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ABSTRACT 12 

The Early Paleozoic was marked by several carbon-cycle perturbations and associated carbon-13 

isotope excursions (CIEs). Whether these CIEs are connected to significant (external) triggers, as 14 

is often considered to be the case for CIEs in the Mesozoic and Cenozoic, or result from small 15 

carbon-cycle imbalances that became amplified through lack of efficient silicate weathering or 16 

other feedbacks, remains unclear. We present concentration and isotope data for sedimentary 17 

mercury and osmium to assess the impact of subaerial and submarine volcanism and weathering 18 

during the late Cambrian and early Ordovician. Data from the Alum Shale Formation (Sweden) 19 

cover the Steptoean Positive Carbon Isotope Excursion (SPICE; ca. 497 – 494 million years 20 

ago), a period marked by marine anoxia and biotic overturning, and several smaller CIEs 21 

extending into the early Ordovician. Our Hg and Os data offer no strong evidence that the CIEs 22 



present in our record could have been driven by (globally) elevated volcanism or continental 23 

weathering. Organic-carbon and Hg concentrations covary cyclically, providing further evidence 24 

of an unperturbed Hg cycle. Mesozoic and Cenozoic CIEs are often linked to enhanced volcanic 25 

activity and weathering but similar late Cambrian–Early Ordovician events cannot easily be 26 

connected to such external triggers. Our results are more consistent with reduced Early Paleozoic 27 

carbon-cycle resilience that allowed small imbalances to develop into large CIEs. 28 

 29 

INTRODUCTION 30 

Phanerozoic carbon-isotope excursions (CIEs) are thought to indicate broad-scale carbon-31 

cycle changes. In the geological record, they commonly coincide with biotic radiation and 32 

extinction, and are considered critical periods in the evolution of Earth’s environmental systems. 33 

The nature of the CIEs changes through time with Paleozoic CIEs generally exceeding the 34 

amplitude and length of similar events in the Mesozoic and Cenozoic, a pattern interpreted to 35 

reflect gradually increasing carbon-cycle resilience. The increased resilience of the exogenic 36 

carbon cycle over the Phanerozoic may result from factors including greater plankton 37 

biodiversity, gradual oxygenation of the atmosphere and oceans (Bachan et al., 2017) and, from 38 

the Silurian onwards, the proliferation of vascular plants that greatly enhanced the efficiency of 39 

continental silicate weathering as a carbon-cycle feedback (Berner, 1998). 40 

Many Mesozoic and Cenozoic CIEs show at least a degree of temporal correlation to 41 

emplacement of large igneous provinces (LIPs) (e.g., Ernst et al. 2021), suggesting a causal link. 42 

However, erosive and tectonic loss of LIP materials and sedimentary archives (e.g., Park et al., 43 

2021) limits identification of LIP activity coeval with Early Paleozoic CIEs and availability of 44 



proxy data for enhanced volcanism. Hence other mechanisms are often invoked as causing these 45 

carbon-cycle perturbations (Reershemius and Planavsky, 2021).  46 

Here we focus on a late Cambrian–Early Ordovician interval that shows substantial 47 

carbon-cycle instability. The interval includes the Steptoean Positive Carbon Isotope Excursion 48 

(SPICE, 497.5–494.5 million years ago (Ma), the Top of Cambrian isotope Excursion (TOCE, 49 

488 Ma) and the Cambrian-Ordovician boundary spike (COBS, 487 Ma). SPICE, the most 50 

significant of these CIEs, was a period of extensive oceanic anoxia and OM burial that is marked 51 

globally in marine organic matter (OM) and carbonates by a 2–4‰ positive CIE (e.g., Gill et al., 52 

2011; Saltzman et al., 2011). Coeval fluctuations in sea level and continental weathering have 53 

also been proposed (Pulsipher et al., 2021; Yuan et al., 2022) but the trigger for SPICE, and other 54 

late Cambrian CIEs, remains elusive. 55 

To study the nature of the late Cambrian–early Ordovician CIEs, we undertook mercury 56 

(Hg) and osmium (Os) analyses on sedimentary core samples from the Alum Shale Formation 57 

recovered in the Albjära-1 core, southern Sweden (Fig. 1). Previous studies have attributed Hg 58 

variability during this period to local changes in oxygenation  (Pruss et al., 2019; Hagen et al., 59 

2022) or to elevated volcanism but with their findings limited by low stratigraphic resolution 60 

(Bian et al., 2022). Albjära-1 provides a rare, astronomically-tuned long-term (500–484 Ma), 61 

near-continuous record without major changes in lithology, depositional environment or 62 

oxygenation (Zhao et al., 2022a). The finely (sub-mm) laminated Alum Shale Formation was 63 

deposited around 60ºS paleolatitude, in a (predominantly) anoxic–euxinic shallow to deep shelf 64 

sea that covered most of present-day Scandinavia (Sørensen et al., 2020; Schulz et al., 2021; 65 

Zhao et al., 2022a) (Fig. 1). The formation is known for its high concentrations of total organic 66 

carbon (TOC; 5–25%), high trace-element concentrations, including U, Mo, V and Zn, and 67 



astronomically modulated sulfur and aluminum (Sørensen et al., 2020; Schulz et al., 2021). 68 

Recent studies based on the Alum Shale documented high rhenium (Re), Os and a variable 69 

seawater Os-isotope signature (initial 187Os/188Os, hereafter Osi) (Rooney et al., 2022) during the 70 

SPICE interval and high Hg in the upper Cambrian (Bian et al., 2022), which may hint at 71 

variations in weathering and volcanism. 72 

Mercury and Os are proxies that, when paired, can be used to assess large-scale subaerial 73 

and submarine volcanic activity and continental weathering (Grasby et al., 2019; Dickson et al., 74 

2021). As long as depositional conditions remain relatively stable, elevated Hg loading might be 75 

assumed to trace increased igneous activity from LIPs, with subaerial LIPs yielding 76 

geographically wider spread sedimentary signals (Grasby et al., 2019; Percival et al., 2021). 77 

Mass-dependent and mass-independent fractionation (MDF and MIF) of Hg isotopes may 78 

provide insight into depositional pathways of Hg and major source-shifts of Hg in deep-time 79 

sediments (Bergquist and Blum, 2007; Bergquist, 2017). Seawater Os isotopes trace the 80 

proportion of unradiogenic (mantle- and cosmogenically derived), Os versus that of radiogenic 81 

Os from continental weathering (e.g., Peucker-Ehrenbrink and Ravizza, 2000). Basalt–seawater 82 

interaction releases Os during submarine LIP activity, which can imprint a mantle-like Os-83 

isotope signature on global sea water (Sullivan et al., 2020; Dickson et al., 2021). We present 84 

high-resolution sedimentary Hg and Re-Os data for the late Cambrian to investigate whether 85 

changes in weathering or volcanism relate to SPICE or other CIEs. 86 

 87 

MATERIALS 88 

We analyzed samples from Albjära-1, a ~237-meter fully cored borehole near Svalöv, 89 

Sweden (55.935842 N, 13.178478 E) (Fig. 1). A detailed bio- and chemostratigraphy was paired 90 



with radiometric data to anchor astronomically tuned ages for the Alum Shale Formation (215–91 

135 meter core depth (mcd)) and shows that this interval spans 16-Myr of late Cambrian–early 92 

Ordovician time (ca. 500–484 Ma) (Zhao et al., 2022a; 2022b, Fig. 2). Sedimentary Hg data 93 

were acquired from powdered samples used by Zhao et al. (2022a) (n = 133) and from additional 94 

high-resolution samples across the SPICE interval (n = 430, 205–190 mcd, ~5–10 kyr 95 

resolution), for which orbital frequencies were examined. New TOC data were generated for the 96 

high-resolution samples spanning the SPICE interval (n = 145) and combined with existing data 97 

(Zhao et al., 2022a). A subset of 22 samples (210–180 mcd, 499–492 Ma) was selected for Re-98 

Os analyses and 12 samples spanning the SPICE interval were analyzed for Hg isotopes. The 99 

Supplementary information1 contains a detailed description of analytical methods. 100 

 101 

RESULTS & DISCUSSION 102 

Upper Cambrian–Lower Ordovician mercury 103 

The Alum Shale yields high average Hg (290 ppb) and high TOC (average 8.5% by 104 

weight; Fig. 2B, Fig. S2A). Mercury and TOC are positively correlated (R2 ~0.6 (SPICE data), 105 

~0.5 (SPICE excluding limestone bands), ~0.3 (for the entire record)) and Hg/TOC averages 106 

around 35 ppb/% (Fig. 2C). The Hg and Hg/TOC values overlap with those obtained from 107 

Phanerozoic global organic-rich (>5%) shales (22–650 ppb and 2.3–76.7 ppb/%, 2.5–97.5% 108 

quantiles, Grasby et al., 2019). The highest Hg and Hg/TOC (up to 800 ppb, 70 ppb/%) are found 109 

in the TOCE interval (~ 488 Ma). A few (n = 9) Hg values in this interval were identified as 110 

anomalous by Hg-TOC robust regression (Fig.2B, Fig. S3) but these are not matched in the 111 

nearby Ottenby-2 core (Bian et al., 2022, Fig. S5). Mercury mass accumulation rate (Hg-MAR) 112 

varies between 0.1 and 0.3 µg/m2/yr, in parallel with TOC-MAR (30–60 mg/m2/yr) (Fig. 2D). 113 



For the broader SPICE interval (498.2–494.2 Ma), appreciable cyclic variability in Hg is 114 

observed in the short eccentricity band (~100 kyr) (Fig. 3). The mass-dependent (δ202Hg average 115 

-1.14±0.14‰ 1 standard deviation) and subtle positive MIF (Δ199Hg average +0.08±0.03‰, 116 

Δ200Hg +0.03±0.01‰) suggest an atmospheric pathway for deposition followed by probably 117 

~complete marine OM Hg scavenging (Blum et al., 2014; Percival et al., 2021). 118 

Anomalous enrichment (>2-fold background) of sedimentary Hg, relative to common 119 

carrier phases such as TOC and S, has been linked to enhanced LIP activity (Grasby et al., 2019). 120 

Although Hg content for the Alum Shale may appear relatively high, Hg-MAR remains low and 121 

Hg/TOC enrichments >2-fold background are rare. A dominant atmospheric depositional 122 

pathway for Hg, as suggested by Hg-isotope signatures, is consistent with the very low 123 

accumulation (mm/kyr) of (siliciclastic) material in this outer-shelf setting (Zhao et al., 2022b), 124 

absence of vascular plants and consequent lack of substantial terrestrial Hg reservoirs that 125 

otherwise might have imposed negative MIF and more negative MDF (Yuan et al., 2023). 126 

The Hg-MAR values for the Alum Shale are close to, but slightly lower than, estimated 127 

Holocene (non-polluted) atmospheric fluxes (0.4–0.6 µg/m2/yr; Bindler, 2003). The combination 128 

of such low Hg-MAR in the presence of abundant scavenging ligands (OM) and Hg-isotope 129 

signature suggests Hg supply could have been limited to atmospheric deposition. The 130 

predominantly anoxic–euxinic bottom water conditions during deposition of the Alum Shale and 131 

associated SPICE interval may have locally reduced Hg-MAR (Frieling et al., 2023). Mercury 132 

loss during maturation may also have reduced apparent Hg-MAR (Liu et al., 2022) but this 133 

would likely have been a minor factor as Hg is effectively immobile below 250 ºC in clay-rich 134 

lithologies  (Chen et al. 2022). 135 



 In a Hg supply-limited system, cyclic changes in the siliciclastic flux (Al), as shown by 136 

Zhao et al. (2022b), may variably dilute a steady TOC and Hg supply. Indeed, as with Al, 137 

cyclicity in Hg is focused around the (short) eccentricity and obliquity frequency (Fig. 3) 138 

suggesting orbital changes in siliciclastics have modulated Hg content. The low Hg-MAR, cyclic 139 

modulation of Hg in parallel with TOC, and Hg-isotope signatures, all indicate a late Cambrian 140 

Hg cycle unperturbed by extensive volcanic Hg fluxes. 141 

 142 

Enhanced mantle-derived Os input, basin restriction or diminished Os inventory? 143 

The older part of the Re-Os record (499–495.5 Ma) is marked by gradually declining Re 144 

(average ~16 ppb) and 192Os (~0.2 ppb) contents with a nadir between 497.5–495.5 Ma (Fig. 145 

2F,G). After 495 Ma values reach up to 165 ppb Re and 2 ppb 192Os, following which Re and 146 

192Os return to pre-SPICE background levels (Fig. 2F). Age-corrected initial 187Os/188Os (Osi) 147 

hover around ~0.8 for the entire 7-Myr period. Osi decreases from ~0.8 to 0.4–0.6 from 498–496 148 

Ma, and deeper minima (Osi ~0.2 and 0.4) are present between 495 and 493 Ma, the lower of 149 

which approaches the unradiogenic end-member (~0.13) (cf. Peucker-Ehrenbrink and Ravizza, 150 

2000) (Fig. 2G). 151 

A study on the nearby Andrarum-3 core (Rooney et al., 2022) showed Osi variability 152 

during SPICE. Albjära-1 and Andrarum-3 show very similar Re and Os contents and Osi profiles 153 

(Fig. S5), but our record extends into older and younger strata. The upper Cambrian Osi values 154 

hover around 0.7–0.8, in line with the initial 187Os/188Os obtained from a 187Re-188Os evolution 155 

plot of our data (0.71±0.10; Fig. S1) and the isochron value of 0.82±0.01 (Rooney et al., 2022). 156 

Not all Osi variability can be linked to changes in mantle and continental weathering fluxes. For 157 

example, Osi for (semi-)restricted basins can differ from the oceanic Osi signature (Dickson et 158 



al., 2021; 2022) and enhanced drawdown of Os can substantially reduce the whole ocean Os 159 

inventory in a similar way to Mo and other trace elements that experience enhanced burial with 160 

deoxygenation (Algeo, 2004). The connection to the Iapetus Ocean (Fig. 1) and U-Mo behavior 161 

(Zhao et al., 2023) indicate a limited degree of watermass restriction so that Osi here likely 162 

reflects global seawater Osi. A well-documented drop in Mo accompanies SPICE (Fig. 2E, Gill 163 

et al., 2011; Zhao et al., 2022b), interpreted to reflect global Mo drawdown as a result of 164 

widespread euxinia (Gill et al., 2011; Zhao et al., 2023). Like Mo, the 192Os content gradually 165 

declines through the SPICE interval, which may have resulted in heightened sensitivity in the 166 

whole-ocean Os (Fig. 2F). This possibility is particularly relevant because periods with Osi 167 

trends that may be interpreted as elevated mantle input or continental weathering occur during 168 

the rising limb of SPICE (498–495.5 Ma) (Fig. 2F, G; and Rooney et al., 2022). For the intervals 169 

>495.5 Ma, where 192Os is slowly decreasing, small changes in mantle input and continental 170 

weathering may have been amplified by heightened Osi-sensitivity (Fig. 2F, G). In addition, 171 

weathering of young volcanic terranes in equatorial latitudes such as the Kalkarindji LIP (ca. 510 172 

Ma) (Park et al., 2021), may have supplied more unradiogenic Osi (Peucker-Ehrenbrink and 173 

Ravizza, 2000). Fluctuations towards unradiogenic Osi values that occur during the rising limb of 174 

SPICE therefore neither provide evidence for nor exclude changes in continental weathering and 175 

are not in conflict with previous suggestions of fluctuations in weathering based on Os- and Zn-176 

isotope data (Rooney et al., 2022; Yuan et al., 2022). 177 

Unlike the earlier Osi excursions, the more unradiogenic Osi values around 494 Ma 178 

coincide with a rise in 192Os, suggesting that heightened Osi sensitivity did not play a role here. 179 

This behavior closely resembles that of Mesozoic Oceanic Anoxic Events associated with 180 

submarine LIP volcanism, where fresh basaltic material, strongly enriched in unradiogenic Os, 181 



can interact directly with seawater (e.g., Sullivan et al., 2020). However, in contrast to such 182 

signals recorded in Mesozoic sediments, higher Os and more unradiogenic Osi at the end of 183 

SPICE do not seem to be associated with any global exogenic δ13C or carbon-cycle changes 184 

(Saltzman et al., 2011; Zhao et al., 2022b). 185 

 186 

CONCLUSIONS 187 

We employed Hg and Os concentrations and isotopes to resolve the impact of enhanced 188 

volcanic activity and weathering on the SPICE (497.5–494.5 Ma) event and other late 189 

Cambrian–Early Ordovician (500–486 Ma) CIEs. Mercury varies cyclically with TOC and 190 

normalized Hg was stable throughout SPICE and most of the late Cambrian–Early Ordovician. 191 

Mercury isotopes indicate Hg was predominantly supplied via atmospheric deposition and, even 192 

though a small number of elevated Hg samples appear around TOCE (~ 488 Ma), Hg-MAR 193 

remains low throughout the entire 16-Myr-long record, pointing to an unperturbed Hg cycle. 194 

No clear trends in Osi occur during SPICE and several drops towards unradiogenic values 195 

during the event may reflect subtle changes in mantle or weathering fluxes amplified by elevated 196 

sensitivity of the global Os reservoir due to drawdown. Elevated Os and a mantle-like Osi occur 197 

towards the top of the SPICE interval (~495 Ma) but there appears to be no relationship with 198 

δ13C trends. We cannot exclude the possibility that subtle changes in weathering occurred during 199 

the rising limb of SPICE but surmise that enhanced volcanic activity, if it occurred during the 200 

late Cambrian–early Ordovician, had little overall impact on the carbon cycle. Our data support 201 

the view that the high-amplitude CIEs that occurred throughout the Early Paleozoic may not 202 

have required external triggers and instead resulted from small instabilities and weak carbon 203 

cycle feedbacks (e.g. inefficient silicate weathering) that characterized the nascent carbon cycle. 204 
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 315 

FIGURE CAPTIONS 316 

Figure 1. Map of Scandinavia (western Baltica) showing the location of the Albjära-1 317 

(this study), Ottenby-2 (Bian et al., 2022) and Andrarum-3 (Rooney et al., 2022) cores (redrawn 318 



from Zhao et al., 2022b) with inset showing the late Cambrian position of Baltica (redrawn from 319 

Yuan et al., 2022). 320 

Figure 2. Data for the upper Cambrian (upper Miaolingian and Furongian)–Lower 321 

Ordovician Alum Shale of the Albjära-1 core. A. Trilobite biostratigraphy and carbon-isotope 322 

ratios (δ13C) of total organic carbon (TOC) (Zhao et al., 2022a), B. Mercury content, regression 323 

outliers marked (*), C. TOC-normalized Hg, D. Mercury and TOC mass accumulation rates 324 

(MAR). E. Molybdenum content (Zhao et al., 2022b), 3-cm moving average. F. Sedimentary Re 325 

and 192Os content. G. Osmium-isotope (187Os/188Os) ratio at time of deposition, Osi. CIE 326 

abbreviations: Steptoean Positive Carbon Isotope Excursion (SPICE), Upper and Lower Peltura 327 

scarabaeoides Spike (U/LPSS), Top of Cambrian Excursion (TOCE), Acerocarina positive spike 328 

(APS) and Cambrian–Ordovician Boundary Spike (COBS) as recognized in Zhao et al. (2022a). 329 

 330 

Figure 3. A. Multi-taper method/auto-regression (MTM/AR) spectral analysis of Al for 331 

the high-resolution interval encompassing SPICE (494.2-498.2 Ma). B. As panel A for Hg.  332 

 333 

1Supplemental Material containing a detailed description of analytical methods. Please visit 334 

https://doi.org/10.1130/XXXX to access the supplemental material, and contact 335 

editing@geosociety.org with any questions. 336 
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