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Sensitivity analyses of the coupled Mo-U isotope mass balance model
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Figure A1. Sensitivity analysis of the coupled Mo-U isotope mass balance model. The left columns represent how the model changes with different γ values. The middle and right columns represent how the model solutions change with different Mo and U isotope compositions (of inputs and sinks) with γ = 1.24, respectively. The curved colorful lines in each figure of the middle and right columns are based on the a1 in the left column. Variations in δ238U of inputs and sinks have a larger impact on the model solutions compared with variations in δ98Mo of inputs and sinks. 
Geological Backgrounds
The 640 Ma Black River Dolomite
The Black River Dolomite was deposited on the Western Tasmania Terrane, which was a part of Antactica continental block during the Neoproterozoic (Direen and Crawford, 2003; Kendall et al., 2009). The depositional setting is a continental margin, and lithologies include dolostones, organic-rich sediments, and diamictite (Calver and Walter, 2000). The organic-rich mudrock interval is at the top of the Black River Dolomite, which has a depositional age of 640.7 ± 4.7 Ma based on Re-Os geochronology (Kendall et al., 2009). Iron speciation data suggest that bottom waters during deposition were anoxic (FeHR/FeT > 0.79) and sulfidic (Fepy/FeHR > 0.90), which is also supported by elevated Mo concentrations (14-30 µg/g, Mo EF = 12-33) (Kendall et al., 2015). Molybdenum isotope compositions of the organic-rich shales are variable, ranging from 0.39‰ to 1.15‰ (Kendall et al., 2015).

The 520 Ma Yu’anshan Formation
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The core samples of the Yu’anshan Formation are carbonaceous black shales with high TOC and pyrite contents (Dahl et al., 2010). The depositional environment was under debate: isolated from the open ocean (Hagadorn, 2002) vs well-connected to the open ocean (Babcock et al., 2001). Dahl et al. (2010) interpreted the environment to be a semi-restricted basin. The U-Pb dating of detrital zircons from Yu’anshan Shale provided a maximum age of 518.03 ± 0.69 Ma (2σ uncertainty), which is in an agreement with previous paleontological data suggesting a depositional age of 521-517 Ma (Babcock et al., 2001; Zhu et al., 2001; Yang et al., 2018). The Yu’anshan shales are suggested to contain ~2% TOC, Mo concentrations of 8-19 µg/g, and Mo isotope composition of 0.46-1.01‰ (Dahl et al., 2010). The euxinic bottom water conditions are based on iron speciation data (FeHR/FeT = 0.41-0.55, Fepy/FeHR = 0.83-0.89; Dahl et al., 2010). 

The 500 Ma and 485 Ma Alum Shale Formation
The Alum Shale Formation is suggested to be deposited in a shallow epicontinental sea in Baltica from the Middle Cambrian to the Early Ordovician (Schovsbo, 2003; Dahl et al., 2010). Shale samples are extremely enriched in TOC (up to 25%) and have high pyrite content (Schovsbo, 2003). Trilobites and brachiopods are the dominant fossils and are well preserved in the Cambrian Alum shale (Henningsmoen, 1957), whereas graptolites are more common in the Ordovician Alum shale (Tjernvik, 1958). Both Cambrian and Ordovician intervals were deposited under euxinic conditions based on Fe speciation data (Dahl et al., 2010). However, the Cambrian Alum shale (500 Ma) has slightly higher and more uniform Mo isotope compositions (δ98Mo = 0.93-1.29‰) than the Ordovician Alum shale (485 Ma, δ98Mo = 0.20-1.04‰) (Dahl et al., 2010).

The 465 Almelund Shale
The Almelund Shale is carbonaceous dark shale deposited on a continental outer shelf of Baltica (or a foreland basin) during the Middle Ordovician (465-462 Ma), and has a TOC of ~2% (Bergström et al., 2002; Dahl et al., 2010). It contains abundant graptolite and some small brachiopods (Maletz, 1995). Iron speciation suggests euxinic bottom water conditions (FeHR/FeT = 0.36-0.90, Fepy/FeHR = 0.71-0.73) during deposition. However, Mo concentrations and isotope compositions are only 4.4-5.4 µg/g and 0.58-0.85‰, respectively (Dahl et al., 2010).

The 442 Ma Rastrites Shale
The Rastrites Shale was deposited on the marginal area of Baltica at the Ordovician-Silurian boundary (Koren and Bjerreskov, 1997; Schovsbo, 2003; Dahl et al., 2010). These black shales contain up to 3% TOC and are enriched in graptolites (Koren and Bjerreskov, 1997; Schovsbo, 2003). The bottom water redox conditions during deposition were anoxic (FeHR/FeT = 0.42-0.52) and sulfidic (Fepy/FeHR = 0.72-0.78) (Dahl et al., 2010). Molybdenum concentrations in the Rastrites Shale (5.6-226.9 µg/g) are higher than that of the Almelund Shale. The Mo isotope compositions range from 0.42‰ to 1.28‰ (Dahl et al., 2010). 

The 442 Ma Birkhill Shale
The Birkhill Shale was deposited on a continental margin with minimal restrictions to the open ocean (Scotese and McKerrow, 1990). The depositional age is broadly coeval with the Rastrites Shale (Cocks, 1985; Dahl et al., 2010). The Fe speciation data suggest mostly anoxic bottom water conditions (FeHR/FeT = 0.32-0.91, Fepy/FeHR = 0.37-0.73; Dahl et al., 2010). The Mo isotope compositions of the Birkhill Shale are between −0.21‰ and 1.44‰ (Dahl et al., 2010).

The 365 Ma New Albany Shale and Chattanooga Shale
The New Albany Shale was deposited in the intracratonic Illinois Basin, whereas the Chattanooga Shale was coevally deposited ~300 km south of the New Albany Shale  (Dahl et al., 2010). The conodont biozones of the Chattanooga Shale suggest a depositional age of 359.2-374.5 Ma (Over et al., 2009). Samples were taken from outcrops without weathering surfaces. Iron speciation data and high Mo concentrations support a euxinic depositional environment (FeHR/FeT = 0.66-0.71, Fepy/FeHR = 0.70-0.80; Mo > 200 µg/g) for both shale intervals (Dahl et al., 2010). The New Albany Shale and the Chattanooga Shale have Mo isotope compositions of 1.65-1.85‰ and 1.37-1.58‰, respectively (Dahl et al., 2010).

Compilations of coupled Mo and U isotope compositions from published euxinic ORM (the Zaonega Formation, the upper Velkerri Formation, the Doushantuo Formation Member IV, the Fjäcka Shale, the Tanezzuft Formation, the Kettle Point Formation) are listed in Table S1.
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