FRAMBOIDAL PYRITE SHROUD CONFIRMS THE ‘DEATH MASK’ MODEL FOR MOLDIC PRESERVATION OF EDIACARAN SOFT-BODIED ORGANISMS
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SUPPLEMENTARY INFORMATION

The Studied Surfaces
The Brasier Surface (BR5) (Mistaken Point Ecological Reserve, Avalon Peninsula)

Discovered by the author, Jack Matthews, and Joseph Stewart in 2012, this surface in the lower Briscal Formation exhibits exceptional moldic preservation of Ediacaran macrofossils. Morphological structures of < 0.1 mm in dimension are routinely recorded, and the extensive, horizontally bedded surface records a high-density fossil assemblage of at least nine taxa. The surface is capped initially by up to 200 μm of iron oxide, then a thin ~ 100 μm layer of sedimentary grains, followed by a ~ 1 mm thick coating of iron oxide (Fig. 3C). The oxides abruptly transition into a volcaniclastic bed several centimeters thick with a significant creamy volcanic tuff component (efforts to obtain a radiometric date from this tuff are underway). The bedding plane is characterized by a red iron oxide veneer across the entire surface (Supp. Fig. 1). It is exposed as two large trapezoid platforms of ~ 60 m2 each, and two additional ledges that continue along the cliff extending 80 m to the east and 50 m to the west. Two samples were collected for thin sectioning from this surface; one from the eastern ledge of the outcrop from a cliff-face (BR5 2013), and one from the seaward edge of the western ledge (BR5 2014). These sample sites are separated by a distance of ~ 100 m.

Pigeon Cove (PC) (Mistaken Point Ecological Reserve, Avalon Peninsula)

This is a well-known and extensively studied fossil surface in the upper Drook Formation of the Conception Group. First mentioned as bed ‘A’ in Landing et al. (1988), it is notable for its ‘pizza disc’ ivesheadiomorphs (e.g., Narbonne et al. 2005; Liu et al. 2011), and a substantial population of juvenile rangeomorphs (Liu et al. 2012). The ~ 30 cm thick volcanic tuff immediately above the fossil surface has been dated to 578.8 ± 0.5 Ma (Van Kranendonk et al. 2008, following dating by Bowring et al. 2003; the latter published only in abstract form). Multiple red-weathering horizons exist throughout the succession in this area (Supp. Fig. 2B–2D).

Mistaken Point ‘E’ Surface (Mistaken Point Ecological Reserve, Avalon Peninsula)

The Mistaken Point ‘E’ Surface is perhaps the most iconic and intensively studied Ediacaran fossil-bearing bedding plane in Newfoundland. On the primary (Yale) surface, over 4000 individual specimens representing at least 14 taxa are preserved over an area of ~ 130 m2 (Clapham et al. 2003). Hundreds of additional specimens are found on an additional exposure (the Queens surface) a few meters away across a small gully, and also at a site 1 km to the east at Watern Cove (Clapham et al. 2003; Liu et al. 2015). The ‘E’ Surface is situated within medium-bedded turbidites of the upper Mistaken Point Formation. Fossils of the ‘E’ Surface document morphological features as small as 0.5 mm in dimension (Clapham et al. 2003). In several places, cleavage fractures and unweathered volcanic ash obscure the fossil impressions, but the surface is generally regarded as one of the best for Ediacaran macrofossils in the world. The thin section in Figure 2D derives from a sample collected from the northwestern edge of the Yale surface.

Spaniard’s Bay (SB) Avalon Peninsula

The surface at Spaniard’s Bay lies within thin-bedded turbidites of the Trepassey Formation (Ichaso et al. 2007). It records a low diversity assemblage of juvenile rangeomorphs, which can be exceptionally preserved (Narbonne 2004). The remarkable three-dimensional preservation of these specimens is likely the result of a strong unidirectional current scouring the sediment in the lee of individual fronds, and impressing the organisms into the fine-grained hemipelagic sediment beneath (Brasier et al. 2013). Consequently, unlike at many other sites, fossils here did not fall directly on to a pre-existing microbial mat on the sediment surface. Instead, microbial growth is likely to have occurred around the organisms after burial, with microbial consortia present within the sediment (and potentially on the organisms themselves) providing the stock from which bacterial activity progressed.

The MUN Surface (Burnt Point, near Port Union, Bonavista Peninsula)

This surface from the lower Port Union Member of the Trepassey Formation (cf., Hofmann et al. 2008) records morphological detail of Ediacaran macrofossils at resolutions of < 0.1 mm (Liu et al. 2016). The surface dips at an angle of ~ 25˚ into the ocean, and as such its lower regions have been subjected to intense wave erosion. These lower sections of the bedding plane are stained deep-red by iron oxides, but the upper, unweathered regions away from the water are golden in color, and exhibit the best fossil preservation (Supp. Fig. 1). The bed is capped by a 6 mm-thick fine-grained tuff (Liu et al. 2016). The presence of several thick sandstone beds stratigraphically above the MUN Surface suggests a higher energy depositional environment than is seen in most Mistaken Point and Trepassey Formation strata. The sectioned sample was obtained from a second outcrop of this surface located ~ 50 m to the south, which is still covered by significant quantities of unweathered tuff. For further paleontological, sedimentological and stratigraphic information regarding this surface, please refer to Liu et al. (2016).

Locality 14 of Hoffman et al. 2008 (H14) (near Little Catalina, Bonavista Peninsula)

This substantial bedding plane (> 1500 m2 in area) is situated within the Catalina Member of the Trepassey Formation (cf., Hofmann et al. 2008). Fossils on the surface exhibit a range of preservational quality, owing to significant terrestrial weathering and lichen growth along the top of the dipping bedding plane, and wave-erosion along its seaward margin. Fossil preservation is best within a 15 m-wide band running in a N–S orientation across the centre of the surface, where 100s of Fractofusus andersoni specimens dominate the assemblage alongside high-relief structures previously referred to Blackbrookia (Hofmann et al. 2008). The collected sedimentary sample was obtained from the northwestern-most corner of the northern section of the surface.

Bed LC13 (near Little Catalina, Bonavista Peninsula)

A newly described bedding plane lying within the Port Union Member of the Trepassey Formation (cf., Hofmann et al. 2008). This surface lies just 2.6 m stratigraphically below the MUN Surface (see above), as recognized by lithostratigraphic and biostratigraphic correlation. The LC13 surface is notable for the sheer density of Ediacaran fossils it preserves, with hundreds of individuals recorded on an unweathered surface only ~ 20 m2 in areal extent. The studied sedimentary sample was collected from the northern edge of the exposed bedding plane.

Bed LC6 (near Little Catalina, Bonavista Peninsula)

A newly discovered surface, bed LC6 lies within the Catalina Member of the Trepassey Formation (cf., Hofmann et al. 2008), 23 m stratigraphically above bed H14. The collected sedimentary sample was obtained from the southwestern-most corner of the bedding plane. 

Bed MEL 7 (Back Cove, Bonavista Peninsula)

This surface reveals reasonable Ediacaran macrofossils (i.e., features preserved well enough to identify the organisms to species level, but not finely enough to see morphological details beyond second-order rangeomorph branching). Rangeomorphs and discoidal specimens typical of the regional biota are moderately-well preserved, alongside rare specimens of non-frondose taxa (Haootia quadriformis; Liu et al. 2014). Thin to medium-bedded turbidites dominate the succession (part of the lower Fermeuse Formation; Hofmann et al. 2008), and the volcanic tuff (fine-sand grainsize) immediately overlying the surface is relatively thin, at just 6 mm. The surface is not stained red. Millimeter-scale cubic pyrite crystals (with oxidized exteriors) are embedded within the tuff, and are considered to result from secondary authigenic pyrite mineralization. The under-bed beneath the surface is a texturally-mottled siltstone. The collected sample was obtained from the edge of an extensive sloping ledge within a small gully. Secondary ion mass spectroscopy (SIMS) and transmission electron microscopy (TEM) of pyrite framboids from this surface demonstrate that they possess rims enriched in CNorg, consistent with formation within a biofilm (Wacey et al. 2015). The diameters of the original framboids were significantly smaller than those of the pyrite grains now observed (Wacey et al. 2015). δ34S values obtained as part of that study range from -24‰ to -15‰, and are discussed in the main text. 
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SUPPLEMENTARY FIGURE 1—Images of fossil-bearing surfaces within the Conception and St. John’s groups, Newfoundland, demonstrating the widespread red staining of surfaces by iron oxides. Note that red coloration is not consistent across surfaces: areas that have been either exposed for very long periods, or have only recently been exposed, are typically not red. MPER = Mistaken Point Ecological Reserve, Avalon Peninsula. 
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SUPPLEMENTARY FIGURE 2—Outcrop and hand specimen views of sedimentology in fossil-bearing strata of the Mistaken Point Ecological Reserve, Newfoundland. A) Polished section through the sediment immediately underlying the E Surface, Mistaken Point Formation. Clearly visible are the homogenous grey muds and fine silts of a turbidite Te unit, overlain by a mottled, green-weathering siltstone, interpreted as a hemipelagite, reflecting background sedimentation. The over-bed is not shown in this figure. B) Juvenile rangeomorph fossil on a red-stained surface at Pigeon Cove, Drook Formation. C) Regular sub-mm-thick red-stained layers within the Drook Fm. immediately beneath the Pigeon Cove surface in B. D) Numerous red-stained layers, each reflecting an oxidized mineral veneer, within ~3m of cliff section at Pigeon Cove.
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SUPPLEMENTARY FIGURE 3—SEM backscatter images of the boundary between under-bed and over-bed in several Ediacaran fossil-bearing surfaces in Newfoundland, showing the presence of a mineralized veneer in the over-bed (A–E), and the lack of a veneer on the Mistaken Point ‘E’ Surface (F). 
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SUPPLEMENTARY FIGURE 4—Close-up SEM backscatter images of spherical minerals in mineralized veneers at the base of over-beds above fossil-bearing Ediacaran surfaces from Newfoundland. 
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SUPPLEMENTARY FIGURE 5—Confirmation of the lateral extent of pyrite veneers on the BR5 Surface. A–B) The pyrite veneer and constituent framboids from the eastern ledge of the BR5 outcrop. C–D) The same veneer, here oxidized but still comprising spherical agglomerations of microcrystals in many places, from the western ledge of the outcrop 100 m away from the site at which the thin section in A–B was collected.
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SUPPLEMENTARY FIGURE 6—The pyrite framboids above the BR5 Surface. A) Thin section (BR5 2013) image of the interface between under-bed and smothering sediment (over-bed). White box outlines the region shown in C. B–C) SEM BSE images of the substrate interface. Bright areas indicate elements with heavier atomic numbers. Circular (presumably spherical in three dimensions) bright minerals are clearly visible in the veneer immediately above the under-bed. D) Element map of sulfur in the region outlined by the dashed box in C. Blues and purples indicate high counts of S, giving a strong indication that the spheres in C are composed of pyrite (in this image, red = very low sulfur counts).
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SUPPLEMENTARY FIGURE 7—SEM EDS points and elemental compositions from the BR5 Surface. Spectra at right offer representative elemental count spectra for key mineralogical components within the sections. Yellow dots mark framboids whose diameters were measured for dimensional studies. BR5 2014 is a section taken from the western end of the outcrop. BR5 2013 (lower images) is a section from the eastern ledge, ~ 100 m away.
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SUPPLEMENTARY FIGURE 8—SEM EDS points and elemental compositions from the H14 Surface (from thin section LC5). Spectra at right offer representative elemental count spectra for key mineralogical components within the sections. Yellow dots mark framboids whose diameters were measured for dimensional studies.
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SUPPLEMENTARY FIGURE 9—SEM EDS points and elemental compositions from the LC6 Surface. Spectra at right offer representative elemental count spectra for key mineralogical components within the sections. 
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SUPPLEMENTARY FIGURE 10—SEM EDS points and elemental compositions from the MUN Surface (from a thin section labeled PU10). Spectra at right offer representative elemental count spectra for key mineralogical components within the sections. Yellow dots mark framboids whose diameters were measured for dimensional studies.
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