
Models for the marine Mo cycle 
 

In what follows we describe our Mo isotope mass balance and some of the considerations 

in building and evaluating it. We model the Mo isotope composition of seawater through 

time by first considering the modern system. As described in the text, Mo is buried into 

three categories of sinks: 1) deep oxic sediments (OX) 2) sulfidic shelf sediments 

underlying O2 poor waters (SAD) and 3) euxinic sediments (EUX). In many oxic 

sediments, no authigenic Mo accumulation is observed and, hence, they do not contribute 

to the overall Mo budget (e.g. Baja, Mexico (1), Mid-Atlantic (2), Japan Sea, Arabian Sea 

(3) Washington State margin (4)). Therefore, the three sinks account for all authigenic 

Mo removal, but do not cover the entire seafloor. 

 

Mo geochemistry 

 

 The geochemical behaviour of Mo is determined by the presence of dissolved H2S 

and O2 in aqueous solution. In oxic waters, Mo is soluble and exists as the molybdate 

anion, MoO4
2-. Removal of Mo under oxic conditions occurs slowly as a rare species, 

Mo6O19
2-, adsorbs onto Mn-oxides (5), and in modern, well oxygenated oceans, this oxic 

pathway accounts for 35-50% of Mo removal (Table S3). In sulfidic waters, molybdate 

reacts with H2S to form particle reactive oxythiomolybdates, MoO4-xSx
2- (x = 0, 1, 2, 3, 4) 

(6), which are scavenged when H2S > 11 mM or total sulfide (S2- = H2S + HS- + S2-) > 25 

mM at pH levels typical of sulfidic environments. Where sulfide is present in the water 

column (euxinic settings) or in pore fluids, Mo accumulates at a 100-1000 fold higher 

rate than when sulfide is absent (7).  

 



Isotope fractionation in the modern ocean 

 

Ferromanganese crusts and nodules deposited below ~1000m depth constitute the oxic 

Mo sink (OX) imparting strong fractionation during the Mo adsorption process, ΔSW-OX = 

2.8±0.1‰ (Figure S1, Table S2). In shallower settings with oxygen-poor bottom waters, 

Mo accumulates in sediments when sulfide is available in pore fluids for 

oxythiomolybdate formation (8). These settings are found in modern oxygen minimum 

zones and other low oxygen water masses (SAD), this removal pathway imparts a smaller 

fractionation, ΔSW-SAD = 0.7±0.2‰ (9). Under highly euxinic conditions (EUX) with H2S 

> 11 mM in pore fluids or in the water column, Mo is rapidly converted to particle 

reactive species and quantitatively scavenged without isotope fractionation from seawater 

(10) (Table S2). However, in mildly or intermittently euxinic basins, where H2S 

concentrations < 11 µM, isotope fractionation is comparable to that seen in shallow 

sulfidic sediments(10, 11).  

 

 
Figure S1: δ98Mo in modern marine sediments versus water depth with ferromanganese 

crusts () and sediment deposited in oxygen-poor waters (). Isotopic composition of 

the deepest sample in each core is shown. Non-steady state systems are not shown (see 

Table S2). 



Table S2: Sedimentary δ98Mo in modern marine sediments from 47 locations. 

Location Core Name 

Water 

Depth 

Core 

depth 

[Mo]auth 

top 

 δ98Mo 

top 

[Mo]auth 

bottom 

δ98Mo 

bottom Refs 

  m cm ppm ‰ ppm ‰  

Oxic-deep 

Atlantic Deep BM 1969.05 1800 62 Myr 7 -0.6 400 -0.7 (12) 

Atlantic Deep 63-43DS, SO-84 1970 Surface 239 -0.8 - - (12) 

Atlantic Deep 

1965.0.35, 

Atlantis II 878 Surface 307 -0.7 - - (12) 

Pacific Deep 44-8KD 2615 Surface 459 -0.7 - - (12) 

Pacific Deep 31-22KD 2350 Surface 277 -0.5 - - (12) 

Indian Deep 51-113D-D 4513 Surface 496 -0.7 - - (12) 

Indian Deep 50-145D-C 2700 Surface 296 -0.6 - - (12) 

Pacific Deep 237KD 4830 Surface 414 -0.6 435 -0.7 (12) 

Oxic – deep with Mo loss 

(Mo release by reductive dissolution of Mn-oxides. Possibly preserved by sulfide capture.) 

East pacific Deep, 

Central America Manop H 3600 20 55 -0.5 5.6 -0.6 (9) 

East pacific, California San Clemente 2070 24 32.4 -0.2 0.2 -0.5 (13) 

East pacific - deep Manop M 3100 18 15 -0.2 0.6 -0.4 (9) 

Mediterranean Sea a) BP018BC  1850 27 345 -0.25 7.4 -0.69 (14) 

Mediterranean Sea a) SL114  3390 32-34 26.9 -1.1 23 -0.82 (14) 

Transient systems  

(possibly changing from Mn-oxide dominated to non-ventilated bottom waters with sulfide availble) 

East pacific, California Sta Catalina 1301 39 0.8 2.2 1.5 -0.2 (9) 

East pacific, California Sta Nicolas, CA 1750 33 1.6 0.5 1.2 -0.4 (9) 

East pacific, California Tanner Basin, CA 1514 21.5 2.2 1.2 6.1 0.3 (13) 

Oxic-shelf (SAD) 

(Preservation in sulfidic pore waters) 

East pacific, California 

Santa Barbara, 

MC17 493 41 3.7 1.4 3.8 1.8 (9) 

East pacific, California Sta Monica 2 910 6.9 2.6 1.6 3.3 1.6 (9) 

East pacific, Mexico Magdalena 713 8.3 4.5 1.9 12 1.3 (9) 

East pacific, Mexico Alfonso 1 408 50.5 6.1 2 10 1.9 (9) 

East pacific, Mexico La Paz 887 6.5 5.6 2.1 8.5 1.7 (9) 

East pacific, Mexico Alfonso 2 408 6.5 6.5 1.9 11 1.7 (9) 



East pacific, Mexico Pescadero 1 600 11.8 1.8 2.7 2 1.9 (9) 

East pacific, Mexico Carmen 1 800 9.1 4.4 1.8 7.1 1.9 (9) 

East pacific, Peru Peru 264 33 87 1 37 1.3 (9) 

East pacific, Mexico Pescadero 2 800 11.8 2.2 2 2.2 1.7 (9) 

East pacific, Mexico Carmen 2 575 9.1 4.6 1.4 5.3 1.5 (9) 

East pacific, Mexico Mazatlan  59 5.6 1.6 14 1.6 (15) 

East pacific, California San Pedro 897 34.8 10.3 1.8 1.7 1.5 (13) 

East pacific, California Sta Monica 1  24 1.1 1.4 4.4 1.3 (13) 

East pacific, Mexico San Blas  47.8 4.4 1.8 13 1.6 (15) 

East pacific, Mexico Soledad  46.5 3.4 1.6 9.7 1.7 (15) 

Euxinic – mild (H2S <11 mM) 

Cariaco Basin 

Site 1002, ODP 

leg 165 900 600-640 95 1.79 192 1.76 (11) 

Black Sea 7613-1 84 Surface 5.0 -0.06 - - (10) 

Black Sea 7614-1 91 Surface 2.9 0.24 - - (10) 
Black Sea 7611-1 130 Surface 1.0 0.53 - - (10) 
Black Sea 7615 148 Surface 2.1 0.84 - - (10) 
Black Sea 7612-3 188 Surface 17.8 -0.13 - - (10) 
Black Sea 24 MUC 1 207 Surface 28.5 -0.63 - - (10) 
Black Sea 14 MUC 7 272 Surface 46.1 0.36 - - (10) 
Black Sea station 6 396 3-4 51.8 0.36 - - (10) 
Black Sea 25 MUC 1 410 Surface 67.7 1.64 - - (10) 
Baltic Sea, Gotland 

Deep 48/1 GD 168 0-1.6 90 0.57 -  

(10) 

Baltic Sea, Gotland 

Deep 271-2-GD 247 1.8 191 0.41 -  

(10) 

Baltic Sea, Landsort 

Deep 36/1 LD 450 0-1.6 115 0.11 -  

(10) 

Euxinic (H2S > 11 mM) 

Black Sea 17 MUC 4 500 Surface 52.5 2.24 -  (10) 
Black Sea 7618-3 943 Surface 49.4 1.95 -  (10) 
Black Sea 7619-1 1246 4-5 cm 32.5 2.44 -  (10) 
Black Sea 7606-2 1800 5-10 cm 33.7 2.08 -  (10) 
Black Sea 7620-1 2002 5-6 cm 25.9 2.07 -  (10) 
Black Sea 7620-3 2055 2-3 cm 25.8 2.10 -  (10) 

a) The Mediterranean sediment cores experienced diagenetic overprint and show atypical Mo isotopic 

compositions (14).



Paleo-ocean isotopic Mo budget 

 

The isotopic composition of seawater (δ98MoSW) serves as a measure of the relative 

proportions of the molybdenum sink in the ocean at any given time in Earth's history. In 

its modern oxic state, the ocean is strongly enriched in 98Mo due to a large fractionation 

resulting from Mo removal into oxic sediments. At times of expanded sulfide inventory 

in the oceans, the overall Mo removal would be more efficient, driving oceanic Mo 

inventory down, and net isotope fractionation becomes small. The model derived here is 

dedicated to the long-term changes in the Mo isotopic record at times when the system is 

in steady state. We first outline the theoretical framework by which Mo isotopic 

composition of seawater change, and subsequently discuss model assumptions, 

constraints and how data from the sedimentary record constrain the model. 

 

Isotope balance in the ocean is mainly established between oxic (large fractionation) and 

euxinic sinks (small fractionation): 

 

(2)    δIN = f . δNon-EUX + (1-f) . δEUX 

 

Here, f is the fraction of the Mo output buried in both deep oxic sediments (OX) and 

sulfidic sediments (SAD). The isotopic composition of the fractionated, non-euxinic sink 

(δNon-EUX ) is given by the weighted average of fully oxygenated deep sediments (OX) and 

shallow sediments with oxygen poor bottom water where sulfide precipitates at depth 

(SAD) with g defining the deep oxic fraction of non-euxinic sinks: 

 

(3)   δNon-EUX = g δOX + (1-g) δSAD 

 

A net isotopic offset from overlying seawater can result during burial into both types of 

sediments, but importantly fractionation always proceeds towards lighter isotope 

compositions in the products: δOX = δSW - ∆OX, δSAD = δSW - ∆SAD and δEUX = δSW - ∆EUX 

(∆ are all positive numbers, details below). In combination with equations 2 and 3, the 

isotopic composition of seawater yields: 



 

(4)    δSW = δIN + (1-f) . δEUX + f . g . δOX + f . (1-g) . δSAD  

 

Seawater isotope composition is a function of six parameters of which two (f and g) are 

variables between 0 and 1, three fractionation factors and with the isotope composition of 

the source input as a boundary condition. If we keep fractionation factors at their modern 

value, so that ∆OX = 2.8±0.1‰(12, 16, 17), ∆SAD = 0.7±0.2‰ (9, 13, 15) and ∆EUX = 

0.0‰ (10), δSW becomes a function of input and the relative proportions buried in the 

three settings can be derived, see Figures 2, S2 and S3. 

 

 
Figure S2: δ98MoSW is a function of the oxic removal fraction, f. The effects of oxic 

removal in deep ocean, g, and input composition, δin, are shown. 

 

Scott et al. estimates the modern oceanic elemental and isotopic Mo budget suggest that 

the ocean is balanced by these three sinks (Table S2), with deep oxic, sulfidic sediments, 

and euxinic sediments accounting for 35%, 50% and 15% of the total oceanic removal, 

respectively (7). Other estimates suggest lower euxinic proportions (5%) because 

intermittently euxinic upwelling zones are not included in the euxinic sink (9, 18). 



 

Table S3: Recent estimates for the relative proportions of modern Mo sinks and its 

corresponding parameterization in terms of f = OX/[OX + SAD +EUX] and g = 

OX/[OX+SAD}. 

 

 

Model assumptions  

 

Mo residence time 

 

We assume that the Mo cycle is in steady state and that the Mo inventory is large enough 

that surface waters are well-mixed with respect to Mo and carry a homogeneous δ98Mo 

composition. 

 

If overall removal rates are fast in any given basin (or in the entire ocean), the Mo isotope 

composition may vary within that body of water (ocean). For example, this would be 

expected in a fully euxinic ocean. We must, therefore, require both that samples were 

deposited in a basin that did exchange water with the open ocean, and that the oxic 

surface waters are well mixed with respect to Mo. That is, the Mo residence time in the 

ocean is much longer than ocean mixing time scales. The Black Sea offers a modern 

example with rapid Mo removal due to its strongly euxinic bottom waters, yet surface 

waters carry oceanic molybdenum with δ98Mo = 2.3‰ (10, 14). 

 

When is then the ocean no longer well-mixed with Mo? Based on the Mo/TOC proxy, 

Scott et al. (2008) estimates the oceanic Mo inventory to <5 nM, <21 nM and >>21 nM 

Source 

 

Oxic deep 

 

Oxic shallow 

"suboxic" 

Euxinic 

 

f 

 

g 

 

Scott et al. 2008  35% 50% 15% 0.85 0.41 

Brucker-Poulson et al. 2009 50% 45% 5% 0.95 0.53 

Kendall et al. 2009 35% 60% 5% 0.95 0.37 

Range 35-50% 45-60% 5-15% 0.95 0.37 



in the Archean, Proterozoic, and Phanerozoic, respectively (7). At the modern riverine 

discharge rate and steady state, this corresponds to a Mo residence time of <35, <150 and 

<730 kyrs. If this interpretation is correct, Mo would have been well mixed in early 

Paleozoic oceans.  

 

The constantly high δ98Mo > 1.5‰ in the ca. 392-365 Ma in Mid- to Upper Devonian 

shales provides independent evidence that Mo was well mixed in the ocean at this time, 

since the large fractionation is generated in the deep oceans by precipitation of 

ferromanganese oxides. Thus, the studied basins must, therefore, have exchanged water 

with the deep ocean. 

 

Local restriction 

 

At lower oceanic Mo inventory, the riverine Mo fraction in restricted basins would 

increase compared to Mo derived from seawater, and average δ98Mo discharge to such 

basins would fall closer to riverine values. This effect has been suggested to account for 

d98Mo variability in the Toarcian OAE(19). To quantify the potential of this isotope 

dilution, we can look at the modern Black Sea - a highly restricted basin. Water is 

supplied into the basin from rivers and seawater through the Bosporus Strait in roughly 

equal proportions(20). Today Mo concentrations in seawater is ~20 times higher than in 

rivers (105nM compared to 6 nM), giving average water supply to the basin an isotopic 

composition shifted by -0.08‰ relative to seawater.  

 

Riverine Mo flux 

 

Molybdenum is transported in solution as molybdate ion after chemical weathering of 

continental rocks. It is not clear if this process would accelerate during rises in the O2 

concentrations Neoproterozoic and Phanerozoic atmospheres which were already oxic 

(likely pO2 > 1-3% (21)). A change in source flux can hypothetically change the 

proportions of Mo buried in various environments, if removal rates in the major sinks do 

not respond in a proportional manner when the Mo inventory decrease. 



Riverine δ98Mo  

 

Today, Mo is delivered mainly through rivers (~90%) with a small contribution from 

hydrothermal sources (~10%) (22). The isotope composition of average riverine 

discharge is δ98Mo = 0.7±0.1‰ (23) largely determined by the discharge of the Amazon 

river (81% of the analyzed water supply) with considerable variation in smaller rivers. 

Hydrothermal vents is taken to supply Mo at a similar composition ~0.8‰ (24), but so 

far only one hydrothermal vent system has been analyzed. The oceanic input is heavier 

than crustal rocks represented by granites and clastic sediments, 0.15±0.15‰ 1sd n = 4 

(12), but within the wide range observed in molybdenite deposits 0.39±0.56‰, 1sd n = 

54 (25-27)1. It has been proposed that isotope fractionation can occur during weathering 

and/or transport into rivers by the retention of light Mo in soils (23). If this process 

changed in time, it may change the quantitative interpretation (f, g) as well. However, 

increasing δ98MoIN with time is most unlikely to explain the systematic increase in 

δ98MoEUX maxima over time, because it requires a highly fractionated Mo reservoir to 

build up on land (isolated from weathering). 

 

Fractionation factors 

 

The molecular-scale mechanisms driving fractionation is understood for the oxic burial 

pathway where adsorption occurs between an octahedrally coordinated polymolybdate 

anion (Mo6O19
2-) and birnessite (5). The observed isotope fractionation results from 

equilibrium reactions with polymolybdate being 2.7‰ lighter than the dominant Mo 

species in oxic waters, molybdate(5). This isotope offset is constant at relevant seawater 

temperatures and ionic strengths(16) which justifies keeping ∆OX constant in time.  

 

Mo isotope fractionation can also occur during adsorption onto iron oxides with 

substantial isotope fractionation -0.6 to -2.2‰ depending on the oxide compound (28). 

However, the importance of this removal pathway in the ocean still remains unclear. 
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Fractionation in sulfidic systems is currently based on empirical observations of modern 

marine sediments (Table S2). Our data compilation supports that fractionation can occur 

in systems where oxygen is intermittently present at the sediment surface. The mean 

isotope fractionation associated with sulfidic sediments and mildly or intermittently 

euxinic settings might well have been the same in the early Paleozoic as today (Figure 1). 

It is possible that the euxinic sink is generally associated with isotope fractionation 

(because highly euxinic settings always imply some mildly euxinic settings higher in the 

water column). However, model results differ only slightly when we allow fractionation 

of -0.5‰ in the euxinic sink (Figure S3). 

 
Figure S3: Model results showing the ocean states consistent with δ98MoSW inferred from 

our data with average fractionation of ∆EUX = 0.5‰ (solid lines) and shaded regions 

representing ±0.2‰ uncertainty of ∆SAD. Dashed curves represent ∆EUX = 0‰ (as in 

Figure 2). 

 



Representative sampling 

 

Much attention has been paid to geological successions where the oceanic redox 

conditions are known to have changed; for example during oceanic anoxic events at the 

Precambrian-Cambrian boundary, the Cambrian SPICE event, and the Toarcian anoxic 

event. During these anoxic events, the oceanic molybdenum cycle is obviously not in 

steady state and Mo isotope compositions change in response to both local and global 

conditions, so how do we know that the highest δ98Mo value actually represents global 

seawater and not some transient state where 98Mo were accumulating in the ocean? Here, 

we need to think about what causes global positive excursions: 98Mo enrichment is 

caused by oxygenation, which means that positive excursion is potentially caused by a 

transient oxic ocean state, but reality tells us that the events were all transiently more 

anoxic. Instead, we suggest that quantitative removal (no fractionation) is often linked to 

peak of these events and these record 'global' seawater. To circumvent this bias, we have 

chosen to include samples from times when the ocean redox chemistry is not thought to 

change. 

 

Separating global and local signals in sediments 

 

We utilize Fe based proxies to determine the local redox conditions and determine Mo 

isotope composition of the euxinic samples where the probability of getting seawater 

value is maximal. 

 

Fe2+ is transported in solution only under anoxic waters. This transport mechanism leads 

to enrichments of highly reactive iron relative to total iron. Riverine particulates have 

FeHR/FeT < 0.38 (29), and higher values indicate anoxic basins. In euxinic basins, H2S 

occurs in excess over Fe2+ and most of the highly reactive iron is converted to pyrite: 

FeP/FeHR > 0.7. The threshold value has not been calibrated in modern sediments and 

some authors are using a threshold of >0.78 or >0.80 (30, 31) to decide euxinic 

conditions. The degree of pyritization DOP = FeP/FeHCl has been calibrated and >0.75 is 

diagnostic of euxinic basins, while some euxinic basins are overlooked, at DOP = 0.6-



0.75, when the value is reduced by HCl-reactive silicate phases that were unreactive 

towards sulfide on short diagenetic time scales (29). A threshold of 0.75 would be 

conservative, but we choose FeP/FeHR > 0.70 to include our highest Devonian δ98Mo 

value at 1.93‰. 

 

Samples classified as euxinic sediments are typically enriched in Mo with concentrations 

in the 10-100 ppm range except when the Mo concentration in the basin (ocean) was 

particularly low. In this case, bulk δ98Mo in samples must be interpreted with caution, 

since detrital material can then contribute significantly. Accordingly, we define samples 

with significant detrital component as detrital: Mo EF > 2 or Mo > 2*Modetrital = 3 ppm 

(Figure 1 and 3). 

 

Statistical significance of the δ98Mo and Mo/TOC records  

 

The apparent increase in sedimentary δ98Mo and Mo/TOC has led us to hypothesize that 

ocean redox chemistry changed during two episodes of oxygenation when large motile 

animals emerged ~542 million years ago, and in the Early Devonian ~ 390 million years 

ago when vascular plants invaded land. Here, we present statistical tests to show that the 

elemental and isotopic records are truly distinct in these intervals, and an evaluation of 

the confidence that early Paleozoic oceans had a distinctly lower δ98Mo than later 

Phanerozoic oceans.  

 

We know from first principles that both Mo concentration and δ98Mo in sedimentary 

rocks is always limited to a maximum value given by Mo concentration and δ98Mo of 

seawater. It is therefore the maximum value in the sedimentary record that best constrains 

the composition of contemporaneous seawater. However, all samples are deposited from 

seawater and carry a signal of seawater. In order to extract this information we look at the 

histograms and derive a probability distributions of the Mo records that we can comopare 

for each time stage (Figure S4, Figure S5). 

 

 



Figure S4: a) Normalized histogram for the δ98Mo records and b) cumulated histogram 

with fitted polynomials representing the cumulative density function (CDF). See legend 

for details. 

 

 
Figure S5: a) Normalized histogram of the Mo/TOC records and b) cumulated histogram 

with fitted polynomial representing the cumulative density function (CDF). See legend 

for color code. 

 



The steady increase with time of the 90-percentile levels (Table S4) for the sediment data 

is best explained by an overall enrichment with time of Mo and 98Mo/95Mo in ocean 

water. 

 

Table S4: 90-percentile levels of the Mo/TOC and δ98Mo records. Only samples with 

TOC >0.5wt% are included in this calculation to avoid unrealistic Mo/TOC for samples 

with negligible TOC content that was most likely deposited in non-euxinic environments. 

Modern samples are excluded.  

Time interval 

90%-tile 

Mo/TOC 

(ppm/wt%) 

δ98Mo 

(‰) 

543-1800 Ma 10 (n = 739) 1.10 (n = 74) 

392-542 Ma 19 (n = 123) 1.37 (n = 50) 

0-391 Ma 24 (n = 114) 1.84 (n = 32) 

 

We correct for oversampling in younger intervals by bootstrapping the observed records, 

and randomly sample a set of ~half the total number of samples in the smallest interval 

(16 for δ98Mo ) 10,000 times and compute maximum value and its standard deviation 

(Table S5). The maximum value obtained from the isotope data is distinct in each interval 

and show much less variability than for elemental data.  

 

 

Table S5: Maxima values of Mo/TOC and δ98Mo distributions functions (Figure S4) 

when subsampled 10,000 times in portions of 57 and 16 samples, respectively. Errors 

represent 1 s.d. levels, 

Sedimentary rocks 

Max (bootstrap) 

Mo/TOC 

(ppm/wt%) 

δ98Mo 

(‰) 

543-1800 Ma 41±17 1.1±0.0 

392-542 Ma 43±11 1.5±0.2 

0-391 Ma 53±16 2.0±0.1 

 

Is the maximum δ98Mo value of Early Paleozoic sediments distinctly lower than 



equivalent later Phanerozoic sediments? To test this we assume the opposite hypothesis is 

true: The true Early Paleozoic sedimentary δ98Mo distribution is identical to the Late 

Phanerozoic distribution, but sparse sampling have given us a lower maxima value. The 

probability that this hypothesis is true is calculated by randomly sampling the cumulative 

density function (CDF) of the Phanerozoic distribution in chunks of 50 samples many 

times and sort the results after maximum value (Figure S5). The resulting distribution 

shows that a δ98Mo maximum of 1.6‰ will randomly occur in 0.03% of cases - and we 

reject the hypothesis. One sample in the Early Cambrian Niutitang Fm is found at 1.89‰. 

If we allow this sample to represent seawater value between 542 Ma and 390 Ma, we can 

only reject the hypothesis with 66% confidence. However, we notice that persistently 

high δ98Mo values, ~1.6-2.0‰ is only found in Devonian successions (see details in a 

subsequent section) whereas most older succession display lower values. We will not 

exclude the possibility that oceans experienced a transitory period of oxygenation at the 

very beginning of the Phanerozoic. More samples from the late Ediacaran will tell. 

	
  
Figure S6: Probability of finding a maximum δ98Mo value of δ98Momax when randomly 

picking 50 samples (= number of samples in early Paleozoic interval) from the 

Phanerozoic CDF (Figure S4). An early Paleozoic maximum value of 1.6‰ is distincly 



lower than what would be sampled from the Later Phanerozoic distribution with 99.97% 

confidence. 

 

Hypoxia tolerance in modern fish 

Fish are more sensitive to reduced oxygen concentrations than other marine animals (e.g. 

crustaceans, annelids and bivalves) (33) and their presence may serve as a proxy for high 

oxygen levels in a given environment. Prolonged exposure to 90-125 µM O2 (30-40% 

PAL, present atmospheric level) cause acute mortality in many fish species (33, 34). 

Figure S7 summarize the measured hypoxia tolerance versus maximal fish length. The 

largest species tend to have the highest O2 demand, perhaps due to higher resting 

metabolic rate (35), active metabolic rate (36) and oxygen consumption in fish with 

larger body size. There is considerable variation within experiments of the same species 

and between species possibly related to changes in stage of life cycle, life style, and 

environmental conditions (e.g. optimal temperature). However, the appearance of meter-

sized, jawed fish in the Early Devonian (37) marks a six orders magnitude increase (!) in 

body weight compared to centimeters sized, jawless fish of the earlier Paleozoic (38). 

This transition suggests that minimum allowable O2 levels increased from ~20% present  

atmospheric level (early Paleozoic) to ~50% PAL (Devonian). 

 



 
Figure S7: Hypoxia tolerance in modern fish versus maximal length is given in terms of 

median lethal oxygen concentration LC50 (♦) (where 50% of a population is dead) and 

lowest observable effect concentration (LOEC, ♦) fatal for survival (e.g. growth, 

metabolism or reproduction). The critical tolerance observed for each species is marked 

with rings. The maximum fish length in the Paleontological record increases with time 

(arrows) in concert with increasing minimum O2 requirement.



Sample descriptions 

 

The material for this δ98Mo compilation consists of 180 black shales (64 samples newly 

collected and analyzed for this study) from 22 formations (Table S1). Samples were 

chosen where their iron speciation chemistry suggested deposition beneath a euxinic 

water column, because such sediments have the potential to record δ98Mo of 

contemporaneous seawater (32).  

 

Isotope fractionation occurs in mildly euxinic basins where bottom water H2S < 11 mM 

and/or when [H2S] is present intermittently (10, 39). Iron speciation data indicate whether 

sulfide existed in greater abundance than Fe2+, but it cannot differentiate between euxinic 

basins where Mo isotope fractionation occurred and basins where it did not. Here we 

describe the stratigraphic units analyzed and discuss evidence that would support local 

Mo fractionation; i.e. evidence for intermittent changes in local redox. This allows us to 

deconstruct local fractionation during deposition from global changes in seawater 

composition, based on a combination of sedimentological, paleontological and 

geochemical proxies. Robust estimates for δ98Mo composition of seawater is revealed 

from ten stratigraphic units: the Velkerri Formation, northern Australia (1400 Ma); the 

Chuar Group, Grand Canyon, USA (742 Ma); the Ara Group, Oman (542 Ma); the 

Niutitang Formation, Yangtze Platform, China (532 Ma); the Alum Shale, Scania, 

Sweden (501 Ma); the Upper Hartfell and Birkhill Shales, Dobs Linn, Scotland (442 Ma); 

the Oatka Creek Formation, New York State (392 Ma); Chattanooga Shale, Tennessee 

(367 Ma); the Whitby Mudstone Formation, Yorkshire, England (181 Ma); and finally 

from the modern Black Sea (Table S2). In all other sections described here local 

fractionation with d98Mo was consistently lower than that predicted by the increase in 

δ98Mo maxima over time (Figure 1). 

 

 

 

 

 



Wollogorang Formation, Tawallah Group, drill core Mount Young 2 from northern 

Australia: ~1730 Ma 

 

The age of this formation is constrained by U-Pb SHRIMP zircon ages of 1729 ± 4 Ma 

and 1730 ± 3 Ma from tuffaceous green claystone layers from the middle of the black 

shale unit (40). Samples analyzed for d98Mo represent black shales with high TOC (up to 

6 wt %), relatively high Mo concentrations 41-58 ppm (18), and variably high degree of 

pyritization (DOP) = 0.6-0.9 (18) deposited in a semi-restricted marine intracratonic 

basin (41) characterized by oxic surface waters with low-sulfate and generally euxinic 

deep waters (18). Paleomagnetic, petrological and geochemical data, along with 

geochemical modeling suggests the Wollogorang Formation experienced post-

depositional hydrothermal fluid flow, and thus, some samples likely contain a lower 

δ98Mo value than seawater. With this possible post-depositional alteration in mind, the 

best estimate for contemporaneous seawater at 1730 Ma is δ98Mo = 1.1‰ (18). 

 

Velkerri Formation, Roper Group, drill core from northern Australia: ~1400 Ma 

 

The age of the Velkerri Formation is constrained by new Re-Os dates of 1362 ± 21 Ma 

and 1417 ± 29 Ma (5) as well as a U-Pb SHRIMP zircon date of 1492 ± 4 Ma from a tuff 

bed located 700 m beneath the Velkerri Formation (18). Sedimentology (e.g. presence of 

glauconite), sequence stratigraphy (e.g. six third-order progradational sequences) and 

geochemical measures (pyrite δ34S) suggest that the Roper Group was deposited in a 

shelf/ramp setting in an epicratonic basin connected to the global ocean with low sulfate 

concentrations and a stratified water column (18). 

 

Typical Mo concentrations in the Velkerri Formation fall in the range 11-33 ppm (7). The 

analyzed samples contain 105-119 ppm Mo, high degree of pyritization, DOP > 0.9, and 

Fe/Al =1.43-1.85 indicating deposition in a euxinic water column (18). The consistently 

high δ98Mo = 0.94-1.13 ‰ (Table S1) is interpreted to reflect seawater at 1400 Ma of 1.1 

‰ (18). 

 



 

 

Chuar Group, outcrops from the Grand Canyon, USA: ~742 Ma 

 

The Chuar Group was deposited in an intracratonic rift basin near the equator (42, 43) 

during break-up of the supercontinent Rodinia(44). Our samples come from the Walcott 

Member in the uppermost 250 m of the 1400 m thick Chuar Group. This black shale unit 

is capped by an ash layer hosting zircons with a U-Pb age of 742 ± 6 Ma (44). The 

presence of the age-diagnostic acritarch Cerebrosphaera buickii (45) and diverse vase 

shaped protist tests (46) suggests that most or all of the group was deposited between 

about 800 and 742 million years ago. 

 

Sedimentary Fe speciation chemistry suggests that the Chuar basin experienced oxic 

surface waters but anoxic deep waters, with euxinic conditions prevailing during 

deposition of the Walcott Member (47). However, the sediments contain low Mo (0.2-12 

ppm) and Mo EF (1-20) compared to most Proterozoic black shales(7). Most samples fall 

around δ98Mo = 1.0‰ which provides the best estimate of contemporaneous Proterozoic 

seawater. 

 

Tapley Hill Formation and Appila Tillite, drill core sR6 from the Stuart Shelf, 

Adelaide Rift, Australia: ~645 Ma 

 

The Tapley Hill Formation and Appila Tillite were deposited in the Stuart Shelf basin of 

the Adelaide Rift Complex, Australia within an epicontinental basin 200 to 300 km wide 

with apparent open access to the global ocean through the present south basin margin 

(48). The Appila Tillite was deposited in deep water, and through most of its history, the 

Tapley Hill Formation was deposited in a basinal setting (48). 

 

The Tindelpina Shale Member at the base of the Tapley Hill Formation has a Re-Os date 

of 643.0 ± 2.4 Ma(49). Accordingly, the underlying Appilla Tillite is older than this and 

specifically older than the 635.5±0.5 Ma Marinoan cap carbonate in Namibia (50) that 



has previously been correlated with the tillite on the basis of δ13C and 87Sr/86Sr 

chemostratigraphy (51-53). 

 

Sediments were deposited beneath an anoxic but non-sulfidic water column, where Fe2+ 

was transported in the water column and the ferrous iron supply greatly exceeded the H2S 

in the system, preventing complete pyritization (30). Mo concentrations are generally low 

(~ 1 ppm) with Mo/Al elevated only two-fold over average crustal rocks (Mo EF = 2). 

Two samples have δ98Mo = 0.2‰ and 0.8‰, and thus low H2S may have resulted in 

isotopic fractionation from seawater Mo. 

 

Dracoisen Formation, outcrops from Spitsbergen: ~625 Ma 

 

The Polarisbreen Group comprises the Elbobreen Formation, overlain by the 

Wilsonbreen diamictite and the Dracoisen Formation at the top. Samples come from the 

latter, which has no robust age constraints, but a whole rock Rb-Sr age of 654 ± 23 Ma 

from the Elbobreen Formation can be regarded as a maximum age (54). The underlying, 

150 m thick Wilsonbreen Diamictite is correlated to the Marinoan glaciation (54, 55) 

based on stratigraphic and geochemical correlations of the underlying Akademikerbreen 

Group: this implies deposition after 635 Ma of the Dracoisen Formation.  

 

The black shales are enriched in highly reactive iron with negligible pyrite content, 

indicating deposition in an anoxic and ferruginous water column (30). The same is true 

for the Elbobreen Formation below the diamictite and the correlative Canyon Formation 

in East Greenland (30). Samples have considerable Mo abundance and enrichment factors 

of 6-12 ppm and Mo EF at 5-8, respectively, with a sample at δ98Mo = 1.1‰ consistent 

with seawater at or above this value. 

 

 

 

 

 



Windermere Supergroup, outcrops from the Cariboo Mountains, western Canada: 

~608-570 Ma 

 

Samples from the Cariboo Mountains come from the Middle and Upper Kaza Group and 

the overlying Isaac Formation. The Old Fort Point Formation of the Middle Kaza is a 

marker unit that is exposed over an area of 35,000 km2 and has a Re-Os date of 608 ±5 

Ma(56). A U-Pb zircon date of 569.6 ± 5.3 Ma is found in volcanic rocks of the Hamill 

Group that unconformably overlie the Windermere Supergroup, thus constraining the 

younger age limit.  

 

The Middle and Upper Kaza Group records an extensive submarine sandy turbidite 

system deposited in a basinal setting; the later deposition of the Isaac Formation took 

place in a shallower slope setting (57). Bottom water redox conditions, inferred from 

highly reactive iron, shows that the Middle Kaza Group were deposited under anoxic and 

ferruginous conditions (FeHR/FeT < 0.38) (30); in contrast the Upper Kaza Group was 

deposited beneath oxic bottom waters. It has been suggested that this redox transition was 

related to the post-Gaskiers (580-560 Ma) deep-water oxygenation observed in 

Newfoundland (30) (see below).  

 

Mo abundance is generally low in the Kaza Groups and the Isaac Formation (~ 1 ppm, 

Mo EF ~ 1), but occasionally reaches ~8 ppm. In samples that contain authigenic Mo 

enrichments, the bulk isotopic compositions (δ98Mo = -0.4 to +0.2‰) are either 

reminiscent of dilution with detrital Mo at a δ98Mo similar to average crust (~0‰) or 

fractionated relative to oceanic input (<0.7‰), or both. Therefore, based on these 

observations d98Mosw was ~1.1 ‰ at this time. 

 

Drook and Gaskiers Formations, outcrops from the Avalon Peninsula, 

Newfoundland, Canada: ~580-565 Ma 

 

Glacial deposits from the Gaskiers Formation are precisely dated, with a U-Pb zircon date 

of 580 ± 1 Ma from just below the glacial units, and 575 ± 1 Ma from an ash bed in the 



overlying Drook Formation. The Drook Formation consists of alternating graded 

sandstone layers and silty mudstones, with abundant volcanic ash beds deposited in deep 

waters (below storm wave base), possibly in an arc-related setting with steep subaerial 

and subaqueous slopes (58, 59). The section famously hosts the oldest Ediacaran fossils, 

e.g. Charnia (60), and recent iron speciation data suggest an abrupt shut off of highly 

reactive iron supply at the transgressive transition between the Gaskiers glacial deposits 

and the overlying Drook Formation. This implies changes in local redox conditions from 

anoxic and ferruginous deep waters to oxic conditions (61). Currently the Drook 

Formation and/or the Upper Kaza Group in the Windermere Supergroup (see above) 

represent the oldest evidence for oxic conditions in basinal settings. 

 

Authigenic Mo concentrations in the Gaskiers and Drook Formations are low, with Mo 

abundances and enrichments of <3 ppm and <3, respectively. However, the ferruginous 

sediments of the Gaskiers Formation have statistically higher abundances than during the 

deposition of the Drook Formation, when bottom water contained O2 (student's t-test, 

probability = 0.06). The isotopic compositions (δ98Mo = 0.0 ‰ to +0.3 ‰) are similar to 

the average crust (~0 ‰), which constitutes an important component of bulk Mo. The 

low bulk d98Mo values are consistent with a low seawater δ98Mo value at 580 Ma and 

suggest that the authigenic Mo component in the ferruginous samples may have been 

fractionated locally. 

 

Ara Group, Huqf Supergroup, drill cores MM NW-7 and ALNR-1 from Oman: 

~542 Ma 

 

The Ara Group of the uppermost Huqf Supergroup consists of evaporite-carbonate cycles 

(A0-A6) that record a period of basin restriction in a strongly subsiding foreland 

trough(62). It was deposited between ~540-550 Ma as constrained by U-Pb zircon dates 

from ash beds in the A4 carbonate unit, 542 Ma, and basal A0 carbonate unit, 547 

Ma(63). 

 



Samples come from drill cores MM NW-7 and ALNR-1 through the Athel silicilite, 

which represents the deepest part of the South Oman Salt Basin. The samples have high 

TOC, Mo and Mo EF, consistent with deposition under a sulfidic water column, but Fe 

speciation data has so far not been reported (64). Reported δ98Mo values (65) show a 

transition from < 1.3 ‰ with a dramatic oscillation between 0.0 ‰ and 1.5-1.6‰ and 

subsequent fall to 1.1 - 1.3 ‰, which reflects the best estimate of seawater at that time. 

The highest value reflects substantial Mo removal from the ocean that occurred with 

fractionation, e.g. a large oxic sink relative to sulfidic Mo removal.   

 

Niutitang Formation, outcrops from the Yangtze Platform, China: ~532 Ma 

 

The Niutitang Formation consists of black shales resting unconformably on the ~700 m 

thick carbonate-rich Denying Formation(66). A polymetallic sulfide marker bed occurs a 

few meters above the base of the Niutitang Formation, displaying unusual metal 

enrichments such as 3-9 wt% Mo. The Formation was first correlated with the Ara Group 

based on δ13C chemostratigraphy and a Re-Os date of 541 ± 16 Ma from the metal rich 

layer(67). However, a new SHRIMP U-Pb zircon date of 532.3 ± 0.7 Ma (within the error 

margins of the Re-Os age) from a volcanic ash bed in the lowermost black shale sequence 

in the Guizhou Province accurately constrains the age of the Niutitang Formation (66) 

indicating deposition slightly later than the Ara Group. 

 

Apart from the polymetallic sulfide marker bed, the black shales have similar Mo, Mo 

EF, and TOC to the other Proterozoic and some of the Phanerozoic shales in our sample 

set (64). δ98Mo values are around 1.1-1.3 ‰ with a peculiar peak at 1.9‰ (one sample) 

followed stratigraphically by low values of δ98Mo of 0.5-0.8 ‰ and a return to 1.1 ‰ 

(65). Mo/TOC show large variations, at 7-41 ppm/wt%, decoupled from δ98Mo, implying 

that changes in seawater composition alone are insufficient to explain the data. The 

presence of highly metalliferous sediments with 3-7 wt% Mo may indicate that 

syndepositional hydrothermal fluids dominates the Mo budget of this basin (68, 69), 

although it has been suggested that all Mo in the ore horizon came from seawater (33). 

Additionally, we cannot eliminate the possibility that fractionation took place during 



deposition, especially during the interval of low δ98Mo. In any case, the most positive 

δ98Mo values of 1.1-1.3 ‰ probably reflect a time when seawater re-established 

dominance in the local Mo budget shortly after 532 Ma. 

 

 

 

Yu’anshan Shale, Ma’Fang drill core from Chengjiang, Yangtze platform, China: 

521-517 Ma 

 

The Yu’anshan Shale is one of four members belonging to the Helinpu (formerly 

Qiongzhusi) Formation (70) (for division see (71)). Our core samples, from the Ma’fang 

core drilled in June 2008, come from the second member, which is carbonaceous black 

shale characterized by high TOC, pyrite, and dolomite lenses. This member is overlain by 

the fossiliferous Maotianshan Shale Member, a claystone interbedded with discontinuous 

siltstones (72) that contains the Chengjiang Lagerstätten (71-73). The Yu’anshan Shale 

has been interpreted to represent a single shallowing-upward sequence, but specific 

environments and modes of deposition are still under discussion (71, 74). It has been 

suggested that deposition took place in a tropical sea, bordered on all sides by landmasses 

(75), but sedimentological evidence for tidal structures (74) requires a significant 

connection to the open ocean. Our samples are interpreted to represent a deep-water 

environment in a semi-restricted basin. 

  

Absolute dates have not been established for the Yu’anshan Shale, but biostratigraphic 

correlation of small shelly fossils, trilobites and acritarchs suggests it was deposited 

during the late Atdabanian Stage, ca. 521-517 Ma (71, 74, 76-79), with the first 

appearance of trilobites occurring at its base (73, 80).  

 

According to our Fe speciation data, the Yu’anshan Shale records euxinic deposition 

(FeHR/FeTOT = 0.48±0.06, FePY/FeHR = 0.86±0.02). The samples have ~2 wt % organic 

carbon, moderately high Mo concentrations and enrichments (8-19 ppm; Mo EF = 5-12) 

and isotope composition tightly clustered in two groups at 1.1 ‰ (43.8-45.6 m, depth) 



and 0.6‰ (47.6-48.5 m, depth). We interpret these values to reflect fractionation with 

seawater δ98Mo of >1.1 ‰. 

 

Burgess Shale Formation, outcrops from British Colombia, Canada: ~505 Ma 

 

The Walcott Quarry Shale Member of the Burgess Shale Formation contains finely 

laminated, calcareous, silty and graphitic mudstones (81) deposited in a marine setting 

with an exceptionally well-preserved fossil fauna (82). Our samples come from shales 

13-40 cm below the original floor of the “Phyllopod Bed” (the Marella Layer), as it was 

named by its discoverer, C. D. Walcott in 1912. 

 

The exceptional fossil preservation is often attributed to anoxic bottom waters. However, 

this conclusion is challenged by the lack of trace metal enrichments (Mo, U/Th, V/Cr, 

Ni/Co, V/Ni, V/Sc) in the Burgess Shale Formation (83). Our analyses support this 

finding with low Mo and TOC (TOC = 0.2-0.3 wt %; Mo <2 ppm) that we associate with 

a general absence of sulfide in the bottom waters. However, some samples are enriched in 

highly reactive iron (FeHR/FeT = 0.5-0.6), implying Fe2+ transport and deposition in 

anoxic waters. Two of the samples display low FeHR/FeT values and substantial pyrite 

fractions (FeP/FeHR = 0.25-0.48) associated with δ98Mo = 0.2 ‰. The heaviest sample 

deposited under an anoxic, non-sulfidic water column is significantly heavier than detrital 

inputs, but consistent with seawater at δ98Mo > 0.9 ‰. 

 

Cambrian-Silurian shales drill core samples from Baltica: 505-430 Ma 

 

The Baltic samples (Alum-, Almelund-, and Rastrites shale Formations) derive from a 

condensed Lower Paleozoic succession, deposited in a sediment starved epicontinental 

basin (84). The sampled Cambro-Ordovician units represent outer shelf shales and 

mudstones that accumulated at average rates of ~2-5 mm/1000 yrs (85, 86). The Silurian 

shales, representing a distal foreland basin setting, are less condensed. The epicontinental 

sea is generally assumed to have been in open access with the global ocean, but it is 

possible that uplift of the craton margin, associated with initial subduction in the Iapetus 



Ocean, to some extend restricted the water exchange during the Mid Cambrian-

Tremadocian. This caused stratification of the water column and low oxygen (mostly 

anoxic?) conditions at the sea floor. The presence of an abundant albeit low-diverse 

trilobite fauna, including many species that are found elsewhere (87), in the Alum Shale 

Formation indicates that marine conditions still prevailed. 

 

The investigated units are highly fossiliferous and well-dated biostratigraphically. 

Deposition ages are derived from the biozones (88) and interpolated linearly by depth in 

the drill cores as in ref. (86) (Table S1). 

 

 

Alum Shale Formation, Scania, Sweden: 505-485 Ma 

Drill cores: Andrarum-3, SE Scania, Albjära-1, W. Scania, Gislövhammar-2, SE Scania. 

 

Samples come from three drill cores in Scania, Sweden, straddling a 20 million year 

interval from the late Mid Cambrian to the mid Tremadocian. The Andrarum-3 drill core 

covers the uppermost Middle Cambrian to lower Furongian (A. pisiformis and Olenus 

superzones). The mentioned biozones are separated by a global oceanic anoxic event 

referred to as the ‘SPICE’ δ13C excursion(89). Drill core samples from Albjära-1, W. 

Scania and Gislövhammar-2, SE Scania, cover the middle Tremadocian (A. tenellus and 

Kiaerograptus zones). Locations of drill cores are shown in Fig. 1 of ref. (86). 

 

The Alum Shale Formation comprises extraordinarily organic-rich black shales – up to 25 

% TOC - with high pyrite content (85, 86). The shales are laminated with only rare traces 

of bioturbation, suggests the imposition of anoxia within the sediments. It contains a low-

diverse but highly abundant fossil fauna, dominated by trilobites and brachiopods (87), 

implying at least intermittent presence of oxygen (90). The occurrence of a benthic fauna 

is at odds with the geochemical data, suggestive of anoxic and euxinic conditions (see 

below). The fossiliferous interludes possibly reflect short-lived oxygenation events. 

Graptolites are common in the Ordovician interval (91), but these pelagic organisms only 

have indirect bearing on the chemical conditions at the sea floor; their preservation would 



be enhanced under mostly anoxic conditions. 

 

The mid-Cambrian Furongian samples display high FeHR/FeT = 0.6-1.0 and high FeP/FeHR 

> 0.9 and thus evidence for Fe2+ delivery to an anoxic and sulfidic basin. This 

interpretation is supported by high Mo concentrations (25-125 ppm) and disseminated 1-

10 mm pyrite framboids (46). Significant variability in δ98Mo = 1.0-1.4‰ around the 

oceanic anoxic event (SPICE) indicates a response to global redox changes in a setting, 

where local redox conditions show little, if any, variation. At all times euxinic samples 

would have δ98Mo up to 1.4‰ at ~500 Ma. 

 

The Ordovician samples also indicate anoxic and euxinic deposition, FeHR/FeT = 0.7-0.9, 

and FeP/FeHR = 0.64-0.74, but again the presence of benthic brachiopods require at least 

brief periods with oxic seafloor. Mo concentrations and isotopic composition vary greatly 

by Mo EF = 4-17; 34-75 and δ98Mo = 0.28-0.54; 0.67-1.12‰ in Albjära-1 and 

Gislövhammar-2, respectively. Besides, the sub-riverine ä98Mo values in Gislövhammar-

2 imply that considerable isotope fractionation occurred during deposition. In 

combination, the high variability and low δ98Mo values together with presence of benthic 

brachiopods indicate short-lived oxygenation events, while excess highly reactive iron 

reflect overall anoxic conditions in the basin. 

 

Almelund Shale, Scania,Sweden, Middle Ordovician (Darriwilian) 465-462 Ma  

Drill core: Albjära-1, W. Scania, 

 

The Almelund Shale is black, but contains significantly less organic matter than the older 

Alum Shale (c. 2 wt% TOC). It contains a rich graptolite fauna, often associated with 

small inarticulate brachiopods (92, 93). . The investigated samples derived from the H. 

lentus, P. distichus and H. teretiusculus zones Local bottom waters were anoxic, 

FeHR/FeT = 0.36-0.90 and sulfidic FeP/FeHR = 0.71-0.73. Both Mo enrichments and δ98Mo 

are low, at Mo EF = 3 and 0.66-0.93‰. As for the Ordovician Alum Shale, benthic 

brachiopods are present in these core samples indicating at least intermittent oxic 

conditions. The Fe speciation data is taken to reflect overall euxinic deposition with brief 



oxic periods allowing transient invasion by an opportunistic benthic fauna. The isotope 

composition of these shales are consistent with a δ98MoSW value at >0.9‰. 

 

Rastrites Shale, Scania-Bornholm, Upper Ordovician-Lower Silurian (Hirnantian-

Telychian) 444-430 Ma 

Drill cores: Billegrav-1, Bornholm; Lönstorp-1, W. Scania 

 

The samples analyzed for Mo in Billegrav-1 and Lönstorp-1 come from the Ordovician-

Silurian boundary interval (persculptus and ascensus graptolite zones (94, 95). Also these 

shales are grey to blackish, and contain < 3 wt% TOC (86). The fauna is dominated by 

graptolites with subordinate presence of cephalopods (95). The geochemical data suggest 

that deposition took place under a largely euxinic water column (FeHR/FeT = 0.42-0.52, 

FeP/FeHR = 0.72-0.78). The elevated Mo abundance (~7-18 ppm) and Mo EF = 3-8 

provide supporting evidence for the presence of H2S, but the low d98Mo value 0.58‰ 

(one sample) is ~0.8‰ lighter than the heaviest contemporaneous euxinic shales (Dobs 

Linn). The presence of a benthic fossil fauna in the samples implies mildly sulfidic or 

intermittent oxic conditions that allow isotope fractionation to occur. Younger Silurian 

samples from the Lönstorp core (convolutes, guerichae, griestoniensis and spiralis 

graptolite zones) display FeHR/FeT < 0.38 indicative of oxic deposition, where Mo is not 

necessarily preserved. 

 

Upper Hartfell and Birkhill Shales, outcrops from Dob’s Linn, Southern Uplands, 

Scotland: ~444 Ma 

 

Dob’s Linn in southern Scotland is the global stratotype (GSSP) for the base of the 

Silurian (443.7±1.5 Ma) (96, 97), and records a deep-water sequence of graptolitic shales 

and mudstones from a tropical, continental margin setting facing the Iapetus Ocean (98). 

The section exposes the Upper Hartfell and Birkhill Shales (belonging to the Upper 

Ordovician Katian – Hirnantian stages), and straddles two Late Ordovician extinction 

events. The first extinction is associated with cooling at the onset of the Hirnantian 

glacial maximum (99), which also saw regression, and persisted for the duration of the 



extraordinarius graptolite Zone. The short-lived glaciation ended with transgression 

during the latest Ordovician persculptus Zone, resulting in deposition of the black, 

laminated Birkhill Shales, which record the second extinction and are the focus of this 

study. This regressive-transgressive sea level history is seen to be a eustatic signal (100), 

suggesting a connection with the global oceans. This is confirmed by the presence of a 

ubiquitous and biostratigraphically important graptolite fauna (hence the choice of the 

section as the GSSP). 

 

Samples are taken from the black, laminated Birkhill Shales, which are enriched in highly 

reactive iron and contain moderately high FeP/FeHR = 0.37-0.73 indicating deposition in 

an anoxic and mostly euxinic water column. This conclusion is corroborated by the 

presence of high Mo enrichments (Mo EF ~10) requiring the presence of H2S. The 

moderately high pyrite content and sudden depletions of Mo may suggest cyclic redox 

changes associated with chemocline fluctuations. δ98Mo correlates with Mo enrichments 

with dramatic variation from -0.2 and 1.44 ‰. These systematic variations imply that 

isotope fractionation took place during deposition of the Mo depleted sediments, thus we 

interpret early Silurian seawater as the highest recorded value, δ98Mo = 1.4-1.5‰. 

 

 

Soom Shale, drill core from Clanwillian, South Africa: ~453-443 Ma 

 

The Soom Shale samples (n = 3) are from core material, drilled close to the Keurbos 

quarry in Clanwillian, South Africa. They are fine silts and mudstones, laminated on a 

millimeter scale and deposited in the late Katian or early Hirnantian (Late Ordovician). 

The depositional setting of the basinal shales of the Soom has been variously interpreted 

as glacio-lacustrine to shallow marine (101). No structures produced by storm waves 

have been identified in the Soom Shale, indicating water column depths below 100 m 

(102), but not much deeper as it overlies the tillites of the Pakhuis Formation, and itself is 

overlain by the shallow marine Disa Siltstone Member. Alternatively, storm induced 

structures may have been prohibited by periodic ice-sheet cover indicated by the presence 

of dropstones in the basinal shales (103).  



 

Redox conditions are difficult to assess, because there is no enrichment of highly reactive 

iron (FeHR/FeTOT = 0.31±0.03) in our samples, but an extended study shows the 

deposition environment was indeed anoxic FeHR/FeTOT = 0.40 and ferruginous FePY/FeHR 

= 0.29±0.01(104) with at least some sulfide in the pore fluids consistent with the high Mo 

concentrations (~30 ppm). The organic content is low (~0.5 wt %) which may mean that 

sedimentary sulfate reduction was TOC limited in an anoxic water column with 

incomplete pyritization of reactive Fe. Under these conditions, we do not expect 

quantitative Mo removal, so δ98Mo of contemporaneous seawater must have been >1.29 

‰ during the Late Ordovician. 

 

Oatka Creek and Geneseo Formations, and Chattanooga and New Albany Shales, 

drill cores and outcrops from eastern USA: ~392-360 Ma 

 

Four shale formations from the Illinois and Appalachian Basins of the USA have been 

included in this study. These sediments were deposited in an intracratonic marine basin at 

southern tropical latitudes (98). The formations are described below in chronological 

order: Oatka Creek Formation, Geneseo Formation, Chattanooga Shale and New Albany 

Shale. All age determinations are based on conodont and goniatite biostratigraphic 

correlations(105) with interpolated absolute ages based on average stage ages from ref. 

(88). 

 

Oatka Creek Formation, Akzo drill core #9455: ~392 Ma 

 

The Oatka Creek Formation contains the upper kockelianus and lower ensensis conodont 

biozones(106) and was therefore deposited during the Late Eifelian, between 390.1 ± 2.5 

Ma(107) and 391.8 ± 2.7 Ma based on the ICS model (88). It consists of finely laminated 

organic-rich black shales with a high pyrite content, deposited in the deeper part of the 

Appalachian Basin where bottom waters were mostly anoxic and sulfidic (32, 108, 109). 

 



Accordingly, the Oatka Creek Formation displays significant Mo enrichments (400 ppm 

Mo; Mo EF 100-300) and high Mo/TOC = 20 ppm/wt %, similar to modern euxinic 

sediments. Seawater δ98Mo is most likely found in samples with the highest pyrite 

content, and samples with DOP = FePyrite/FeHCl > 0.9, display δ98Mo = 1.7-2.0 ‰ (32). It 

is therefore likely that Middle Devonian oceans were similar δ98Mo values, or perhaps -

0.3 ‰ lighter than modern seawater. 

 

Geneseo Formation, Akzo drill core #9455: ~383 Ma 

 

The Geneseo Formation was deposited ~5 Myr after the Oatka Creek Formation in the 

Appalachian Basin. It contains the disparilis conodont biozone of the Late Givetian (32, 

105, 108, 109). The Geneseo Formation has a lower degree of pyritization (DOP < 0.4), 

modest Mo enrichments (Mo EF < 20; 30 ppm Mo), and significantly lower δ98Mo values 

(0.9-1.3‰), but still higher than older non-euxinic sediments suggesting Mo removal in 

sulfidic pore fluids that may occasionally have breached into the water column (32). No 

Fe speciation data has been published, so we cannot exclude permanently anoxic or 

mildly euxinic conditions (e.g. [H2S] < 11 mM). We note that δ98Mo in the Geneseo 

Formation is 0.7-1.1‰ lighter than other Middle Devonian shales, consistent with the 

observed fractionation in modern oxic sediments with sulfidic pore waters and with Late 

Devonian seawater at δ98Mo = 2.0 ‰. 

 

Chattanooga Shale, outcrops in Tennessee: ~375-360 Ma 

 

Samples from the Clegg Creek Member of the New Albany Shale (n = 2), were deposited 

in the Illinois Basin, ~300 km north of the site of the contemporaneously deposited 

Chattanooga Shales. Basinal conditions at the two sites were similar and will be 

discussed together below. 

 

The Upper Gassaway Member of the Chattanooga Shale, Tennessee, covers four 

Famennian conodont biozones (trachytera, postera, expansa, praesulcata) between 374.5 

and 359.2Ma (88, 110). Outcrops are weathered and samples were taken after cleaning 



off oxidation rinds on fractures (thin sections show pristine pyrite framboids beyond 1 

mm from the fracture surface (Jürgen Schieber, pers. communication)). The redox state 

during deposition is debated, with biomarker evidence for photic zone euxinia through 

the time equivalent shales from the Illinois Basin (111), but with fossil evidence for 

benthic oxia provided by the presence of agglutinated benthic foraminifera (112). 

However, the shales are finely laminated without signs of severe bioturbation suggesting 

some degree of bottom water oxygen depletion (113, 114). Our iron speciation data point 

to a euxinic signal for both sample sites, with FeHR/FeT = 0.66 ± 0.06 and FePY/FeHR = 

0.73 ± 0.07. This is corroborated by a high TOC of ~9 wt % and strong Mo enrichment, 

100 times crustal average, only observed in modern euxinic environments. δ98Mo values 

are 1.45 - 1.66‰ and 1.73 - 1.93‰ in the Chattanooga Shale and the Clegg Creek 

Member of the New Albany Shale, respectively. We hold that deposition was dominated 

by overall euxinic conditions, with d98Mo of seawater at ~ 2 ‰, captured during periods 

with minimal fractionation in the sediments. 

 

Whitby Mudstone Formation, outcrops in Yorkshire, England: ~183 Ma 

 

The Whitby Mudstone Formation consists of mudstones deposited in a large 

epicontinental seaway that covered much of Europe during the Jurassic (115, 116). The 

Formation has been subdivided stratigraphically into three members: in ascending order, 

the Grey Shale, Mulgrave Shale, and Alum Shale (117). A portion of the upper Grey 

Shale and the basal, most organic-rich portion of the Mulgrave Shale have been linked to 

the Toarcian Oceanic Anoxic Event (T-OAE) (118, 119). Sedimentologically, the Whitby 

Mudstone Formation consists predominantly of mudstones with prominent and 

distinctive horizons which bear carbonate concretions (120, 121). In the Mulgrave Shale 

these mudstones are predominantly laminated, organic and pyrite-rich (122-124). 

Geochemical and sedimentological indicators (DOP, DOPT, organic biomarkers and 

pyrite framboid size distributions) suggest that at least some of the upper Grey Shale, and 

most of the Mulgrave Shale, were deposited under anoxic and sulfidic conditions (124-

127). However, frequent beds of inoceramid bivalves indicate periodic benthic ventilation 

(122). The benthic habitation and ventilation events appear to have been geologically 



brief, based on the large-scale preservation of lamination and high organic content of the 

sediments (124). 

 

Mo concentrations and isotope data have been published (128) from the upper Grey Shale 

through lowest Alum Shale. Both parameters show a considerable range in values: 0.39 

to 42.97 ppm and -0.46 ‰ to 2.14 ‰. The low values found in the basal Mulgrave Shale 

have been attributed to depletion of the molybdenum reservoir during the T-OAE (128), 

an assertion that was challenged (127) citing local restriction and draw down. With the 

possible complications in the interpretation of the Mo isotope data in mind, we take the 

best estimate of Jurassic seawater as 2.14‰. 



Compilation of Mo/TOC in euxinic black shales 

 

The compilation constitutes of new samples in Table S1 and published data listed in 

Table S4. 

 

Table S6: List of data sources and age assignments for Mo/TOC compilation (Figure 3c). 

Location Unit Series/Stage Age Ref. 

Black Sea Sta9 and Sta14 Modern 0 117 

Cariaco, Basin, Venezuela  ODP Site 1002 Modern 0 118 

California, USA Monterey.  Miocene 20 119 

Colombia/Venezuela La Luna Cenomanian-

Campanian 

77.1 35, 36 

Mediterranean Sea ODP Sites 975, 974, 

964, 969, and 967 

Cenomanian-

Albian 

93.5-105 120 

Queensland, Australia Julia Creek, Toolebuc Cretaceous 100 121 

Yorkshire, UK Kimmeridge Clay Kimmeridgian 153.3 122 

Germany Posidonia Shale L. Toarcian 183 123 

Yorkshire, UK Whitby Mudstone Toarcian 183 19,116 

W. Wyoming, USA Phosphoria Basin Roadian-

Wordian 

268 124 

SE Idaho, USA Phosphoria Basin Roadian-

Wordian 

270 125 

Iowa, Oklahoma, USA Hushpuckney, Tacket 

shale 

Missourian 306 126 

Kansas, NE  Stark Shale Missourian 306 127 

S. Iowa, N. Missouri, SE 

Kansas, NE Oklahoma 

Excello Shale Mid-

Pennsylvanian 

306-308 128 

Alberta, Canada Exshaw Famennian-

Tournaisian 

359.2 129 

Kentucky, USA Sunbury, Bedford, 

Cleveland shale. Three-

Lick, Huron 

Late 

Famennian - 

Early 

Tournaisian 

355.7-374 130 



British Columbia, Canada Upper Besa River  Famennian-

Tournaisian 

355 131 

British Columbia, Canada Lower Besa River, 

Muskwa 

Givetian-L/ 

Frasnian 

385 131 

British Columbia, Canada Golata Visean-

Serphukovian 

326 131 

British Columbia, Canada Fort Simpson Frasnian 380 131 

Kentucky, Ohio, Tennessee, 

USA 

Ohio and Chattanooga 

shale 

U. Devonian 374 132 

Kentucky, USA Huron, Cleveland Mbr 

of New Albany Shale 

E. Famennian 374 133 

Illinois, USA Grassy Creek U. Devonian 374.5 134 

New York, USA Oatca Creek Eifelian/Giveti

an 

391.8 95 

Bardzkie Mtns, SW Poland Zdanow Pridoli-

Lochkovian 

416 135 

Scania, Sweden Alum shale Furongian 501 136 

Yangtze Platform, China Niutitang L. Cambrian 532 58 

Central Hunan, China Dongping, Yanxi, 

Taojiang, Ningxiang  

L. Cambrian 521 137 

Oman Ara Group Ediacaran-

Cambrian 

542 58 

Yangtze Platform, China Datangpo Cryogenian 663 7 

Yangtze Platform, China Doushantuo Ediacaran 556-635  
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