constructed a model relating seafloor redox distributi®@burial rats under different redox
regimes, and authigenic Re enrichment in anoxic sediments within a mas® liarewvork built
on observations from modern environments. Our model is adopted from thébpeevdy

Reinhard et al. (2013#or the Cr and Mo records.
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We begin by defining the global Re marine reservoir in a conventionalystesid mass-
balance, where the difference between mass enterin dMl exiting the system @M equals

change in storage:

M — Moye = fOV[Re] av, Eg. 1
Where dissolved Re concentration, [Re], is integrated over a globah eolume, V. By taking
the derivative with respect to time, t, the mass terms are replaced witke §Bsrand sink (bu)

fluxes:

d (v
Fin = Four = = J; [Re] V.. Eq. 2

As we are interested in long-term temporal shifts f>tars) in ocean redox distribution, we
assume steady-state conditions in the sys%daV(Re]dV = 0, and thereford;, = F,,;)-

As outlined above, riverine delivery dominates the Re input flux to the oceans andigdss
to be constant for a post-GOE atmosphere-ocean system. Hydrotherdsahflmich are assumed
to constitute a minor flux relative to riverine input in a post-GOE world éxeluding transient
magmatic-hydrothermal events), are excluded from consideration. Sink fluxes obnsrmbval

to sediments under oxic, suboxic, and anoxic settings. Hence:

Fi = Foxic + Fsuboxic + Fanoxic- Eq.3

The sink terms are each expressed as:

Fi = K'Al'bl', Eaq. 4
where4; is the seafloor area covered by the specific redox setting (dimeesidnsindb; is the
characteristic metal burial rate for that setting as observed in the modern(diceamsions ng

cm? y'1). The non-dimensional coefficiertrelates Re burial flux to seawater concentration:
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K= , Eq.5
[Re]m
where[Re]’ represents the seawater Re concentration under steady state in the tedettiga
interval, and[Re]y represents the modern seawater Re concentration. For a firstroader
balance approach, is setto unityto reflect the principle that, within a particular sink setting, the
burial rate of a metal scales linearly with the size of its seawater reg@fvoffigeo and Lyons,
2006; Scott et al., 2008; Partin et al., 2DBubstitution and rearrangement of equatiosisyelds

a generalized expression for Re concentration under new steadysstdigons following a

perturbation to the global Re oceanic mass balance eighard et al., 201¥a

F;
[Rel’ = [Rely (W) £q.6
A pitfall with previous attempts at modeling marine trace metal reseris the assumption
of a constant metal burial rate within a given sirdspecially the anoxic sinrkacross the global
seafloor. Essentially, a characteristic burial rate observed in an®titsba applied to the global
seafloor, which is dominated by abyssal plains where overall sediment massikton rates
are low. Given that the fluxes of both detrital material and organic carbon deareasse the
gradient from high-productivity margins to the open, deep-ocean floorasumbsumption results
in unrealistically high sink fluxes for most deep sea anoxic sediments. XxHggezation leads to
a model that is oversensitive to reducing conditions and thus underestimates tademtief
anoxia associated with a given inventory as recorded in the authigenic metal enrichanexic
ORM (e.g.,Scott et al., 2008; Sahoo et al., 20Partin et al., 2013 Although this spatial
dependence of metal burial rate is difficult to specify precisely in simple mauklepresents an
important area of future work, we follow the approachRefnhard et al. (2013dyy couplinga

function that relas organic carbon fluxo water depth with global bathymetric datal)( A

tuneable burial rate ratio is then imposed to reproduce the characteristic moderoxReburial
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rate (based on the Cariaco Basin data; see belovEBmlls a significant improvement on the
polynomial approximation used byeinhard et al. (2013dor relating carbon flux with water
depth and bathymetry, we use bathymetric data from the eTOPO databaséd and Eakins,
2009 and treat the bathymetric profile as a differentiable function to noote@tely account for
Re burial in shallow watersy).

Authigenic Re enrichment in anoxic sediments under new steady-state condeigmdtéra

perturbation to global ocean redox conditions) is governed by the genatiahship:

b = b <—[Re]’> Eq.7
“o [Re]ym/’ .

whereb,’ is the anoxic burial rate under the new steady stateh aiscthe modern average anoxic
burial rate. The anoxic burial rate at a specific point in time is a function afdgeitude of the
marine reservoir, which in turn is controlled by the spatial distributicheoxic, suboxic, and
anoxic sinks. To explore the marine Re cycle in ancient oceans, weagpgiyurbation in the
form of progressive anoxic expansion, with predicted authigenic Re enrichmgménrooean
anoxic sediments, [Reds as the output.

We adoped values from the well-characterized Cariaco Basin for our starting anoxad bur
rate and bulk mass accumulation rate (BMAR; Sl). As the largest, relabpety-marine anoxic
basin in the modern ocean, the Cariaco Basin best approximates the open-oceamsanditi
model simulates (e.gReinhard et al., 2013aAnoxic Re burial rates in highly restricted basins
(e.g., the Black Sea) are not appropriate becgase strongly depleted from the water column by
burial in anoxic sediments deposited under conditions of slow deep-water rebalginer et
al., 1995. Because the Cariaco Basin has relatively high sedimentation and omydaic burial
rates compared with other modern anoxic basins and continental margin setings thae lowest

BMAR of 0.01 g cm? yr! (with a factor of 1.5 above and below this value) from the range of



614 published values for the Cariaco Basin (6@0D8 g cm? yrt; Calvert et al., 2016to avoid

615 overestimating Re burial fluxes for the anoxic sink fetinhard et al., 2013aAn ocean with
616 BMAR values higher than the maximum value used for our model would be unrealistically
617 efficient at removing Re to sediments and would yield anomalously small extesgaftoor
618 anoxia required to achieve the observed {Re]

619 The results of our mass-balance model are presented in Bigerall, our model reveals that
620 the marine Re reservoir is highly sensitive to the expansion of seafloor artexigaost drawdown
621 in Re occurs with an expansion of anoxia from ~1% to ~10% of the modelooseaéa (Fig. 4)

622 dominated by authigenic scavengimgthe shallowest and most productive margisetings

623  where organic carbon export to sedimestiighest. At greater than 10% seafloor anoxia, the
624 [Re]red becomes significantly less sensitive to the extent of anoxia and decnelgssigbtly (by

625 <10 ppb) between 10% and 100% of seafloor anoxia. Under conditions of corepfeiersanoxia,
626  [Relredis 16-35 ppb for open-ocean ORM for the assumed range of BM¥Rodel with a Re
627  burial rate decoupled from spatial variations in organic carbon flux results in arsteepgase of
628 [RelreaWith increasing seafloor anoxi this case, significant underestimation of [fRepccurs

629 past ~5% seafloor anoxia, at which point anoxia expands beyond the ocean margjiresaptn
630 ocean where rates of primary productivity and organic carbon burial anetltameat the margins.
631 The uncertainty of mid-Proterozoic bathymetry is a challenge for our miadpéarticular,

632  epeiric seas are virtually absent today but were more prevalent during at he@sinse intervals
633 in the Precambrian and PhanerozaidKsson et al., 1998To evaluate the effect of epeiric seas,
634 we repeated our model exercise and simulated epeiric sea expansion byggmesanibed sea-
635 level rise to modern ocean bathymetry (FigSH. In this scenario, Re drawdown is enhanced by

636 elevated burial with organic-rich sediments underlying more extensive and prodstail@y
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waters The net effect of epeiric sea expansion is a reduction in the predicted exteafl@brs
anoxia required to achieve the same value of jJReyhen modeled with only limited extent of
epeiric seas.

To allow robust comparison of the model's [lrgfor anoxic ORM with the mid-Proterozoic
record, we determined the mean [ReValues for those stage 3 ORM that have independent Fe
speciation evidence for deposition from anoxic bottom watspecifically ratios of
biogeochemically highly reactive Fe to total Fe H##Eer) greater than 0.38 or degree-of-
pyritization (DOP) values greater than 0.45 (supplementary tabfesgsvell and Canfield, 1998
Poulton and Raiswell, 2002; Lyons and Severmann, )2(0tese filters should largely exclude
any ORM deposited under suboxic bottom waters. Based on the observed Reeartscim
independently constrained mid-Proterozoic anoxic ORM, we can infer the extent lobiseaf
anoxia using the model. For comparison, we performed the same exercisednoxite ORM
from stages 1 and 2.

Based on comparison with the model, the five ORM units from stage 3 with Fe \dibae
range of ocean redox states based on Re enrichments (Tabhe $a. 1417 Ma Lower Velkerri
Formation and ca. 1050 Ma Bylot Supergroup are characterized lavérage [Re}qsvalues that
imply near-total seafloor anoxia for the entire range of assumed B{édX¢ept for an oxygenated
surface layer in contact with the mildly oxygenated post-GOE atmospHerggver, the average
[Re]sedValues for these units are lower than those predicted by the model for tobrsaatixia
(Fig. 4), suggesting partial basin restriction, a greater extent of epeiriclsgag their deposition
relative to today, and/or an unusually low local BMAR. The Re data from tH&82&8.Ma Rove

Formation are also consistent with a significant extent of ocean anoxia except at the &twermo
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end of the modeled range of BMAR. Similarly, Re data for Archean ORElopninantly require
extensive ocean anoxia for most of the assumed range of BMAR.

Despite the complications posed by partial basin restriction and develophegairec seas
on the magnitude of Re enrichment in some ORM, the stage 3 ORM in ouorypilation have
Re enrichments that are generally similar or only mildly higher thare tbbthe stage 1 ORM
from the predominantly anoxic Archean. This observation, independent of the mosiehicas,
points to generally low ©concentrationgn the post-GOE ocean. Whereas muted Re enrichment
in stage 1 reflects a low riverine input due to low atmospheriew@ls, muted Re enrichment in
stage 3 is a product of substantial drawdown fluxes despite a greater inp $imxilar line of
reasoning was invoked to explain the nearly similar U concentrations in Archeami@nd
Proterozoic ORM Rartin et al., 2013 both records are consistent with interpretations based on
the Cr enrichmentSeinhard et al., 2013@and isotopeKlanavsky et al., 2014; Cole et al., 2p16
records. However, as stressedHaytin et al. (2013andCole et al. (2016)such an interpretation
is only meant to represent the first-order marine redox landscape andatopseclude the
possibility of spatiotemporal variations in atmosphere-ocean redox durirBnotierozoic time.

Indeed, the higher average [ReValues from the ca. 1361 Ma Upper Velkerri Formation and
ca. 641 Ma Black River Dolomite yield estimates of onil36 and 4% seafloor anoxia,
respectively, suggesting thatlarger oceanic Re reservoir and thus a greater extent of ocean
oxygenation may have existed during these intervals, albeit not all comparable tooRPtiane
levels. Consistent with this interpretation, U isotope data from the same sampiesUyper
Velkerri Formation suggest that <25% of the seafloor was covered by avateics {ang et al.,
in presy. Our interpretation is also consistent with Mo concentration and isotope daltede

ORM (Kendall et al., 2009, 201%hwhich only constrained the extent of ocean euxinia rather than
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general ocean anoxia. The model does not preclude the possibility thatiaasgpértion of the
low-productivity region®of the deep oceans may have been covered by weakly oxygenated waters
(Slack et al., 2007, 200@&nd oxygenated surface waters in highly productive regieasijard
et al., 201% In contrast comparison of our model with stage 2 [Rekuggests that a smaller
extent (<3%) of the seafloor was covered by anoxic waters during the GOE.

Rhenium enrichments in the Black River Dolomite are consistent with increased ocean
oxygenation in the wake of the Sturtian glaciation, as suggestethbsgvsky et al. (2010While
Re data from the upper Velkerri and Touirist formations may potentially reflectiemnéiygs
oxygenated marine conditions, the extent to which these data represent spatiotempticalsvar
in the mid-Proterozoic atmosphere-ocean redox remains to be tested with highetiene Re
data for stage 3. Given recent trace element evidence for fluctuatiog conditions in the
Neoproterozoic (e.g.Sahoo et al., 2012, 2016; Planavsky et al., 2014; Kendall et al., 2015;
Sperling et al., 2015; Thomson et al., 20C6le et al., 2016; Kuznetsov et al., in p)esansient
episodes of broader ocean oxygenation in the Mesoproterozoic may begdyhamic, longer-
term trend of protracted oxygenatieione characterized by significant temporal oscillations in
atmosphere-ocean >Qevels likely around still low baselines and which extended into the

Neoproterozoic and early Paleozoic.

6. Conclusions

The redox-sensitive behavior of Re can be used to characterizethiom of ancient marine
redox conditions by examining the sedimentary enrichment of Re in ORM thgeogbgic time.
A salient feature of our [Re} compilation is significantly lower Re concentrations in mid-

Proterozoic ORM compared to many ORM deposited during the ca-202Ga Lomagundi



705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

Event and during the Phanerozoic Eon; at the same timgJiR¢hese mid-Proterozoic ORM are
overall only mildly higher than those of Archean ORM. Given that efficieigtadive mobilization

of Re from sulfide minerals and organic matter in the exposed upper continentdlas useen
established since the GOE, the muted Re enrichments in mid-Proterozoic ORMs#stnbwith

an expansion of global marine anoxia after ca. 2.05 Ga that led to significant drawdihen of
ocean Re inventory. This is further supported by mass-balance modeling of rihe Re
geochemical cycle, which indicates that low Re enrichments in some mideRoote©ORM are
consistent with extensive seafloor anoxia. In this respect, the Re compilaties agteprevious
Cr, Mo, and U evidence for pervasively anoxic and ferruginous conditionsd-Proterozoic
oceans. The distinctive sensitivity of Re to varying environmental cordtla®s additional
capacity to resolve spatiotemporal patterns in ancient redox landstajsess evidenced in a
subset of the mid-Proterozoic ORM which displays higher Re enrichments thateftext
transient episodes of ocean oxygenation. The extent to which these data représernppeaal
variations in the mid-Proterozoic atmosphere-ocean redox state, the duratiore ofatti@sons,
ard the degree to which they are unique remains to be tested with an improved understanding o

the modern oceanic Re cycle and a higher temporal resolution for the Riéatiom
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