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ABSTRACT 18 

The Ediacara Member of the Rawnsley Quartzite in South Australia is characterized by 19 

exceptional preservation of soft-bodied organisms as casts and molds in sandstones. To 20 

understand the timing of silica cementation and the relationship between fossilization and the 21 

broader diagenetic history of the Ediacara Member, we used a combination of electron 22 

backscatter diffraction (EBSD) analyses, cathodoluminescence (CL) imaging and in situ analysis 23 

of oxygen isotopes (δ18O) by secondary ion mass spectrometer (SIMS) of detrital quartz grains 24 

and authigenic quartz overgrowths in sandstone samples hosting Ediacara Biota macrofossils. 25 
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We find that the mean δ18O value of overgrowth quartz (OQ) from analyzed samples of the 26 

Ediacara Member is 18.48 ± 2.5‰ (1SD with a range of 7.5‰–26.7‰) and quartz overgrowths 27 

are systematically zoned, with decreasing δ18O values outward from the quartz grains, consistent 28 

with progressive and continued cementation. These results suggest an early diagenetic initiation 29 

of silica cementation adjacent to the quartz grain boundaries, followed by later stages of 30 

cementation more distal from grain boundaries and likely under the influence of higher-31 

temperature burial diagenetic processes. These data support the idea that early silica precipitation 32 

from silica-rich seawater may have played a critical role in the fossilization of Earth's earliest 33 

animal ecosystems, and better elucidate the diagenetic history of a key Ediacaran fossil deposit 34 

that has uniquely shaped understanding of the ecology, diversity, paleoenvironment, and 35 

preservation of early complex, macroscopic life. 36 

 37 

1. INTRODUCTION 38 

The Ediacara Biota represents the earliest fossil record of communities of complex, macroscopic, 39 

and multicellular organisms. Fossils of these soft-bodied organisms are extraordinarily well-40 

preserved as casts and molds in sandstones (e.g., Gehling, 2000; Narbonne, 2005), in what has 41 

been termed the Ediacara style (Tarhan et al., 2016). Some of the best-characterized and richest 42 

Ediacara fossil deposits, such as the Ediacara Member (Mb.) of the Rawnsley Quartzite at the 43 

Nilpena Ediacara National Park (NENP) in South Australia, are preserved in fine- to medium-44 

grained quartz-feldspar arenites (e.g., Tarhan et al., 2016, 2017). However, the mechanisms 45 

responsible for the formation of these moldic fossils remain debated. Some studies have 46 

proposed that precipitation of iron minerals (e.g., Gehling, 1999; MacGabhann et al., 2019) or 47 

the presence of either detrital (Wade, 1968; Bobrovskiy et al., 2019) or authigenic (Laflamme et 48 
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al., 2011) clay minerals may have facilitated Ediacara-style preservation though recent work has 49 

highlighted the late-stage nature of ferruginous bed coatings and absence of clay minerals from 50 

the fossiliferous Ediacara Member (Tarhan et al., 2016, 2018). Conversely, sedimentary and 51 

petrographic evidence (e.g., resedimented sandstone rip-up clasts, extensive quartz cements, the 52 

near-absence of other mineral phases, and limited pressure-solution features), as well as 53 

geochemical data (e.g., quartz-hosted Ge/Si signatures), have recently been used to interpret an 54 

early diagenetic silica cementation history for the fossiliferous Ediacara Member at NENP 55 

(Tarhan et al., 2016, 2017). In this framework, early-forming silica cements are inferred to have 56 

facilitated early lithification of sands surrounding episodically buried Ediacara macroorganism 57 

and microbial matground seafloor communities, facilitating rapid moldic templating of organism 58 

morphologies prior to soft-tissue decay (Tarhan et al., 2016; Slagter et al., 2022). This style of 59 

fossilization has been proposed to be linked to global marine conditions characterized by 60 

elevated dissolved silica (DSi) concentrations before the emergence of silica-biomineralizing 61 

organisms in the early Phanerozoic (Siever, 1992). Likewise, silica-rich sedimentary deposits 62 

such as early-forming cherts and silicilytes (e.g., Kidder and Tomescu, 2016; Dong et al., 2015; 63 

Ramseyer et al., 2013), and other silica-associated modes of fossilization, such as Bitter Springs-64 

style preservation of organic-walled microfossils, have been interpreted to reflect elevated 65 

seawater DSi concentrations across this interval (Butterfield, 2003). 66 

 67 

Further characterization of Ediacara fossils from the NENP—coupled with decay experiments 68 

involving experimental silicification of a range of soft-bodied Ediacara-analogue organisms, 69 

potentiometric titration analyses and Fourier transform infrared spectroscopy—have resulted in a 70 

taphonomic model suggesting that reactions between porewater silicic acid and organic 71 
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functional groups in the tissues and cell walls of buried macroorganisms and microbial mats 72 

facilitated early diagenetic silica cementation (Tarhan et al., 2016; Slagter et al., 2021; Slagter et 73 

al., 2022). In particular, this work has highlighted the potential importance of organically 74 

mediated silica sorption reactions—fueled by the presence of silica-reactive hydroxyl, 75 

phosphoryl, carboxyl, and amino groups within macroorganism tissues and microorganism 76 

cells—in catalyzing amorphous silica precipitation and thus moldic fossilization (Slagter et al., 77 

2021, 2022). Under this model, amorphous silica cements would have subsequently transformed 78 

to more stable and crystalline silica phases (i.e., quartz) during later stages of diagenesis (Slagter 79 

et al., 2021).  80 

 81 

However, direct and independent assessment of the paragenetic and burial history of the Ediacara 82 

Mb., including whether discrete stages of cementation occurred and the original mineralogy 83 

(e.g., amorphous, opaline or quartz) of these silica precipitates, has been hampered by the nearly 84 

monomineralic nature of the Ediacara Mb. at NENP and limited independent constraints on the 85 

burial history of either NENP or other key fossiliferous Ediacara Mb. localities. We address this 86 

by using cathodoluminescence (CL) imaging of syntaxial quartz overgrowths and quartz grains 87 

coupled with petrographic microscopy and electron backscatter diffraction imaging in 88 

fossiliferous samples from the Ediacara Mb., a deposit that has played an outsized role in 89 

reconstructing not only the diversity, ecology and environmental distribution of Ediacara Biota 90 

macroorganisms but also their taphonomy, and where competing hypotheses for the mechanisms 91 

responsible for Ediacara-style fossilization first originated. Additionally, we employ in situ 92 

secondary ion mass spectrometer (SIMS) oxygen isotope measurements (δ18O) of quartz 93 

overgrowths to further elucidate geochemical conditions under which these cements precipitated 94 
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and thus facilitate reconstruction of the diagenetic history of these strata (e.g., Heck et al., 2011). 95 

Using this approach, we find that quartz overgrowths in the fossiliferous Ediacara Mb. record an 96 

early diagenetic stage of cement precipitation, likely sourced from seawater and shallow marine 97 

porewaters (cf. McBride, 1989), followed by continuous precipitation of silica-rich cements that 98 

we interpret to have formed during later stages of burial diagenesis. 99 

 100 

2. METHODS 101 

2.1 Geological and paleontological background  102 

The Rawnsley Quartzite is the uppermost Ediacaran unit in the Neoproterozoic–middle 103 

Cambrian succession of the Adelaide Superbasin of South Australia (Gehling, 2000; Lloyd et al., 104 

2020). The Ediacara Member consists of tens to hundreds of meters of quartzofeldspathic arenite 105 

interpreted to have been deposited across a range of shallow marine storm-influenced and deltaic 106 

settings (e.g., Gehling and Droser, 2013; Reid et al., 2020). The fossiliferous Ediacara Mb. is 107 

additionally bracketed by hundreds of meters of lithologically similar strata (Gehling and Droser, 108 

2013).  109 

 110 

Here, we focus upon the two most fossiliferous facies of the Ediacara Mb., as characterized at 111 

NENP: the Oscillation-Rippled Sandstone (ORS) Facies and the Planar-Laminated and Rip-Up 112 

Sandstone (PLRUS) Facies (Droser et al., 2017; Tarhan et al., 2017). The ORS Facies is 113 

characterized by thin-bedded, oscillation- and interference-rippled, fine- to medium-grained 114 

feldspathic quartz arenites interpreted to have been deposited near fair-weather wave base 115 

(Gehling and Droser, 2013; Tarhan et al., 2017; Droser et al., 2022; Tarhan et al., 2022). 116 

Ediacara fossils occur as hyporelief external, internal, and composite molds and, less commonly, 117 
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epirelief casts in these facies (Fig. 1; e.g., Tarhan et al., 2015; Droser et al., 2020; Surprenant et 118 

al., 2020; Slagter et al., 2022). The PLRUS Facies consists of laterally continuous, planar-119 

laminated, fine-grained sandstone beds that occasionally bear tool-marked lower surfaces and are 120 

interpreted to have been deposited below storm wave base as part of an incised valley-fill 121 

succession (Gehling and Droser, 2013; Paterson et al., 2017; Tarhan et al., 2017). Fossils of the 122 

PLRUS facies also occur as hyporelief external and internal molds (e.g., Droser et al., 2020).  123 

 124 

Fossils preserved in the analyzed NENP samples include the Ediacara body fossils Dickinsonia, 125 

Coronacollina, tubular fossils Funisia and Plexus, Aspidella holdfasts of frondose organisms 126 

(Fig. 1a), and the octaradially spiraling taxon Eoandromeda (Fig. 1b); as well as 127 

Helminthoidichnites trace fossils recording undermat-mining behavior by bilaterian animals. 128 

These samples also include a variety of textured organic surface (TOS) morphologies, recording 129 

interactions between mats of densely aggregated micro- and macro-organisms and hydrodynamic 130 

and sedimentary processes (Fig. 1). The analyzed fossiliferous material is associated with and 131 

representative of excavated beds, successions and sites for which the sedimentology, 132 

paleoecology and taphonomy have been extensively characterized at the field scale, including 133 

beds TC-MM3, STC-B, STC-H and the 1T succession of the ORS Facies as well as bed MAB 134 

and associated exposures in the PLRUS Facies (Table S1; cf. Droser et al., 2019). Samples were 135 

collected over the course of several field seasons for petrographic and geochemical analyses, 136 

including optical petrography, scanning electron microscopy (SEM), and electron microprobe 137 

analyses (EPMA). Petrographic, SEM and EPMA observations, in turn, were used to select areas 138 

for SIMS sample preparation and analyses. Fossil samples analyzed for this study are held in the 139 

collections of the South Australian Museum. 140 
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 141 

2.2 Electron microscope and electron microprobe imaging 142 

Detrital quartz grains (DQ) and quartz overgrowth cements (OQ) were identified by 143 

cathodoluminescence (CL), backscattered electron (BSE), and secondary electron (SE) imaging. 144 

Areas for imaging and SIMS analyses were identified in thin sections and ~1 cm3 polished chips 145 

mounted in epoxy; a total of 28 areas of ~0.25 mm3 each were subsequently analyzed by SIMS. 146 

Images of detrital quartz grains and their corresponding authigenic quartz overgrowths were 147 

collected using a JEOL JXA-8530F Field Emission Gun (FEG) electron probe microanalyzer 148 

(EPMA) at the Yale Electron Microprobe Laboratory, Department of Earth and Planetary 149 

Sciences, Yale University, with an accelerating voltage of 15 kV and beam current of 20 nA. CL 150 

and SE images were also taken both prior to and following SIMS analyses with a Gatan Pana 151 

CL/F imaging system on a Hitachi S-3400 N Scanning Electron Microscope (SEM) at the 152 

University of Wisconsin, Madison using an accelerating voltage of 15 kV. Post-SIMS-analysis 153 

SE images were collected to examine ablation pit morphology and confirm the petrographic 154 

character of material analyzed by SIMS. Additionally, BSE, CL, SE, and EDS images were 155 

collected in the Yale SEM Laboratory at the Earth Material Characterization Center in the 156 

Department of Earth and Planetary Sciences, Yale University, using a Hitachi SU700 with an 157 

accelerating voltage of 10 kV. 158 

 159 

2.3 Oxygen isotope analyses 160 

Oxygen isotope (δ18O) and raw 16OH/16O data were acquired at the Wisconsin SIMS Laboratory 161 

(WiscSIMS) using a CAMECA IMS 1280 large-radius multicollector ion microprobe, following 162 

the procedures of Kita et al. (2009) and Wang et al. (2014). Oxygen isotope analyses utilized a 163 
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~2 nA primary beam of 133Cs+ ions, generating analytical pits of ~10–12 μm diameter. The 164 

typical intensity of the secondary 16O− beam was 2.5x109 counts per second. Individual analyses 165 

lasted approximately 3 min, including pre-sputtering of the gold-coated surface (10 s), automatic 166 

centering of the secondary ion beam in the field aperture using high-voltage deflectors (60 s), 167 

and 20 cycles of 4-second integrations of oxygen ion measurements. The 16O−, 16OH− and 18O− 168 

ions were all collected with Faraday cups. Hydride interferences at mass 18 were resolved at a 169 

mass-resolving power (MRP) of 2200, and a MRP of ~5000 was used for mass 17 to resolve 170 

16OH− from 17O−. Each set of sample measurements was bracketed by eight analyses of the 171 

UWQ-1 quartz standard, four before and four after every 10 to 16 sample analyses. The mean of 172 

these bracketing standard values was used to determine the raw ratio of 16OH/16O and the 173 

instrumental bias for δ18O based on the calibrated UWQ-1 value; sample precision was estimated 174 

from the 2SD of bracketing standards (Kita et al., 2009; Kelly et al., 2007). Oxygen isotope 175 

(δ18O) results are reported in reference to Vienna Standard Mean Ocean Water (VSMOW). 176 

 177 

Following SIMS analyses, both pit imaging and review of internal metrics (e.g., standard error 178 

and relative yield) were used to evaluate data quality and the potential for irregular sputtering 179 

processes that can result in inaccurate δ18O measurement (Kita et al., 2009; Valley et al., 2009). 180 

The morphology of sputtering pits was examined using secondary electron (SE) imaging, as 181 

described above. Data from pits identified as morphologically ‘irregular’—e.g., transecting 182 

cracks, cavities, or inclusions (e.g., Cavosie et al., 2005)—are indicated in the Appendix but 183 

were excluded from subsequent analyses and discussion of SIMS oxygen isotope data. Internal 184 

standard error, yield and 16OH/16O values were considered relative to the behavior of standards; 185 

for this session, sample measurements with 2SE>0.38 ‰ for δ18O (SE=standard error), yield 186 
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<0.98 or >1.04 [(cps(sample)/ cps(standards)], or background-corrected 16OH/16O >1x10-4 were 187 

also excluded (dataset available in Appendix). This set of criteria represents a highly 188 

conservative assessment of data quality and provides confidence that observed trends do not 189 

reflect analytical artefacts. Using these criteria, 29 of a total of 508 measurements (<6%) were 190 

discarded and not further considered (see Appendix). All data were spatially visualized using the 191 

3.26 version of the QGIS software (Linzmeier et al., 2018) and are reported in Figs. 4–6, S1-S5 192 

and the Appendix. 193 

 194 

2.4 Electron backscatter diffraction (EBSD) analyses 195 

Electron microscope imaging and crystallographic orientation mapping were performed using a 196 

Hitachi SU7000 SEM in the SEM Laboratory of the Earth Material Characterization Center in 197 

the Yale Department of Earth and Planetary Sciences. Targeted areas were first selected and 198 

identified by using the Hitachi SU7000’s BSE- and CL-imaging capabilities. The areas were then 199 

subjected to crystallographic orientation mapping using a Gatan Monard 450 CL system attached 200 

to an Oxford Instrument EBSD system, which has a Symmetry detector and Aztec software 201 

package. The following conditions for EBSD mapping were applied: a working distance of 17 202 

mm, 20 kV accelerating voltage, and 70° stage tilting. 203 

 204 

3. RESULTS 205 

Examination of petrographic, SEM and EPMA images indicates the presence of extensive quartz 206 

overgrowths, including triple junctions, limited grain-to-grain contacts, and minor occurrences of 207 

pressure-solution features (such as sutured boundaries of detrital quartz grains) in the analyzed 208 

NENP samples (Fig. 2). When examined petrographically using light microscopy, these 209 



 10 

overgrowths appear syntaxial (i.e., optically continuous with detrital grains), as is characteristic 210 

of many Neoproterozoic and lower Paleozoic quartzose sandstones (McBride, 1989). The 211 

majority of CL and SE images show clear zonation of OQ, including instances of serial, 212 

concentric zonation proximal to DQ grain boundaries (Fig. 3; cf. Sibley and Blatt, 1976; Pittman, 213 

1979; Pollington et al., 2011). Irregularly shaped overgrowths (i.e., an absence or paucity of clear 214 

concentric patterns), either proximal to or distal from detrital grain margins, were observed to be 215 

uncommon (Figs. S1c, S2c, S3b, S4a, S5c).  216 

 217 

To further investigate the formation pathways and crystallinity of silica overgrowths (e.g., Lynne 218 

et al., 2007; French and Worden, 2013), EBSD analyses were performed. The EBSD images 219 

were compared with optical photomicrographs, SEM-BSE images, and CL images of the same 220 

sample regions. These data indicate that, despite the syntaxial appearance of these cements when 221 

viewed using light microscopy, the crystallographic orientations of paired quartz grains and 222 

overgrowths within the studied sample areas are not consistently aligned. Although in some 223 

instances paired detrital grains and overgrowths possess similar orientations, these are also 224 

commonly dissimilar (Fig. 4, Figs. S6-S10). The term “syntaxial” is variably employed, even 225 

within the mineralogical community (e.g., Dickson, 2023); we hereafter refer to cements as 226 

syntaxial if they appear optically continuous with detrital grains when viewed using light 227 

microscopy although, as we discuss below, they may not show similar crystal orientations under 228 

EBSD. 229 

 230 

The mean δ18O value of DQ grains of the analyzed Ediacara Member samples is 10.58 ± 2.8‰ (1 231 

SD, n=181), and most values are in the range of 8 to 11‰. The mean δ18O of OQ cements is 232 
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18.48 ± 2.5‰ (1 SD, n=298) (Fig. 5). Multiple δ18O measurements (2–3 analyses using ~11 μm 233 

spots) were made within individual quartz overgrowths; the apparent thicknesses of individual 234 

overgrowths (as viewed in two-dimensional cross sections) typically range from 8 to 80 μm. In 235 

general, early-stage (detrital-grain margin-proximal) OQ cements have higher δ18O values than 236 

later-stage (grain-distal) OQ cements, and characteristically display a pattern of decreasing δ18O 237 

values broadly correlative with distance from the DQ grain margin (Fig. 6, Fig. S11). Significant 238 

differences in fossil cement δ18O values between either disparate fossil taxa or stratigraphic 239 

horizons were not observed. The difference between δ18O(OQ) values of the most grain-proximal 240 

and most grain-distal cement regions in each individual SIMS transect, which we hereafter 241 

describe as “Δ18O(proximal-distal)” was calculated according to the formula Δ18O(proximal-242 

distal) = δ18O(proximal OQ) – δ18O(distal OQ). The majority (91%) of Δ18O(proximal-distal) 243 

values of all SIMS analysis transects are positive (Table S1; Fig. S11). 244 

 245 

Shapiro-Wilks tests of the δ18O(OQ) data for analyzed samples of the Oscillation-Rippled 246 

Sandstone (ORS) Facies and the Planar-Laminated and Rip-Up Sandstone (PLRUS) Facies of 247 

the Ediacara Mb. at NENP (in total, n=298) indicate that these data are not normally distributed 248 

(p <0.05). Therefore, a Mann-Whitney U test was performed to verify whether these two groups 249 

display significant differences in δ18O values. All tests indicate statistically robust (p<0.0001) 250 

significant differences in medians between facies. We observe higher δ18O(OQ) values in the 251 

ORS Facies (Fig. 5b, Fig. 5c; Table S2), which has been interpreted to have been deposited in a 252 

more proximal environment, and lower values in samples collected from the more distally 253 

deposited PLRUS Facies (e.g., Gehling and Droser, 2013; Tarhan et al., 2017; Droser et al., 254 

2022). 255 
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 256 

We used these SIMS δ18O data, in conjunction with our petrographic, CL, and EBSD 257 

observations, to provide additional constraints on the range of conditions under which the 258 

analyzed Ediacara cements precipitated, as discussed in greater detail below. 259 

 260 

4. DISCUSSION 261 

4.1 Source of silica 262 

Paired CL, BSE, and SE analyses were used to carefully assess apparent overgrowth-grain 263 

relationships and confirm the primary nature of overgrowth zonation.  264 

Limited grain-to-grain contacts or healed fractures indicate that cementation initiated prior to 265 

significant compaction and minor occurrences of pressure-solution features such as sutured 266 

detrital quartz grain boundaries indicate that the majority of grain-proximal quartz cements did 267 

not form during later stages of diagenesis or metamorphism, in agreement with previous studies 268 

(e.g., Tarhan et al., 2016) of NENP Ediacara Mb. samples (Fig S1c). 269 

 270 

It has been proposed that pressure solution can begin early in the burial history of quartzose 271 

sediments (Stone and Siever, 1996), providing a silica source for overgrowth formation. 272 

However, the minor intergranular pressure-solution features observed cannot account for the 273 

amount of quartz cement observed. These and previous petrographic and geochemical 274 

observations, in conjunction with extensive moldic fossilization of a wide range of 275 

macroorganisms and organic matgrounds—whose soft-bodied and presumably labile nature 276 

would have necessitated relatively rapid fossilization—suggest that the most likely source of the 277 

silica from which these earliest cements formed was silica-rich pore fluids in exchange with 278 
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overlying silica-enriched seawater under fluid-buffered diagenetic conditions (e.g., McBride, 279 

1989; Tarhan et al., 2016; Slagter et al., 2022). 280 

 281 

4.2 Electron backscatter diffraction constraints on silica overgrowth mineralogy 282 

Examination of our EBSD data suggests that although quartz overgrowths appear syntaxial (i.e., 283 

optically continuous with respect to immediately surrounding detrital quartz grains) when 284 

viewed via light microscopy, crystallographic orientations of paired quartz grains and 285 

overgrowths within the studied sample areas are not consistently aligned. Paired detrital grains 286 

and overgrowths, in some instances, are characterized by similar orientations. However, we 287 

noted multiple instances in which orientations appear to be nonuniform as viewed using EBSD 288 

(Fig. 4, Figs. S6-S8, Fig. S10). Previous work has highlighted that earlier-forming and less 289 

thermodynamically stable silica precipitates, such as amorphous silica and opaline phases, are 290 

commonly characterized by a lack of preferred crystallographic orientations or notably more 291 

variable orientations (Lynne et al., 2007). During subsequent maturation and transformation to 292 

more stable and crystalline phases, authigenic silica precipitates will display increasingly more 293 

regular crystallographic orientations. However, later replacive phases will initially pseudomorph 294 

and adopt the crystallographic orientation of earlier-forming silica phases (e.g., French and 295 

Worden, 2013) and these phase transformations may result in spatially patchy heterogeneity in 296 

orientation, even within centimeters, among more crystalline replacive phases such as quartz 297 

(Lynne et al., 2007). In this light, the departures from crystallographic alignment we observe via 298 

EBSD in some grain-cement pairs may reflect relict heterogeneity related to an amorphous silica 299 

precursor. 300 

 301 
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4.3 Oxygen isotope constraints on overgrowth precipitation conditions 302 

The δ18O fractionation associated with the precipitation of siliceous phases is strongly 303 

temperature-dependent and has therefore been widely used as a proxy for estimating either the 304 

temperature of fluids from which silica-rich phases precipitated or the oxygen isotope 305 

composition of the precipitating fluid (e.g., Longstaffe and Ayalon, 1991; Pollington et al., 306 

2011). Quartz overgrowths from the Ediacara Mb. show a consistent pattern in which the earliest 307 

generations of quartz overgrowths (OQ) (i.e., those cements immediately adjacent to DQ grain 308 

boundaries) are characterized by relatively high δ18O values, and overgrowths are zoned 309 

outward, away from grain margins, toward lower δ18O values (Fig. 6, Fig, S11). This pattern 310 

suggests that, in light of the limited pressure solution observed in the Ediacara Mb., temperature 311 

and/or fluid δ18O composition may have varied systematically during ongoing cement 312 

precipitation. Increasing temperatures with burial would result in a pattern of higher (lower-313 

temperature) δ18O(OQ) adjacent to the grains, and lower (higher-temperature) δ18O(OQ) 314 

signatures more distal from the grains. The variability in grain-distal δ18O(OQ) values between 315 

samples further suggests that cement growth ceased at different times for different samples, 316 

either when porosity was occluded or upon reaching peak burial conditions (cf., Oye et al., 317 

2020). 318 

 319 

In reconstructing a detailed diagenetic history of the Ediacara Mb., a number of parameters, 320 

including fluid, stress and thermal history; burial rate; and initial overgrowth silica mineralogy 321 

suffer from a paucity of independent constraints. We therefore consider a range of scenarios that 322 

could potentially explain observed δ18O(OQ) patterns in the fossiliferous Ediacara Mb. at NENP. 323 

Mean δ18O(OQ) values in Ediacara Mb. samples (18.48‰) are lower than mean overgrowth δ18O 324 
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values previously reported for lower Paleozoic quartzose sandstone-dominated successions of 325 

similar age to the Ediacara Mb., such as marine sandstones from the Wisconsin Arch and Illinois 326 

Basin of the midwestern USA, including the St. Peter Sandstone (Kelly et al., 2007), Mt. Simon 327 

Sandstone (Pollington et al., 2011, 2016; Denny et al., 2017), and Eau Claire Formation (Hyodo 328 

et al., 2014). This comparison suggests—under a null set of assumptions that all overgrowths 329 

precipitated as quartz, that these cements precipitated concurrently from a single fluid of constant 330 

δ18O composition, and that overgrowths did not experience subsequent alteration—a potentially 331 

higher average temperature of precipitation (78–133 °C under the calibration of Sharp et al. 332 

2016; see Table 1) relative to temperatures of cementation proposed for these Cambrian and 333 

Ordovician units, which are different in age and diagenetic history (Kelly et al., 2007; Pollington 334 

et al., 2011, 2016; Hyodo et al., 2014). Fewer experimental calibration data are available for 335 

amorphous silica than for quartz, but calculations performed using the calibration of Kita et al. 336 

(1985) yield similar though slightly higher temperature estimates (see Table 1, Table S3, and 337 

Supplementary discussion for further discussion of this and other calibrations, including 338 

associated uncertainties). However, since δ18O(OQ) is a function of temperature, the isotopic 339 

composition of the precipitating fluid, and the history of mineral transformations—each of 340 

which, for the Ediacara Mb. at NENP, lack direct, independent empirical constraints—these 341 

isotopic data can in theory be explained by several scenarios (e.g., Fig. 7; cf. Hyodo et al., 2014).  342 

 343 

The extensive and pre-compactional nature of quartz overgrowths in these samples, without 344 

evidence for significant pressure solution, suggests precipitation of at least initial phases 345 

occurred under fluid-dominated conditions. In a fluid-dominated system, the δ18O value of the 346 

precipitating fluid (δ18Ofl) should not be altered by precipitation of relatively small volumes of 347 
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cement (Pollington et al., 2011; Fig. S12). If we consider a scenario in which cementation of the 348 

Ediacara Mb. occurred under the influence of a mixture of fluids of varying isotopic composition 349 

(and potentially over a broader range of timescales), low δ18O could theoretically also be 350 

attributed to meteoric influence, clay mineral dehydration reactions, or later fluid infiltration 351 

(Kelly et al., 2007). We consider that leaching by hydrothermal fluids is highly unlikely, due to 352 

the lack of evidence of hydrothermal activity in the area (e.g., Tarhan et al., 2016). Additionally, 353 

petrographic, SEM, and EPMA data indicate a paucity of clays in these samples (e.g., Fig. 2–4; 354 

Tarhan et al., 2016, 2018). We can assess the likelihood of meteoric influence by comparing the 355 

two fossiliferous facies analyzed in this study, the ORS Facies—interpreted to have been 356 

deposited in a more shoreline-proximal, high-energy and wave-reworked setting—and the 357 

PLRUS Facies—inferred to have been deposited in a more offshore setting below wave base 358 

(e.g., Gehling and Droser, 2013; Tarhan et al., 2017; Droser et al., 2022). Under a scenario of 359 

meteorically influenced OQ δ18O values, we might expect to see lower δ18O(OQ) values in the 360 

ORS relative to the PLRUS Facies. However, we observe statistically significant (p<0.0001) 361 

higher δ18O(OQ) values in the more shoreline-proximal ORS Facies. Additionally, previous 362 

Ge/Si analyses via LA-ICP-MS have indicated no significant differences in Ge/Si values 363 

between these facies, nor between these and other fossiliferous Ediacara Mb. facies (Tarhan et 364 

al., 2016), further suggesting that long-range fluid transport or two-phase mixing between 365 

continentally sourced fluids and seawater provides a less feasible explanation for the source of 366 

the precipitating fluids. 367 

 368 

On the other hand, if we assume a uniform fluid composition, regardless of its isotopic value, the 369 

up to 3.4‰ gradients in δ18O(OQ) we observe in individual cements (e.g., the approximately 50 370 
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μm across which OQ δ18O values change by this magnitude along a single transect between the 371 

analytical loci of LTM9-32-8-O to LTM9-32-13-O; Fig. 4) are consistent with an increase in 372 

temperature between the initiation and cessation of cementation during burial (cf. Pollington et 373 

al., 2011; Hyodo et al., 2014). Although we cannot directly constrain the burial rate of our 374 

analyzed samples because of unknown parameters like burial depth, the Δ18O(proximal–distal 375 

OQ) gradients we observe are within the range of previously reported values in Cambrian 376 

sandstones (Pollington et al., 2011). However, as discussed below, if phase transformations 377 

occurred, any temperature inference gleaned from these isotopic values is likely to reflect a 378 

quartz equilibration temperature, rather than the temperature at which an early (and potentially 379 

opal-A) precursor silica phase formed.  380 

 381 

The δ18O value of the precipitating fluid(s) represents another source of uncertainty; for instance, 382 

a wide range of δ18O values have been suggested for Proterozoic and early Paleozoic seawater, 383 

from −3‰ (marine carbonate isotope data; Came et al., 2007; Jaffrés et al., 2007) to −1‰ 384 

(carbonate clumped isotope data; Bergmann et al., 2018), +1‰ (chert triple oxygen isotope data; 385 

Sengupta et al., 2020) or ca. −5 to −9‰ (iron oxide oxygen isotope data and thermal modeling; 386 

Galili et al., 2019; Guo et al., 2022; Tatzel et al., 2022). These δ18Ofl estimates in turn yield 387 

highly variable, moderate to elevated estimated average temperatures of precipitation for 388 

Ediacara Mb. overgrowths (Table 1; Fig. 7; see Supplementary material for calculations and 389 

additional discussion). In sum, under assumptions of a relatively high and constant δ18Ofl value, 390 

the temperatures we calculate are unlikely to be feasible for seawater-derived fluids, suggesting 391 

either that quartz overgrowths formed later in the burial history of the Ediacara Mb., that a lower 392 

fluid isotopic composition may provide a more parsimonious explanation for these data, or that 393 
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original values were reset during diagenesis (for instance, during silica phase transformations; 394 

see section 4.4, below). 395 

 396 

Our EBSD and CL data do not support a scenario of late-stage overgrowth initiation; our 397 

petrographic observations (see above) indicate a relatively early diagenetic initiation of 398 

cementation. Moreover, the consistent zonation we observe in both overgrowth morphology and 399 

δ18O(OQ), from higher grain-proximal δ18O values to lower grain-distal δ18O values, also 400 

indicate preservation of a signal of early-initiating and progressive silica cementation. Moreover, 401 

these observations also dovetail with several previous studies that posit that quartz cementation 402 

may begin below 70–80 °C (Kraishan et al., 2000; Marchand et al., 2002; Kelly et al., 2007; 403 

Pollington et al., 2011). This bolsters previous assertions that silica for early-forming quartz 404 

cements might, in some cases, have been sourced from seawater or early diagenetic porewaters 405 

(Harwood et al., 2013). This interpretation supports recent hypotheses for the role of early-406 

diagenetic silica cementation in facilitating extensive Ediacara-style moldic fossilization of a 407 

wide range of soft-bodied macroorganisms and organic matgrounds (Tarhan et al., 2016; Slagter 408 

et al., 2021, 2022). An early onset of silica cementation would have played a critical role in 409 

stabilizing surrounding sands sufficiently rapidly to capture detailed morphological impressions 410 

of buried seafloor communities prior to extensive decay. 411 

 412 

4.4 Silica diagenesis 413 

Experimental data indicate that precipitation of quartz at low temperatures is dominated by 414 

kinetic processes (Pollington et al., 2016; Fernandez et al., 2019), and its growth rate is a 415 

logarithmic function of temperature, assuming linear growth from grain boundaries according to 416 
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Walderhaug's (1996) model. The majority of our samples display a trend of positive 417 

Δ18O(proximal-distal) values, with more grain-proximal cements characterized by higher δ18O 418 

values and more distal cements characterized by lower δ18O values (Table S1). However, δ18O 419 

values may also reflect the impact of diagenesis (Liljestrand et al., 2021; Tatzel et al., 2022); the 420 

calculated temperatures described above may record the transition from opal-A to quartz, rather 421 

than the temperature of initial precipitation (cf. Ibarra et al., 2022). The fact that we observe 422 

well-preserved CL zonation and associated δ18O trends indicates that either (i) overgrowths were 423 

initially precipitated as an amorphous phase (opal-A) and later transformed to quartz by 424 

stages, preserving zoned textures; (ii) those overgrowths most proximal to quartz grains were 425 

initially precipitated as an amorphous phase, and later overgrowth stages were subsequently 426 

precipitated under moderate to higher temperatures as quartz, thereby preserving zoned textures, 427 

or (iii) all overgrowth stages were precipitated as quartz, and faithfully represent initial 428 

precipitation conditions (Fig. 7). Scenarios (i) and (ii) are supported by EBSD data indicating a 429 

lack of consistent crystallographic alignment between detrital quartz grains and adjacent quartz 430 

overgrowths (Fig. 4, Figs. S6-10).  431 

 432 

In addition, experimental data suggest that cements are likely to have initially precipitated as 433 

amorphous silica phases through complexation with shallowly buried macrofossil and matground 434 

organics. Complexation of dissolved silica with silica-reactive organic functional groups in 435 

organism tissues may have facilitated amorphous silica precipitation even from undersaturated 436 

fluids (cf. Slagter et al., 2021). In this scenario, precipitated silica cements may have 437 

subsequently undergone transformations of opal-A→ quartz (potentially via an opal-CT 438 

intermediary stage; cf. Kastner et al., 1977). During these phase transitions, silica oxygen 439 
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isotopic signatures may have experienced exchange and re-equilibration with local pore fluids 440 

(cf. Trower et al., 2021; Yanchilina et al., 2021). Opal-A(-opal-CT)-quartz transformations tend 441 

to occur over relatively narrow temperature windows (Varkouhi et al., 2021). Thus, it is possible 442 

that the mineralogical transition of an amorphous silica phase to crystalline a-quartz through 443 

Ostwald ripening, i.e., dissolution and reprecipitation into more stable phases (Iler, 1979), 444 

happened relatively early in the burial history of the Ediacara Mb., under moderate temperatures, 445 

albeit elevated relative to typical surface conditions (e.g., 21–99 °C, depending on calibration 446 

scheme and initial δ18Ofluid composition; Table 1). Scenario (iii) is supported by previous 447 

research suggesting that quartz can precipitate under lower temperatures than previously 448 

appreciated (e.g., 10−30 °C; e.g., Kelly et al., 2007) in the absence of other phases such as 449 

chalcedony or opaline silica. In light of petrographic and CL evidence for zonation and limited 450 

pressure solution; EBSD evidence for inconsistent crystallographic alignment between DQ and 451 

OQ; consistently zoned but moderate δ18O(OQ) values; and the close association between 452 

overgrowths and what would have been high concentrations of benthic organic matter, as 453 

inferred from the abundant and dense macrofossil and TOS assemblages preserved at NENP and 454 

in these samples, we consider scenario (ii) to offer the most plausible explanation for Ediacara 455 

Mb. overgrowths. Additional independent constraints on the burial history and authigenic silica 456 

phase evolution of Ediacaran strata at NENP will in future, we hope, provide further insights into 457 

the original mineralogy (i.e., silica phase) of Ediacara Mb. silica overgrowths.  458 

 459 

Some previous studies have interpreted quartz cementation as an episodic process (e.g., 460 

Marchand et al., 2002) whereas others (e.g., Walderhaug, 1996) have favored a model of 461 

continuous quartz growth with increasing temperatures and quartz surface area during burial. 462 
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Considering the pattern we observe of higher δ18O(OQ) values adjacent to detrital quartz grain 463 

boundaries and decreasing to lower δ18O(OQ) values further from the grains, we consider that 464 

the earliest OQ cements (most proximal to DQ grain boundaries) in the analyzed Ediacara Mb. 465 

samples likely record precipitation under lower temperatures, and that subsequent generations of 466 

overgrowths were precipitated as quartz under increasing temperatures during burial diagenesis. 467 

The earliest (most grain-proximal) cements are characterized by clear zonation (Fig. 3b), which 468 

may support an episodic and relatively rapid process, whereas cements located more distally 469 

from grain margins may potentially reflect a secondary, longer, and continuous process. This 470 

interpretation agrees with previous paleontological, geological (Tarhan et al., 2016), and 471 

experimental (Slagter et al., 2021) data that indicate that the most grain-proximal generations of 472 

silica cements formed early in the burial history of the Ediacara Mb., facilitating the formation of 473 

casts and molds of the soft-bodied Ediacara Biota, and that this early stage of silicification was 474 

subsequently followed by later continuous or episodic silica cementation. 475 

 476 

5. CONCLUSIONS 477 

In situ SIMS oxygen isotope analyses, combined with BSE, CL, and EBSD imaging, provide 478 

unique spatial insights into the relationship between quartz grains and overgrowths and elucidate 479 

the thermal and fluid history of cementation in the Ediacara Mb.—a unit that hosts some of the 480 

richest Ediacara Biota fossil assemblages worldwide and provides a critical window into early 481 

animal evolution. Fossiliferous samples from the Ediacara Mb. contain clear generations of 482 

quartz overgrowths precipitated concentrically on detrital quartz grains. Likewise, the zoning we 483 

observe in δ18O(OQ) values, with characteristically positive Δ18O (proximal–distal OQ) values, 484 

most parsimoniously indicates growth under increasing temperatures. Textural, mineralogical, 485 
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and δ18O data assessed across grain-cement transects indicate an early diagenetic origin for the 486 

most grain-proximal cements. Measured δ18O values likely indicate the relatively low 487 

temperatures at which phase transformations between opaline silica and quartz may have 488 

occurred during recrystallization, followed by continued quartz cementation under higher-489 

temperature burial conditions. These trends represent continued, though possibly punctuated, 490 

cement growth during the potentially long-ranging diagenetic history of this unit. These data 491 

corroborate previous proposals that early silica cementation played a key role in the moldic 492 

fossilization of the Ediacara Biota and indicate that cementation was not confined to early 493 

diagenesis but continued through substantially later stages in the burial history of the Ediacara 494 

Member. 495 
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 705 

 706 

FIGURE CAPTIONS 707 

Figure 1. Ediacara fossils in sample (a) MAB-A showing Aspidella, indicated by white arrows, 708 

associated with sandstone-hosted sandstone intraclasts (cf. Tarhan et al., 2017), examples 709 

denoted by yellow arrows; and (b) Eo-2 showing Eoandromeda, indicated by a white arrow, 710 
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associated with textured organic surfaces comprised of dense aggregations of the tubular 711 

macrofossil Plexus, example denoted by a yellow arrow. See Table S1 and references therein for 712 

further locality, facies, bedding-plane and fossil assemblage information. 713 

 714 

Figure 2. Photomicrographs of samples (a) STC-2 and (b) TC-MM3-2 showing detrital quartz 715 

(DQ) and overgrowth quartz (OQ), with labeled examples. See Table S1 and references therein 716 

for further locality, facies, bedding-plane and fossil assemblage information. Images taken under 717 

cross-polarized light. 718 

 719 

Figure 3. Scanning electron microscope cathodoluminescence images of detrital quartz (DQ) and 720 

overgrowth quartz (OQ) associated with sample areas (a) LTM12-78; and (b) LTM9-84 from the 721 

Ediacara Mb., with examples of concentric OQ indicated by arrows. Inset with dashed lines 722 

indicates overgrowth zonation representing discrete stages of precipitation. 723 

 724 

Figure 4. (a) EBSD orientation image of sample area LTM9-32 overlain on a BSE image, with a 725 

step size of 2 μm, showing that quartz overgrowths are not uniformly in the same optical 726 

orientation as detrital quartz grains. White dots indicate the locations of SIMS analyses. Crystal 727 

orientation parallel to the sample Z direction (an inverse pole figure Z map) is shown by the 728 

color legend in the inset figure. (b) SEM-CL image of the same area, taken following SIMS 729 

analyses and showing labeled examples of detrital quartz grains (DQ) and overgrowths (OQ). (c) 730 

SEM-CL image of quartz grains and overgrowths overlain by associated SIMS δ18O data, 731 

reported with respect to VSMOW—Vienna Standard Mean Ocean Water. (d) Backscattered 732 

electron (BSE) image showing the location of SIMS analysis pits. 733 
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 734 

 Figure 5. Histograms of oxygen isotope ratios from the Ediacara Mb., measured in situ from 735 

detrital quartz grains (DQ) and overgrowths (OQ) for (a) all data, (b) the ORS Facies, and (c) the 736 

PLRUS Facies. Mann-Whitney U test results indicate significantly higher δ18O (OQ) values in 737 

the ORS Facies than in the PLRUS Facies (p<0.0001). Note different vertical scales in each 738 

graph. All values are reported with respect to VSMOW—Vienna Standard Mean Ocean Water.  739 

 740 

Figure 6. SIMS δ18O analyses measured along transects from detrital quartz (DQ) to overgrowth 741 

quartz (OQ), overlain on false-color EPMA-CL images for sample areas (a) LTM7-4, and (b) 742 

LTM8-9 from the Ediacara Mb. All values are reported with respect to VSMOW—Vienna 743 

Standard Mean Ocean Water. Oxygen isotope ratios measured over traverse a-a’, and b-b’ 744 

overgrowths (OQ) are projected in (c) LTM7-4, and (d) LTM8-9. Distance is calculated from the 745 

center of each OQ ablation pit to the boundary of the associated detrital grain (a and b, 746 

respectively). Error bars (2SD) are smaller than the size of the symbols. Data show an overall 747 

decrease in δ18O (OQ) with distance away from the detrital quartz (DQ) grain boundary.  748 

 749 

Figure 7. (a) Temperature calculations for maximum, mean, and minimum δ18O(OQ) values 750 

observed in the analyzed SIMS dataset under different calibration schemes. (b) Schematic of 751 

potential diagenetic scenarios that could explain OQ δ18O observations from the Ediacara 752 

Member. Plot of δ18Ofl in equilibrium with quartz cement (OQ) δ18O values. The contours 753 

indicate calculations under the null assumption that quartz cements precipitated in equilibrium 754 

with precipitating fluids (pure H2O, Sharp et al., 2016), as a function of temperature for the 755 

maximum, 26.7 ‰; mean, 18.48 ‰; and minimum, 7.5‰ δ18O(OQ) values observed in the 756 



 34 

analyzed SIMS dataset. Arrows with numbers indicate four potential (non-exhaustive) end-757 

member scenarios for the evolution of precipitating fluid δ18O composition and temperature: [1] 758 

constant high temperature and variable fluid δ18O (δ18Ofl); [2] constant lower temperature and 759 

variable δ18Ofl; [3] variable temperature and constant higher δ18Ofl (seawater, following Jaffrés et 760 

al., 2007 after a compilation of marine carbonate data); and [4] variable temperature and constant 761 

lower δ18Ofl, (following Galili et al., 2019; Guo et al., 2022; Tatzel et al., 2022, as indicated by 762 

iron oxide and chert data). Available petrographic, EBSD, and SIMS δ18O data indicate that 763 

scenario 4 may provide, of the four scenarios described in this plot, the most parsimonious 764 

explanation for the silica cementation of Ediacara Mb. fossiliferous samples analyzed in this 765 

study, with δ18O values of earlier-forming overgrowths reflecting temperatures of re-766 

precipitation during fluid-buffered early-diagenetic phase transformations from amorphous silica 767 

to quartz. Figure modified from Hyodo et al. (2014). 768 
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