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Abstract 31 

Secular variation of 87Sr/86Sr in sedimentary strata has been widely used in regional and global 32 

chemostratigraphic correlations. Typically, diagenesis results in higher 87Sr/86Sr signals due to the 33 

alteration by Rb-rich fluids and the radiogenic decay of 87Rb to 87Sr. Surprisingly, the 87Sr/86Sr 34 

values in the Ediacaran limestones from Saudi Arabia (from 0.7029 to 0.7059) are significantly 35 

lower than the typical Ediacaran seawater values (mostly from 0.7080 to 0.7090) based on a global 36 

compilation. Understanding the origin of these anomalies is important insofar as early macrofossils 37 

are preserved in these strata. Two hypotheses have been independently evaluated in this study. The 38 

first hypothesis shows a low temperature scenario with isolated oceans or lakes in proximity to a 39 

volcanic source. The second hypothesis was characterized by a high temperature scenario with 40 

profound overprints by juvenile hydrothermal fluids. Integrated Sr and Nd isotope data reveal that 41 

the 87Sr/86Sr anomalies are closely coupled with positive εNd(t=560Ma) values (up to +4.1). Based 42 

on multiple lines of petrographic, field, and geochemical evidence, the second hypothesis is 43 

preferred in this study. We argue that the concept that the Ediacaran biotic radiation took place in 44 

an isolated lake environment should be treated with caution. These remarkably low 87Sr/86Sr 45 

signals have neither temporal nor biogeochemical significance. Sr isotope chemostratigraphy in 46 

this particular region may not be a reliable tool for stratigraphic correlations. 47 

Keywords: strontium isotope, neodymium isotope, Ediacaran, early macroorganisms, Saudi 48 

Arabia 49 

 50 
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1. Introduction 52 

The Ediacaran Period (ca. 635–538 Ma) witnessed the initial rise of macroscopic organisms 53 

that marks an evolutionary milestone in Earth history before the explosion of Cambrian animals 54 

(Narbonne, 2005; Fedonkin et al., 2007; Xiao et al., 2016). However, these early macroscopic 55 

organisms, which are most typically preserved as molds and casts in fine-grained siliciclastic rocks, 56 

are rare and have wide temporal ranges, which hampers their use as biostratigraphic markers of 57 

the Ediacaran time (Knoll, 2000). To solve this problem, strontium isotope (87Sr/86Sr) 58 

chemostratigraphy has been widely used as a tool for chemostratigraphic correlations of the 59 

Precambrian strata due to the long residence time of Sr in the ocean (∼106 yrs) and the occurrence 60 

of well-preserved marine limestones in many successions (Kaufman et al., 1993; Jacobsen and 61 

Kaufman, 1999; Halverson et al., 2007; McArthur et al., 2012). Based on the published 87Sr/86Sr data 62 

sets worldwide, the range of the Ediacaran seawater 87Sr/86Sr compositions is largely between 63 

0.7080 and 0.7090 (Fig. 1) (Halverson et al., 2007; Xiao et al., 2016). 64 

Diagenesis typically increases the 87Sr/86Sr signals in the sedimentary record due to the 65 

alteration of Rb-rich fluids and the radiogenic decay of 87Rb to 87Sr (Banner, 1995). There are few, 66 

if any, clear examples of marine limestones that have become less radiogenic due to diagenetic 67 

processes. With this in mind, it is surprising that anomalously non-radiogenic 87Sr/86Sr signals 68 

(down to 0.7029) were revealed in the Ediacaran carbonate-dominated strata of the Arabian Shield 69 

(Miller et al., 2008; Halverson et al., 2013a; Halverson et al., 2013b; this study) (Fig. 2). Insofar as well-70 

preserved Ediacaran limestones worldwide typically have 87Sr/86Sr compositions ranging from 71 

0.7080 to 0.7090, the Ediacaran 87Sr/86Sr anomalies on the Arabian shield represent a stark enigma 72 
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that challenges our understanding of the balance between weathering and hydrothermal processes 73 

that ultimately control the 87Sr/86Sr evolution of the Ediacaran oceans. 74 

Two hypotheses could possibly explain the 87Sr/86Sr anomalies in Saudi Arabia. First, these 75 

extremely low 87Sr/86Sr signals may reflect carbonate deposition in an isolated ocean or lake with 76 

87Sr/86Sr values decoupled from the contemporaneous open ocean (Collerson et al., 1988; Ojiambo 77 

et al., 2003; Miller et al., 2008; Chesson et al., 2012). The source of these low 87Sr/86Sr signals may 78 

be from the weathering of local mafic-to-ultramafic hinterland delivered by river runoff during 79 

primary sedimentation. If this hypothesis is true, given the preservation of microbial textures and 80 

putative Ediacaran macrofossils in the studied sections (Vickers-Rich et al., 2010; Vickers-Rich et al., 81 

2013), it could have profound implications on our understanding of the early evolution of 82 

macroorganisms at that time.  83 

Alternatively, given that the mantle is the dominant 87Sr-depleted reservoir on Earth, it is 84 

also possible that the 87Sr/86Sr anomalies result from significant post-depositional alteration of 85 

Ediacaran carbonates by juvenile hydrothermal fluids. However, reports of this scenario in the 86 

Ediacaran basins are rare. This hypothesis — though theoretically possible — remains to be fully 87 

evaluated for the Ediacaran strata of the Arabian Shield. 88 

This study seeks to elucidate whether the non-radiogenic 87Sr/86Sr signals preserved in the 89 

Ediacaran carbonates of the Arabian Shield are primary or secondary, and if the latter what unusual 90 

geological process was involved. Since mantle-derived neodymium (Nd) isotopes contrast with 91 

those of the continental rocks and seawater (White, 2013; Hofmann, 2014) (see section 2 for a 92 

detailed explanation), integrated chemostratigraphic, petrographic, and geochemical analyses of a 93 

new collection of limestone samples was conducted in order to evaluate these two hypotheses. Our 94 
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new results reveal complex petrographic features and distinct geochemical values in both 95 

strontium and neodymium isotope compositions compared with the Ediacaran backdrop values, 96 

which offers important insights to this strontium isotope enigma. 97 

2. Background 98 

2.1. Ediacaran 87Sr/86Sr record 99 

Strontium isotope analyses of well-preserved limestone samples from a wide range of 100 

Ediacaran basins allow the establishment of a 87Sr/86Sr reference curve for the Ediacaran Period. 101 

Typically, such a reference profile is supported by stratigraphic correlations based on secular δ13C 102 

trends and radiometric age constraints (Asmeron et al., 1991; Kaufman et al., 1993; Halverson et al., 103 

2007; Macdonald et al., 2013; Bold et al., 2016). Based on an updated 87Sr/86Sr compilation (Fig. 1), 104 

the Ediacaran 87Sr/86Sr trend can largely be divided into four stages: 105 

§ In the wake of the Marinoan glaciation, Ediacaran seawater 87Sr/86Sr rose rapidly from ~0.7074 106 

to ~0.7080 or even higher (Sawaki et al., 2010; Liu et al., 2013; Liu et al., 2014); 107 

§ After the deposition of cap carbonates, the seawater 87Sr/86Sr compositions remained ~0.7080 108 

for most of the Ediacaran Period until the next rise during the Shuram δ13C Excursion (Cui et 109 

al., 2015; Cui et al., 2017); 110 

§ During the Shuram δ13C Excursion, seawater 87Sr/86Sr compositions rose from ~0.7080 to 111 

~0.7090 (Burns et al., 1994; Calver, 2000; Le Guerroué et al., 2006; Melezhik et al., 2009; Sawaki et 112 

al., 2010; Cui et al., 2015); 113 

§ During the terminal Ediacaran Period, 87Sr/86Sr dropped back to ~0.7080 (Narbonne et al., 1994; 114 

Cui et al., 2016a; Cui et al., 2019). 115 
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The notable 87Sr/86Sr spike within the Marinoan cap carbonates may reflect either global 116 

biogeochemical perturbations in the Ediacaran ocean, or simply alteration by late diagenesis. 117 

These high 87Sr/86Sr values have been interpreted to reflect extreme chemical weathering after the 118 

glaciation (Liu et al., 2013; Liu et al., 2014). However, clumped isotope analysis of the Marinoan cap 119 

dolostones in South China, which contains similarly high 87Sr/86Sr values (Sawaki et al., 2010), 120 

suggests the occurrence of significant alteration by hydrothermal fluids (Bristow et al., 2011). Thus, 121 

the veracity of the 87Sr/86Sr spike in cap carbonates needs further investigation. Regardless, it is 122 

obvious that the seawater 87Sr/86Sr values in most of the Ediacaran Period range between 0.7080 123 

and 0.7090. Therefore, the extremely low 87Sr/86Sr values (0.7029 to 0.7059) measured from the 124 

Ediacaran carbonates in the Arabian Shield represent a profound isotopic anomaly (Fig. 2) and 125 

warrant further investigations. 126 

2.2. Sr–Nd isotope system 127 

In this study, an approach of integrated Sr–Nd isotope analyses was used to evaluate the 128 

different origins (i.e., primary or secondary) of the 87Sr/86Sr anomalies in the Ediacaran carbonates 129 

of the Arabian Shield. Sr and Nd cycles in the seawater have very different behaviors in the modern 130 

oceans. The average Sr concentration of the modern surface ocean water is 87.40 μMol/kg 131 

(±0.56%) (de Villiers, 1999). The main input of Sr in the ocean is from chemical weathering of the 132 

continental crust and, in a lesser amount, hydrothermal flux from the mid-ocean ridges (McArthur 133 

et al., 2012). Given the much longer residence time of Sr (∼106 years) in the ocean than seawater 134 

mixing time (~1500 years), Sr is homogenous in modern oceans (Broecker and Peng, 1982; Broecker, 135 

2003; Kuznetsov et al., 2012). 136 
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In contrast with the very soluble Sr in the seawater, Nd is highly insoluble. Nd 137 

concentration in seawater is very low, which generally ranges ~15–45 pMol/kg (Note: pMol/kg = 138 

10–12Mol/kg) (Goldstein and Hemming, 2014). Therefore its isotopic composition in seawater is very 139 

heterogeneous given the very short residence time in the oceans (360 to 700 years, shorter than the 140 

mean ocean mixing time) (Taylor and McLennan, 1985; Alibo and Nozaki, 1999; Tachikawa et al., 2003; 141 

Lacan et al., 2012; Rudnick and Gao, 2014; Tachikawa et al., 2017). 142 

By convention, 143Nd/144Nd ratios are often reported relative to the Chondritic Uniform 143 

Reservoir (CHUR) using the ε notation, which represent the relative deviation of the 143Nd/144Nd 144 

ratio from the chondritic ratio in 10,000. 143Nd is the product of the radiogenic decay of 147Sm. 145 

Both Nd and Sm are rare earth elements (REEs), but Nd is more incompatible than Sm and is 146 

therefore more enriched in the crust than in the mantle during mantle-crust differentiation 147 

(Hofmann, 2014). Consequently the crust with lower Sm/Nd ratio typically results in negative εNd 148 

values, and conversely, the depleted mantle with higher Sm/Nd ratio typically results in positive 149 

εNd values (Jacobsen and Wasserburg, 1980; White, 2013). 150 

Based on the Sr–Nd isotope system, the geochemical source of the samples can be 151 

predicted. If the samples preserve negative εNd composition, continental crust signals should 152 

dominate the composition of the samples. Alternatively, if the samples preserve positive εNd 153 

values, significant amount of mantle-derived juvenile signals should have been registered. 154 

3. Geological settings 155 

The youngest sequence in the Ediacaran basins of the studied region is the Jibalah Group. 156 

This group was originally defined by Delfour (1970) and extended to include other formations of 157 
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volcanic and sedimentary rocks that are separately named in various parts of the Shield (Johnson, 158 

2006). For example, the Saluwah, Sulaysiyah, Naghr, Misyal, Salih, Mataar, Dhaiqa and Muraykah 159 

formations in the northwest, and the Zarghac and Jifn formations in the north (Johnson, 2006). 160 

These formations have all been included to the Jibalah Group due to the non-metamorphosed 161 

preservation and their inferred Ediacaran age. Typically, the outcrops of the Jibalah Group are red, 162 

brown, or purplish sandstones, conglomerates, and stromatolitic limestones (Figs. 5–7). This group 163 

has been regarded to be equivalent to the Ediacaran Nafun Group (ca. 635–547 Ma) in Oman (Allen, 164 

2007). 165 

The two studied sections are the Naghr Formation and the Dhaiqa Formation in the NW 166 

Arabian Shield (Figs. 3–5). The Naghr formation is composed of sandstones with horizons of 167 

conglomerate and lesser amounts of siltstone and limestones (containing stromatolitic textures) 168 

(Vickers-Rich et al., 2010; Vickers-Rich et al., 2013). Multiple conglomerate intervals have also been 169 

found in the studied sections. In this region, the Cambrian Siq sandstones overlie the 170 

Neoproterozoic Jibalah Group, forming a sharp unconformity (Fig. 4) (Miller et al., 2008; Vickers-171 

Rich et al., 2013). Notably, late Cenozoic flooding basalts cover large areas of the Arabian Shield 172 

(Fig. 6D) (Camp and Roobol, 1989; Henjes-Kunst et al., 1990). Basalt intrusions are superimposed in 173 

multiple stages with time ranging from ~1 Ma to ~30 Ma (Moufti et al., 2012). 174 

Geochronologic constraints suggest that the Dhaiqa Formation is mid- to late Ediacaran.  175 

The Dhaiqa Formation, together with the underlying Maatar Formation, are exposed in an isolated 176 

sedimentary basin unconformable on both the Bayda Group and the Marabit-suite granite, which 177 

implies that they are younger than 620 Ma (Johnson, 2006). The U–Pb age constraint measured by 178 

LA-ICP-MS of detrital zircons in the Dhaiqa Formation reveals the youngest detrital age of 569 ± 179 
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3.0 Ma, suggesting a maximum depositional age in the middle-late Ediacaran Period (Vickers-Rich 180 

et al., 2010; Vickers-Rich et al., 2013). The U–Pb ages of 599 ± 4.8 Ma and 570 ± 4.6 Ma analyzed 181 

in the core and rim of the youngest detrital zircon, respectively, from a diamictite bed in the middle 182 

Dhaiqa Formation also suggest an Ediacaran depositional age (Miller et al., 2008). 183 

Members of the Ediacara-type macrofossils Beltanelliformis and Harlaniella were found 184 

in the studied sections (Figs. 8–10) (Vickers-Rich et al., 2010; Vickers-Rich et al., 2013; Ivantsov et al., 185 

2014b). The macrofossils, Beltanelliformis minutae McIlroy, Crimes, Pauley, 2005 and 186 

Beltanelliformis sp. were found in the Naghr and Muraykha formations (Figs. 8A–C, 10E), which 187 

have been interpreted as large spherical colonies of cyanobacteria (Ivantsov et al., 2014a; Ivantsov 188 

et al., 2014b). It is worth mentioning that a more recent biomarker study has confirmed the 189 

cyanobacteria origin of Beltanelliformis (Bobrovskiy et al., 2018). Tubular fossil Harlaniella 190 

ingriana Ivantsov, 2013 were found in the Dhaiqa and Muraykhah formations (Figs. 9A, 9F, 9G, 191 

10D),  which have been interpreted as internal casts and impressions of fragments of tubes of 192 

initially organic composition (Ivantsov, 2013; Ivantsov et al., 2014b). In addition, some specimens in 193 

frond-like forms have also been found directly under volcanic ash layers (Fig. 9C, 9D), which look 194 

similar to the iconic Ediacara-type fossil Charniodiscus, though detailed features are lacking. Also, 195 

ripple marks (Figs. 8D, 9B), microbially-induced “elephant skin” structures (Fig. 8E) and 196 

Arumberia (Fig. 8F) were found in the studied sections, suggesting shallow environments. 197 

4. Geochemical methods 198 

The geochemical analyses in this study include paired carbonate carbon (δ13Ccarb) and 199 

oxygen (δ18Ocarb) isotopes, organic carbon isotopes (δ13Corg), total organic carbon content (TOC), 200 

Sr isotopes (87Sr/86Sr), Nd isotopes (εNd), and concentrations of major and trace elements. 201 
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All the isotopic analyses were conducted in the Department of Geology, University of 202 

Maryland. Elemental concentrations were analyzed in the Carnegie Institution of Washington. 203 

Detailed methods have been published in previous papers (Puchtel et al., 2013; Cui et al., 2015; Cui 204 

et al., 2016a; Cui et al., 2016b; Liu et al., 2016). Here we briefly summarize them as below. 205 

4.1. Major and trace elemental analysis 206 

Major and trace elemental abundances of micro-drilled carbonates were analyzed for a few 207 

representative samples in order to better evaluate the degree of diagenetic alteration. Aliquots of 208 

the micro-drilled carbonate powders were dissolved in 0.4 M HNO3, centrifuged, and only 209 

analyzed for the solutions. Any clays, if present, would not have been dissolved by the dilute acid. 210 

The resulting solutions were analyzed on a Thermo Scientific® iCAP-Q ICP-MS (Inductively 211 

Coupled Plasma – Mass Spectrometry) at the Carnegie Institution of Washington. Precision of 212 

these analyses as determined by repeated measurements of a house standard carbonate was < 5% 213 

(2s) for major elements and < 10% (2s) for trace elements and REEs. 214 

4.2. Sr and Nd isotope analyses 215 

Sr and Nd isotopes were analyzed on a VG Sector 54 and ThermoFisher Triton 216 

Multicollector Thermal Ionization Mass Spectrometers (TIMS), respectively, in the University of 217 

Maryland TIMS Lab. Given the very different concentration of Sr and Nd in carbonates, around 218 

10 mg and 100 mg finely crushed powder were dissolved for Sr and Nd isotope analyses, 219 

respectively. In order to only digest the carbonate portion and avoid the contamination of silicate 220 

minerals, we used 0.5 M acetic acid (for Sr) and 0.5 M nitric acid (for Nd) to dissolve the studied 221 

limestone samples. Final Sr isotope data have been corrected for fractionation using the standard 222 
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value 86Sr/88Sr = 0.1194. Repeated analysis of the NBS SRM987 standard during Sr isotope 223 

analysis yielded an average value of 87Sr/86Sr = 0.710245 ± 0.000011 (2σ). Detailed method of Sr 224 

isotope analysis can be found in our previous published papers (Cui et al., 2015; Cui et al., 2016a; Cui 225 

et al., 2017). 226 

For Nd isotope analysis, the REE were first separated from the silicate matrix using HCl 227 

cation exchange chromatography, and then the Nd fraction was separated and purified using 2-228 

methyllactic acid cation exchange chromatography. The effects of mass-fractionation were 229 

corrected for using an exponential law via normalizing to 146Nd/144Nd = 0.7219. The 143Nd/144Nd 230 

value for a 300 ng load of the AMES standard run during the analytical campaign was 0.512154 ± 231 

5 (2SE). The additional analytical details are provided in Puchtel et al. (2013).  232 

The initial εNd(0) values were calculated on the basis of the present-day parameters of the 233 

chondrite uniform reservoir (CHUR). The calculated εNd(t) values are based on the assumption of 234 

a depositional age t=560 Ma, which is the best available age constraint thus far for the studied 235 

sections. 236 

147Sm/144Nd(0)sample  = ([Sm]/ASm×[147Smnatural])/([Nd]/ANd×[144Ndnatural]) = (Sm/Nd)/1.654     (1) 237 

143Nd/144Nd(t)sample = 143Nd/144Nd(0)sample – 147Sm/144Nd(0)sample × (eλt –1)     (2) 238 

143Nd/144Nd(t)CHUR = 143Nd/144Nd(0)CHUR – 147Sm/144Nd(0)CHUR × (eλt –1)     (3) 239 

εNd(t) = [143Nd/144Nd(t)sample/143Nd/144Nd(t)CHUR –1] × 10,000    (4) 240 

The Sm and Nd concentration data used for the calculation of 147Sm/144Nd(0)sample (Eq. 1) 241 

were analyzed from separate aliquots in Carnegie Institution of Washington (see section 4.1). The 242 

parameter t in Eqs. 2–4 represents the age (ca. 560 Ma) of the samples in this study. The natural 243 
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abundances of 147Sm and 144Nd are 147Smnatural = 0.1499, 144Ndnatural = 0.23798, respectively 244 

(Berglund and Wieser, 2011). The atomic weights of Sm and Nd are ASm = 150.36, ANd = 144.242, 245 

respectively (Meija et al., 2016). The decay constant (λ) of 147Sm is 6.54×10−12 yr-1 (Lugmair and 246 

Marti, 1978). The present-day parameters of the chondrite uniform reservoir (CHUR) are 247 

147Sm/144Nd = 0.1967 (Jacobsen and Wasserburg, 1980) and 143Nd/144Nd = 0.512638 (Hamilton et al., 248 

1983).  249 

4.3. Carbonate C and O isotope analysis 250 

Powders for δ13Ccarb and δ18Ocarb analyses were collected on polished slabs using a press 251 

micro-drill. Micro-drilling was guided by petrographic fabrics so that the best-preserved zones 252 

were sampled for further geochemical measurement. We indeed found a few horizons with heavily 253 

recrystallized carbonate or veins, but those were strictly avoided during sampling. The precision 254 

for both carbon and oxygen isotopes based on repeated measurement of reference materials was 255 

routinely better than 0.1‰. 256 

4.4. Organic C isotope analysis 257 

The δ13Corg compositions of bulk powders were measured by combustion of decalcified 258 

residues to CO2 with a Eurovector elemental analyzer in-line with an Elementar Isoprime isotope 259 

ratio mass spectrometer. Approximately 15 grams of core chips lacking secondary veins or 260 

weathered surfaces were crushed and repeatedly (2× or more) acidified with 3 M HCl overnight to 261 

quantitatively remove carbonate. These residues were then washed with ultra-pure Milli-Q water 262 

to neutral pH, decanted, and dried in an 80oC oven overnight for subsequent δ13Corg analysis. 263 

Uncertainties for δ13Corg measurements determined by multiple analyses of standard materials 264 
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were better than 0.1‰. Detailed method can be found in our previous published papers (Cui et al., 265 

2015; Cui et al., 2016a; Cui et al., 2017). 266 

4.5. Micro X-Ray Fluorescence 267 

High-resolution elemental abundance maps of the polished sample surfaces were produced 268 

using the Tornado M4 micro X-Ray Fluorescence (μXRF) scanner (Bruker nano GmbH, Berlin, 269 

Germany) at the Vrije Universiteit Brussel, Belgium. μXRF mapping was performed along a 2D 270 

grid with 25 μm spacing, a spot size of 25 μm and an integration time of 1 ms per pixel. The X-271 

Ray source was operated under maximum energy settings (600 μA, 50 kV) with no source filters. 272 

This mapping approach by μXRF resulted in qualitative element concentration distributions on the 273 

elemental maps. 274 

5. Results 275 

5.1. Petrographic results 276 

Petrographic observations of the studied samples show significant heterogeneity in textures 277 

(Figs. 11–13). Many samples exhibit strong recrystallization under polarized light. Interbedded 278 

carbonate-rich and siliciclastic-rich laminae are also abundant (Figs. 11A–B, 12A–B, 12I–H).  279 

5.2. Geochemical results 280 

In total 14 samples were selected for 87Sr/86Sr analysis in this study. The 87Sr/86Sr values 281 

measured from the carbonate portion range from 0.7029 to 0.7059, which are all significantly 282 

lower than the typical Ediacaran seawater values (mostly from 0.7080 to 0.7090) (Figs. 1, 2). 283 

Among the samples for 87Sr/86Sr analyses, 5 samples were selected for Nd isotope analyses, and 284 
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yield positive εNd(t=560Ma) values (Fig. 12), in strong contrast with the negative εNd(t) values 285 

analyzed from other Ediacaran sedimentary samples worldwide (Figs. 17, 18). It is worth noting 286 

that Sr-Nd isotopic compositions of our 5 samples display a negative correlation (Fig. 15F). 287 

Trace element data show that the samples are mostly rich in Sr (concentration data ranging 288 

from 84.2 ppm up to 815.5 ppm). The Rb concentration data range from 0.2 ppm to 16.2 ppm in 289 

the studied samples. 290 

The δ13Ccarb compositions of micro-drilled powder range from –3.8‰ to 6.0‰, with an 291 

average value of 2.1‰ in the samples. The δ18Ocarb compositions of the micro-drilled samples 292 

range from 1.8‰ to –13.7‰, with an average value of –9.1‰. The δ13Corg compositions of 293 

acidified residuals range from –17.1‰ to –32.1‰, with an average value of –27.5‰. All the data 294 

can be found in the supplementary material. 295 

6. Discussion 296 

6.1. δ13Ccarb chemostratigraphy 297 

 A global comparison between the δ13Ccarb profile of the Dhaiqa Formation and the 298 

published profiles of other mid- to late Ediacaran sections reveals both similarities and differences. 299 

The δ13Ccarb profile of the Dhaiqa Formation shows scattered but overall positive values (Fig. 16A), 300 

in contrast with the published δ13Ccarb profile of the roughly equivalent Muraykhah Formation of 301 

the Jibalah Group in the Antaq basin, where an overall increasing trend with mostly negative 302 

δ13Ccarb values was recorded (Nettle et al., 2014) (Fig. 16B). It is likely that the analyzed Muraykhah 303 

section (Fig. 16B) captured the recovering part of the Shuram Excursion, therefore is slightly older 304 

than the Dhaiqa section that captured mostly post-Shuram values (Fig. 16A). 305 
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The lack of a clear trend in the analyzed Dhaiqa Formation prohibits detailed stratigraphic 306 

correlation with other Ediacaran sections. Regardless, the overall positive δ13Ccarb values are 307 

consistent with the late Ediacaran backdrop δ13Ccarb values from other basins, which typically show 308 

positive values after the Shuram excursion (Fig. 16C–E). 309 

6.2. Evaluating the isolated lake hypothesis  310 

Could the coupled Sr–Nd anomalies in Saudi Arabia result from an isolated ocean or lake 311 

during the Ediacaran Period? Published studies reveal that modern river waters and seawaters are 312 

typically dominated by weathered continental crust materials with negative εNd values (Goldstein 313 

et al., 1984; Goldstein and Jacobsen, 1987; Tachikawa et al., 2017). However, in very rare cases, river 314 

waters with positive εNd values (up to +8) have also been found (Goldstein and Jacobsen, 1987; 315 

Allègre et al., 2010), which reflects a predominantly young volcanic source (Rad et al., 2007; Allègre 316 

et al., 2010). In the modern ocean, the highest εNd value of +2.7 is found in the Eastern Equatorial 317 

Pacific where young volcanogenic material is abundant (Grasse et al., 2012). 318 

With the above in mind, to form primary carbonates with anomalously low 87Sr/86Sr and 319 

exceptionally positive εNd signals, three conditions should be met. First, the water mass has to be 320 

isolated and stagnant in order to decouple the depositional environment from the Ediacaran open 321 

ocean; Second, the depositional environment should be in close proximity to juvenile sources (e.g., 322 

island arcs) in order to capture the juvenile Sr–Nd signals during deposition; Third, such rare 323 

paleogeographic conditions should be maintained on a prolonged geological time scale (i.e., 324 

millions of years) so that the 87Sr/86Sr anomalies can be preserved in carbonates or calcareous 325 

sandstones for hundreds of meters in thickness in the Arabian Shield (Fig. 4, 5). 326 
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 Theoretically, the above scenario could have possibly existed if all the three conditions 327 

were met at the same time. Geological evidence indeed indicates that the depositional 328 

environments of the studied sections were not typical marine platforms. First, both sections show 329 

significant input of siliciclastic components during deposition. Interbedded siliciclastics, 330 

calcareous sandstones, conglomerates are not uncommon in the studied sections. Many carbonates 331 

are rich in siliciclastic grains with low textural maturity (i.e., angular grain shapes) (Fig. 13A–F), 332 

suggesting a deposition environment in proximity to the weathered source. That being said, it is 333 

also notable that most of the grains in carbonate samples are quartz (Fig. 13A–J). No mafic or 334 

ultramafic detrital grains have been found in the studied samples. 335 

Second, published studies show that magmatism was active during the Cryogenian and 336 

Ediacaran periods (Johnson et al., 2011; Johnson, 2014). Multiple igneous intrusions in the Arabian 337 

Shield have been dated and the results reveal Cryogenian and Ediacaran ages (Kozdrój et al., 2018) 338 

(Fig. 3C). Therefore, it is possible that igneous activities at that time produced a considerable 339 

amount of juvenile materials, which were subsequently weathered into restricted oceans nearby. 340 

In summary, although the possibility of carbonate precipitation in an isolated ocean in close 341 

proximity to an Ediacaran juvenile source is not very likely, we have not completely ruled out this 342 

hypothesis. Supporting evidence for this hypothesis is not sufficient at the moment. It remains 343 

open for further testing. 344 

6.3. Evaluating the juvenile hydrothermal fluid hypothesis 345 

In parallel with the “low temperature scenario” characterized by an isolated ocean (section 346 

6.2), a “high temperature scenario” with basin-scale alteration by juvenile hydrothermal fluids can 347 
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also possibly account for the anomalous Sr–Nd signals in this study. Multiple lines of evidence 348 

suggest that the 87Sr/86Sr anomaly may be post-depositional in origin. First, petrographic 349 

observation shows abundant veins (Fig. 12K–N) and highly recrystallized carbonate fenestrae 350 

(Figs. 12C, 12D, 13K, 13L) or laminae (Figs. 12G–J, 13G–J), indicating the occurrence of 351 

hydrothermal alteration by external fluids. Second, considering that no positive εNd signals up to 352 

+4 have been found in open ocean seawaters or modern marine carbonates, it is more likely that 353 

the positive εNd(t=560Ma) signals preserved in the Ediacaran limestones in this study resulted 354 

from juvenile hydrothermal fluids. 355 

Supporting evidence for a hydrothermal origin of the Sr–Nd anomalies also comes from 356 

the field. In addition to the Cryogenian and Ediacaran intrusions (Johnson et al., 2011; Johnson, 2014; 357 

Kozdrój et al., 2018) (Fig. 3C), late Cenozoic flooding basalts cover large areas of the Arabian Shield 358 

(Fig. 6D) (Miller et al., 2008; Moufti et al., 2012; Vickers-Rich et al., 2013). It is possible that during 359 

the Ediacaran magmatic activities or the Cenozoic flood basalt event on the Arabian Shield, a 360 

considerable amount of juvenile hydrothermal fluids migrated upwards, percolated the Ediacaran 361 

carbonate successions, and reset the Sr–Nd isotopic compositions. Published studies show that the 362 

Ediacaran granites in the Arabian Shield and adjacent parts of the Sinai Peninsula to the north have 363 

positive εNd values of +1.1 to +5.4 and initial 87Sr/86Sr values of 0.6194–0.7053 (Be’eri-Shlevin et 364 

al., 2010; Moghazi et al., 2012; Robinson et al., 2015), and those younger than ~600 Ma have been 365 

modeled as emplaced in extensional, within-plate and back-arc settings associated with 366 

lithospheric delamination and slab-break-off, with magma derived from an  enriched MORB-type 367 

mantle wedge subjected to crustal assimilation and fractionation (Moghazi et al., 2012; Robinson et 368 

al., 2015). In addition, Miocene dikes and granites emplaced along the Red Sea margin of the 369 
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Arabian Peninsula have initial 87Sr/86Sr values of 0.7043–0.7063 (Baldridge et al., 1991; Coleman et 370 

al., 1992), which can all be the sources of juvenile hydrothermal fluids. 371 

Taken together, we propose that it is more likely that the 87Sr/86Sr anomalies in this region 372 

resulted from profound overprints by juvenile hydrothermal fluids. This interpretation is consistent 373 

with independent sedimentological observations that most of the samples have been clearly 374 

recrystallized and are associated with basalt intrusions in this region. 375 

6.4. Implications for early metazoan evolution 376 

Our new data also shed light on the biogeochemical reconstruction of the Ediacaran ocean 377 

in the Saudi Arabian Shield region, which harbors some of the earliest macroorganisms in Earth 378 

history. Based on the anomalous low 87Sr/86Sr data, it has been speculated that animal evolution 379 

during the Ediacaran Period in this region may be associated with anomalous environments, 380 

possibly an isolated lake (Miller et al., 2008). Similar speculation has also been proposed based on 381 

a study of clay minerals from the fossiliferous Doushantuo Formation of South China (Bristow et 382 

al., 2009; see also Huang et al., 2013 for a re-interpretation). If these hypotheses are true, the earliest 383 

animal life may evolve from locally restricted lake environments, instead of marine environments. 384 

However, based on the new petrographic and geochemical results in this study, we argue 385 

that it is more likely that the 87Sr/86Sr anomalies in the northern Arabian Shield represent profound 386 

overprints by juvenile hydrothermal fluids, and therefore cannot be used for biogeochemical 387 

reconstructions of the paleoenvironment that hosted the Ediacaran biota in this region. Sr isotope 388 

chemostratigraphic correlations in this region should be made with caution. 389 

7. Conclusions 390 
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In this study, detailed petrographic and geochemical analyses were conducted for the 391 

Ediacaran limestone and calcareous sandstone samples from the Arabian Shield. Integrated Sr and 392 

Nd isotope data reveal that the 87Sr/86Sr anomalies (from 0.7029 to 0.7059) are closely coupled 393 

with positive εNd(t=560Ma) values (up to +4.1).  394 

Two hypotheses have been independently evaluated based on the current results. The first 395 

hypothesis shows a low temperature scenario with isolated oceans or lakes in proximity to a mafic 396 

to ultramafic source. The second hypothesis was characterized by a high temperature scenario with 397 

profound overprints by juvenile hydrothermal fluids. Based on integrated petrographic, field, and 398 

geochemical data, the second hypothesis is preferred in this study. 399 

If the second hypothesis is true, the concept that the Ediacaran biotic radiation took place 400 

in an isolated lake environment should be treated with caution; Sr isotope chemostratigraphy in 401 

this region may not be a reliable tool for stratigraphic correlations. 402 
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Figure 1. Time-series 87Sr/86Sr profile of the Ediacaran Period (ca. 635–538 Ma). Data source: 419 

Keele Formation, Canada (Narbonne et al., 1994); Nuccaleena Formation, Australia (Liu et al., 2013); 420 

Doushantuo and Dengying formations in the Three Gorges area, South China (Sawaki et al., 2010); 421 

Doushantuo Formation at Yangjiaping (Cui et al., 2015); Doushantuo Formation at Zhongling (Cui 422 

et al., 2017); Ediacaran strata in Siberia, Russia (Melezhik et al., 2009); Khufai, Shuram, and Buah 423 

formations in Oman (Burns et al., 1994); Blueflower Formation, Canada (Narbonne et al., 1994); 424 

Khatyspyt Formation in Arctic Siberia, Russia (Cui et al., 2016a); Wonoka Formation, Australia 425 

(Calver, 2000); Nama Group, southern Namibia (Kaufman et al., 1993); Maieberg Formation, 426 

northern Namibia and Hayhook Formation of the Mackenzie Mountains, Canada (Halverson et al., 427 

2005; Halverson et al., 2007); Marinoan cap carbonates in Keilberg Member of Nanibia, Doushantuo 428 

Formation of South China, and the Sugetbrak Formation of NW China (Wei et al., 2019a). 429 
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 430 
Figure 2. A global comparison between the 87Sr/86Sr data in Saudi Arabia (highlighted as red dots 431 

and yellow boxes) and the published data from other regions. Panel A showing all the compiled 432 
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data points; Panel B showing box plots. Data source: 1-Ediacaran strata in Siberia, Russia (Melezhik 433 

et al., 2009); 2-Khufai, Shuram, and Buah formations in Oman (Burns et al., 1994); 3-Shuram, and 434 

Buah formations in Oman (Le Guerroué et al., 2006); 4-Khatyspyt Formation in Arctic Siberia, 435 

Russia (Cui et al., 2016a); 5-Nuccaleena Formation, Australia (Liu et al., 2013); 6-Wonoka Formation, 436 

Australia (Calver, 2000); 7-Doushantuo and Dengying formations in the Three Gorges area, South 437 

China (Sawaki et al., 2010); 8-Doushantuo Formation at Yangjiaping (Cui et al., 2015); 9-Doushantuo 438 

Formation at Zhongling (Cui et al., 2017); 10-Nama Group, southern Namibia (Kaufman et al., 1993); 439 

11-Maieberg Formation, northern Namibia and Hayhook Formation of the Mackenzie Mountains, 440 

Canada (Halverson et al., 2005; Halverson et al., 2007); 12-Marinoan cap carbonates in Keilberg 441 

Member of Nanibia, Doushantuo Formation of South China, and the Sugetbrak Formation of NW 442 

China (Wei et al., 2019a);13-Dhaiqa Formation, Saudi Arabia (Miller et al., 2008);14-Dhaiqa and 443 

Naghr formations, Saudi Arabia (this study). 444 

 445 
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 446 

Figure 3. (A) Map of the Arabian Shield (highlighted in gray). Map modified after Al-Husseini 447 

(2011).  (B) Locality of the two studied areas (labelled as yellow stars). Map modified after Stern 448 
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et al. (2011). (C) Ediacaran basins named after principal formations. The two studied basins for 449 

geochemical analyses in this study are labelled as yellow stars. Ng = Naghr basin; Dh = Dhaiqa 450 

basin; Dw = Dawqah basin; Ha = Hamra basin; Ma = Mashad basin; Me = Meddan basin; Sa = 451 

Salih basin.  Source of the U-Pb age data (red stars): Kozdrój et al. (2018). 452 
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 453 
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Figure 4. Stratigraphic scheme of the Ediacaran Jibalah Group in the Arabian Shield. Modified 454 

after Al-Husseini (2014). 87Sr/86Sr anomalies that are significantly decoupled from the typical 455 

Ediacaran seawater values have been found in the Umm al-Aisah Formation (Halverson et al., 2013a; 456 

Halverson et al., 2013b) and the Dhaiqa Formation (Miller et al., 2008 and this study). 457 

 458 

Figure 5. Lithology columns of (A) the Ediacaran Naghr Formation and (B) the Ediacaran Dhaiqa 459 

Formation. Strontium (87Sr/86Sr) and neodymium isotope εNdcarbonate(t=560Ma) data newly 460 

reported in this study are shown alongside the lithology columns. All the Sr and Nd isotope data 461 

can be found in the online supplementary material. The age 560 ± 4 Ma is the youngest age of 462 

detrital zircons extracted from that interval, which represents the maximum depositional age 463 
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(Vickers-Rich et al., 2010; Vickers-Rich et al., 2013). The ages of 599 ± 4.8 Ma and 570 ± 4.6 Ma were 464 

measured from the core and the rim of a single detrital zircon, respectively (Miller et al., 2008). 465 

 466 
Figure 6. Field photos of the Ediacaran Naghr Formation, NW Saudi Arabia. (A) Overview of the 467 

Naghr Formation in the field. (B) Tepee structures in the Naghr Formation. Pen as scale. (C) 468 

Possible drop stone within the diamictite interval of the Naghr Formation. Hammer as scale. (D) 469 

Basalt screes near the outcrops of the Naghr Formation. More field images of the studied section 470 

can be found in Vickers-Rich et al. (2010). 471 

 472 

 473 
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 474 

Figure 7. (A–C) Field photos of the Ediacaran Dhaiqa Formation, NW Saudi Arabia. (D) A closer 475 

view of the Dhaiqa Formation. More field images of the studied section can be found in Vickers-476 

Rich et al. (2010) and Vickers-Rich et al. (2013). 477 

 478 
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 479 

Figure 8. Sedimentary textures and fossils from the Ediacaran Naghr and Jifn formations, Saudi 480 

Arabia. (A–C) Large spherical colonies of cyanobacteria Beltanelliformis minutae. (D) Ripple 481 

marks; (E) Elephant-skin textures, indicating the existence of microbial mats on depositional 482 
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surfaces. (F) Microbial texture Arumberia sp. Swiss army knife (95mm in length) as scale in D 483 

and F. 484 

 485 

 486 
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Figure 9. Sedimentary textures and fossils from the Ediacaran Dhaiqa Formation, Saudi Arabia. 487 

(A) Algal remains of Harlaniella ingriana. (B) Ripple marks possibly bounded by microbial mats. 488 

(C–D) Samples found directly below a volcanic ash layer, which look similar to the iconic 489 

Ediacara-type fossil Charniodiscus, though detailed features are lacking.  (E) Body remains of 490 

uncertain attribution. (F) Algal remains of Harlaniella ingriana. (G) A segmented tubular form of 491 

Harlaniella. Swiss army knife (95mm in length) as scale in F. Images modified from Vickers-Rich 492 

et al. (2010); Vickers-Rich et al. (2013). 493 

 494 

 495 
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 496 

Figure 10. Sedimentary textures and fossils from the Ediacaran Muraykhah Formation and the 497 

Cambrian Sig sandstone Formation, Saudi Arabia. (A, B) Possible metazoan trace fossils. (C) 498 

Concentric textures that look similar to the Eoandromeda octobrachiata fossils reported from 499 

China and Australia (Zhu et al., 2008), but can also be simply abiotic sedimentological textures (e.g., 500 

nodules). (D) Algal remains of Harlaniella ingriana. (E) Large spherical colonies of cyanobacteria 501 



 

Page 34 of 52 
 

Beltanelliformis. (F) Possible metazoan trace fossils. (G) Cruziana trails in the Sajir Member of 502 

the Cambrian Siq Sandstone interval. Coin (red arrow) as scale. Images modified from Vickers-Rich 503 

et al. (2010); Vickers-Rich et al. (2013). 504 
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 505 

Figure 11. 87Sr/86Sr compositions (in red) of the limestone or calcareous sandstone samples from 506 

the Ediacaran Dhaiqa Formation, NW Saudi Arabia. The values of carbonate content (wt%), 507 

δ13Ccarb (VPDB, ‰), δ18Ocarb (VPDB, ‰), and δ13Corg (VPDB, ‰) are provided when available. 508 
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(A) Sample D46; (B) Sample D39; (C) Sample D-M1; (D) Sample D7; (E) Sample D54; (F) 509 

Sample D34; (G) Sample D49; (H) Sample D26. Samples were acidified by 0.5 M weak acid so 510 

that only the carbonate portion was extracted for 87Sr/86Sr and elemental concentration analyses. 511 

Stratigraphic height of each sample is also provided when available. All the data can be found in 512 

the online supplementary materials. 513 

 514 
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Figure 12. continued. 515 

 516 

Figure 12. Polished rock slab images and coupled Si (green)–Ca (blue)–Fe (red) elemental maps 517 

produced by μXRF. Geochemical compositions, including 87Sr/86Sr and εNd(t=560Ma) values, are 518 

also provided when available.  All the samples were collected from the Ediacaran Naghr and 519 

Dhaiqa formations on the Arabian Shield. (A, B) Sample N-2-16, Naghr Formation; (C, D) Sample 520 

D38, Dhaiqa Formation; (E, F) Sample D51, Dhaiqa Formation; (G, H) Sample D47, Dhaiqa 521 

Formation; (I, J) Sample D21, Dhaiqa Formation; (K–N) Sample N-2-3, Naghr Formation. 522 

Samples were acidified by 0.5 M weak acid so that only the carbonate portion was extracted for 523 

Sr and Nd isotopic and elemental concentration analyses. Note that all the analyzed samples yield 524 

anomalously low 87Sr/86Sr values and anomalously high εNd(t=560Ma) values compared with the 525 

typical Ediacaran seawater values. All the data can be found in the online supplementary materials. 526 
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 527 

 528 

Figure 13. Petrographic images under plane polarized light (PPL), cross polarized light (XPL). 529 

Sample names are provided in the lower left. (A, B) Limestone sample D51 with abundant detrital 530 

quartz grains; (C, D) Sandstone sample D23 with abundant angular quartz grains (arrows); (E–J) 531 
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Laminated siliciclastic and calcite samples D47 and D22 with abundant angular quartz grains 532 

(arrows); (K, L) Carbonate sample D38 with large (up to ca. 10 mm) carbonate crystals within  533 

siliciclastic matrix. See Figure 11 for rock slab images of sample D38, D47, D51. Corresponding 534 

rock slab images of all the samples can be found in the online supplementary materials. 535 

 536 

Figure 14. Litho- and chemostratigraphy of the Ediacaran Dhaiqa Formation. The geochemical 537 

data include (A) carbonate carbon (δ13Ccarb) and oxygen (δ18Ocarb) isotopes, (B) organic carbon 538 
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isotopes (δ13Corg), (C) carbon isotope fractionations (Δδ13Ccarb-org), (D) strontium concentrations 539 

([Sr] in ppm), (E) strontium isotope ratios (87Sr/86Sr). Measured neodymium isotope data 540 

εNdcarbonate(t=560 Ma) are also provided in panel E. The age 560 ± 4.0 Ma is the youngest age of 541 

detrital zircons extracted from that interval, which represents the maximum depositional age 542 

(Vickers-Rich et al., 2010; Vickers-Rich et al., 2013). The ages of 599 ± 4.8 Ma and 570 ± 4.6 Ma were 543 

measured from the core and the rim of a single detrital zircon, respectively (Miller et al., 2008). 544 
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Figure 15. Cross-plots of data measured in this study. All the data can be found in the online 546 

supplementary materials. 547 

 548 

 549 

Figure 16. A global comparison of the carbon isotope chemostratigraphy of the middle- to late- 550 

Ediacaran strata. (A) Dhaiqa Formation of the Jibalah Group, Dhaiqa basin, Saudi Arabia (this 551 

study); (B) Muraykhah Formation of the Jibalah Group, Antaq basin, Saudi Arabia (Nettle et al., 552 

2014); (C) Oman (Fike and Grotzinger, 2008); (D) Dengying Formation at the Gaojiashan section, 553 

South China (Cui et al., 2016b; Cui et al., 2019); (E) Nama Group in southern Namibia (Ries et al., 554 

2009). 555 
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 556 

Figure 17. Reconstructed εNd(t) profile for the Ediacaran Period (ca. 635–538 Ma). Data source: 557 

phosphorites from the Doushantuo and Dengying formations in South China (Yang et al., 1997); 558 

mudstones and fine-grained siliciclastics in Canada, Australia, Svalbard, and China (Cox et al., 559 

2016); carbonates from the Doushantuo and Dengying formations in South China (Wei et al., 2019b). 560 
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 561 

Figure 18. A global comparison between the new εNd(t) data in this study (highlighted as red dots 562 

and a yellow box) and the published data. Panel A showing all the compiled data points; Panel B 563 

showing box plots. Data source: 1-Mudstones or fine-grained siliciclastics from Ediacaran strata 564 

in Canada, Australia, Svalbard, and China (Cox et al., 2016); 2-Carbonates from the Ediacaran 565 

Doushantuo and Dengying formations, South China (Wei et al., 2019b); 3-Phosphorites from the 566 

Ediacaran Doushantuo and Dengying formations, South China (Yang et al., 1997); 4-Carbonates 567 

and shales from the Ediacaran Doushantuo Formation, South China (Hu et al., 2016); 5-Ediacaran 568 

Dhaiqa and Naghr formations, Saudi Arabia (this study). 569 

 570 
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