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ABSTRACT

Elevated mercury concentrations in ancient sedimentary rocks are used as a
fingerprint for large igneous province (LIP) volcanism because there is a tight association
between known LIPs and coeval sedimentary Hg anomalies. While nonvolcanic
processes of sedimentary Hg enrichment, including redox variations, have been
demonstrated in modern settings, interpretations of ancient sedimentary Hg records have
focused on LIP volcanism. Here, we document a link between sedimentary Hg
enrichment and marine redox changes during the late Cambrian Steptoean positive
isotopic carbon excursion (SPICE) event, a time with no known LIP. We report a new
occurrence of the SPICE event from the Eilean Dubh Formation of northern Scotland,

which preserves a series of coeval Hg enrichments. Abundant glauconite, a redox-
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sensitive iron-bearing mineral, co-occurs stratigraphically with the SPICE and Hg
enrichments but is rare to absent from the rest of the section, and bioturbation is low in
strata spanning the SPICE. We suggest that local Hg enrichments were driven by
changing marine redox conditions during the SPICE event, rather than emplacement of a
LIP. Redox oscillations should be considered as an additional control on Hg enrichments
in the geologic record.
INTRODUCTION

Enrichments of Hg concentrations in ancient sedimentary rocks have been used as
a fingerprint of large igneous province (LIP) volcanism. All five major mass extinction
events and many Mesozoic oceanic anoxic events (OAEs) are linked to sedimentary Hg
anomalies; many are also synchronous with known LIP activity (e.g., Sanei et al., 2012;
Percival et al., 2015; Thibodeau et al., 2016). For some extinctions, a documented LIP
culprit is lacking, although Hg anomalies are observed (Jones et al., 2017; Racki et al.,
2018). While it is possible that in some cases the geologic record of massive volcanism is
not preserved, a broader suite of nonvolcanic processes may generate sedimentary Hg
enrichments (e.g., Shen et al., 2019; Them et al., 2019). Previous investigations of the
relationship between Hg (normalized to total organic carbon [TOC]) and redox
conditions during intervals of LIP volcanism yielded an equivocal or no relationship
between Hg/TOC and other redox proxies (Grasby et al., 2013; Percival et al., 2015);
however, those studies only examined the effect of Hg as it relates to TOC. Given that Hg
abundance can be tied to redox conditions and authigenic mineral formation in the

present-day environment (Emili et al., 2011), we provide a more systematic examination

of this proxy through the late Cambrian Steptoean positive isotopic carbon excursion
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(SPICE) event. [[Note: Informal divisions of the geologic time scale have been set
lowercase throughout, while formally defined periods are set in uppercase.]]

Sedimentary Hg accumulation has been intensively studied in Holocene systems,
because Hg is toxic to animals and its methylated form, monomethylmercury (MeHg),
bioaccumulates in higher-order taxa (Morel et al., 1998). In laboratory experiments
designed to mimic marine anoxic events, Hg and MeHg were removed from the water
column and delivered to surface sediments by Fe and Mn oxyhydroxides, which scavenge
Hg under oxic conditions (Gagnon et al., 1997). Hg is, however, liberated from surface
sediments when oxygen is absent (Emili et al., 2011); bottom waters that have
experienced low-oxygen conditions have locally elevated Hg and MeHg concentrations
and can subsequently experience Hg drawdown through authigenic mineral formation
when oxygen is present again (Emili et al., 2011), thereby enriching the sedimentary Hg
inventory. These observations offer an interpretive framework for Hg cycling in the
geologic past. Here, we apply this framework to Upper Cambrian marine strata from
northern Scotland.

The Cambrian Period was characterized by large shifts in the carbon isotopic
record of carbonates (Maloof et al., 2005; Smith et al., 2015). Perhaps the most studied
Cambrian excursion is the SPICE, first recognized in western North America as a large
positive carbon isotope excursion in biologically depauperate carbonates of the Furongian
(late) Cambrian interval (Saltzman et al., 1998). This excursion also occurs globally in
Furongian strata (Glumac and Walker, 1998; Saltzman et al., 2000; Gill et al., 2011). In

Laurentia, the SPICE is found during an interval of coupled marine regression-

transgression (Saltzman et al., 2004), which has led some workers to propose that this
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isotopic excursion was related to tectonic changes (Glumac and Walker, 1998) and
enhanced organic carbon burial (Saltzman et al., 2000). The extinction of trilobites
associated with the SPICE (Palmer, 1984) has been linked to low-oxygen conditions (Gill
et al., 2011) and/or warm ocean temperatures (Elrick et al., 2011). Sedimentological,
paleontological, and geochemical data all suggest significant, perhaps global,
environmental perturbation, although the ultimate cause of the carbon isotopic excursion
and redox changes is unclear.
METHODS

We collected samples at meter-scale intervals from rocks of the Upper Cambrian
Eilean Dubh Formation and Lower Ordovician Sailmhor Formation, northern Scotland.
Then, 1 to 2 g aliquots of powder were collected from each sample and analyzed for
813Cc,arb and 81800arb (carb—carbonate) using a Gas Bench II coupled to a Delta V
Advantage mass spectrometer at Washington University, St. Louis, Missouri, USA.
Results are reported in permil relative to the Vienna Peedee belemnite (VPDB) standard
in delta notation. Reproducibility of standards was 0.1%. for 'O and 0.05%. for 5"°C.
Carbonate content of whole-rock powders was determined by mass loss following
dissolution with hydrochloric acid. Carbon content of insoluble residue was measured
with a Costech ECS 4010 elemental analyzer, with relative standard deviation of TOC
measurements <4.5%. Hg was measured on whole-rock powders with a Teledyne
Leeman Labs Hydra II¢c mercury analyzer, with relative standard deviation <10%. TOC
and Hg analyses were done at Amherst College, Amherst, Massachusetts. Powder X-ray

diffraction was performed at Oxford University (UK) on hand-ground decarbonated

residues. Samples were mounted as a slurry mixed with anhydrous ethanol on a low-
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background scattering silicon crystal substrate and analyzed using a Panalytical
Empyrean Series 2 diffractometer operating at 40 kV and 40 mA with a Co Ka source.
Samples were analyzed while being continuously rotated, and data were acquired from 5°
to 85° 26 using a step size of 0.026°. Diffraction data were reduced using HighScore Plus
software, and mineral identification was based on correspondence to the International
Center for Diffraction Data Powder Diffraction File 4+ database
(http://www.icdd.com/index.php/pdf-4/). The amount and fractions of clay were
measured. Glauconite abundance in marine strata is a qualitative proxy for ancient
bottom-water oxygen levels, with high concentrations indicating redox oscillations (Tang
et al., 2017). We determined the abundance of glauconite in samples deposited before,
during, and after the SPICE event. We calculated the percent of glauconite from whole
rock using glauconite concentration in decarbonated residues and insoluble residue
concentration in the whole rock.
RESULTS
We identified a previously unrecognized manifestation of the SPICE event in the
Eilean Dubh Formation in northern Scotland, and we present accompanying Hg and
mineralogical data here (Fig. 1). The Eilean Dubh Formation lacks many useful
biostratigraphic fossils, but strata below it record the Redlichiid-Olenellid extinction
carbon isotope excursion (ROECE) and Drumian carbon isotope excursion (DICE) events
(Faggetter et al., 2018); the Cambrian-Ordovician boundary, defined by conodonts
(Huselbee and Thomas, 1998), occurs ~70 m above the Eilean Dubh excursion, placing

the excursion firmly within the Furongian. From a baseline value of ~—0.3%o, the onset of

the 8"°C excursion occurs at ~39.7 m above the base of the exposed section, reaches
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values of 2.7%o, and returns to —1.0%o at 70 m. Facies through this event lack
bioturbation and include stromatolitic and thrombolitic limestone and ribbon and
laminated limestone and dolostone. Below the SPICE, background Hg concentration is
~1.0 ppb; the largest Hg enrichments begin at 42.9 m, with additional peaks through the
SPICE and up to 76.3 m (Fig. 1).

Because Hg is commonly bound to organic matter, we normalized Hg
concentration to TOC (Sanei et al., 2012) through the SPICE interval. Hg/TOC values are
elevated through the SPICE (Fig. 1). We excluded data with TOC <0.006% (wt%; cf.
Grasby et al., 2016). TOC values range from 0.003% to 0.132% throughout the SPICE,
but they do not covary with Hg (Fig. 2; see also Fig. DR1 in the GSA Data Repository').
We used the mineralogical data to normalize Hg to clay abundance (Fig. 1; Fig. DR1).
Hg concentration has a stronger correlation with clay concentration than with TOC (Fig.
DR1), suggesting that Hg binding to clay minerals may be more important than to
organic matter in these rocks. Nonetheless, there is secular variability in the Hg/clay
ratio, with very low background Hg/clay values below and above the SPICE and enriched
Hg/clay values within the SPICE (Fig. 1). The occurrence of the Hg peaks within the
SPICE interval, regardless of the normalization used, strongly suggests a secular change
in Hg accumulation and burial during the SPICE.

DISCUSSION
Mineralogical Constraints on Redox Conditions
Various geochemical proxies have been developed to evaluate redox conditions in

ancient strata, including those based on trace-element abundance and isotopic

composition such as Cr, Fe, S, Mo, and U (Gill et al., 2011; Dahl et al., 2014; Planavsky
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et al., 2014). A common technique used to reconstruct paleoredox conditions is the
reactive iron proxy, which measures ratios of highly reactive Fe (FeHR) to total iron
(FeT). Sediments deposited beneath oxic water can be distinguished from sediments
deposited under anoxic water columns based on their FeHR/FeT ratios (Raiswell and
Canfield, 1998). This proxy has been primarily applied to fine-grained siliciclastic
sediments, but because the SPICE in Scotland is hosted in strata with a mean carbonate
content of 90% (Table DR1), we developed an alternate mineralogical approach to
reconstructing redox conditions in the Eilean Dubh Formation.

The presence and/or abundance of authigenic minerals can constrain the redox
conditions of a particular depositional environment. For example, laboratory experiments
show that greenalite [(Fe%, Fe3+)2,3Si205(OH)4] forms in anoxic water columns,
providing constraints on the origin of iron formation (Tosca et al., 2016). More recently,
studies of fossils replaced by glauconite and/or apatite have linked these mineralogies to
redox oscillations (Pruss et al., 2017). Glauconite is an authigenic mixed-valence iron-
bearing phyllosilicate that forms in marine sediments under fluctuating redox conditions
(Odin and Létolle, 1980; O’Brien et al., 1990). Redox constraints on glauconite formation
have been well studied in modern systems (Odin and Létolle, 1980; O’Brien et al., 1990).
For example, glauconite is common in modern distal shelf deposits (Odin and Matter,
1981), where fluctuating local oxygen minimum zones drive the redox oscillations
necessary for glauconite formation. Strata deposited during the SPICE are enriched in
glauconite relative to underlying and overlying strata (Fig. 1). Glauconite is absent from

rocks below 37 m but makes up more than 2% (+1.0 wt%) of the whole rock, and up to

20% of the noncarbonate fraction in many samples deposited during the SPICE.
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Glauconite content generally remains far below 2% in strata above the SPICE, except for
sample 106.7.

A potential complication with utilizing glauconite abundances as a redox proxy is
that they can occur as either an authigenic or detrital component in rocks. While
glauconite requires oscillating redox conditions to form, its abundance may reflect
transport of allochthonous grains (Chafetz and Reid, 2000), in which case its presence
would not provide direct evidence for redox conditions at the site where it was ultimately
deposited. However, our lithostratigraphic data demonstrate that glauconite enrichment
occurred in shallow carbonate environments with minimal terrigenous input (Fig. DR1;
Table DR1). Moreover, while some detrital phases (e.g., quartz, K-feldspar) are present
in these rocks, they are neither more nor less abundant during the glauconite-bearing
SPICE interval (Table DR1; Fig. DR2). Whether the product of authigenic cement
formation or intrabasinal transport, we interpret the observed increase in glauconite in
strata spanning the SPICE as reflecting redox oscillations in the local marine environment
at the time of deposition; the sediments in which the glauconite formed must have
experienced low-oxygen conditions for at least some of their depositional history
(O’Brien et al., 1990). The absence of bioturbation in laminated limestone and dolostone
through the SPICE interval provides independent evidence for low oxygen, perhaps
periodically, through this part of the section. This inferred redox oscillation is consistent
with the redox control of Hg enrichments in sediments observed in laboratory

experiments and in Holocene environments (Emili et al., 2011). Taken together, we

interpret the Eilean Dubh SPICE event to have co-occurred with low-oxygen conditions
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that oscillated with more oxic ones, allowing for glauconite formation and enhanced
sedimentary Hg accumulation.
Local Manifestations of Global Trends in Anoxia?

Multiple lines of independent evidence reported elsewhere suggest that the SPICE
broadly co-occurred with low-oxygen conditions [[Cite relevant references here?:|§|
Nearly synchronous positive excursions in " °C and &°*S and Mo depletion may reflect
the expansion of anoxic deeper waters (Gill et al., 2011), although anoxia may have been
time transgressive at basinal and global scales (Schiffbauer et al., 2017). The
heterogeneity of the sulfur isotopic record (Hurtgen et al., 2009; Gill et al., 2011),
interpreted to record changes in the global marine sulfate pool, points to low sulfate
concentrations in the global ocean, which may be linked to lower overall oxygen levels.
The U isotope record suggests a shift from oxic to transiently low-oxygen conditions
during the SPICE (Dahl et al., 2014), consistent with elevated pyrite and organic carbon
burial (Saltzman et al., 2011) and/or warmer ocean temperatures (Elrick et al., 2011).

The Hg proxy in marine sedimentary rocks may provide a way to track the local
redox changes in sedimentary successions. In the Eilean Dubh Formation, Hg abundance
increases (up to ~35 ppb) during the onset and throughout the SPICE but is low or absent
in the rest of the section. When controlled for TOC and clays, two sedimentary sinks for
Hg, these peaks remain. This suggests that the Hg proxy is sensitive to local redox
conditions, perhaps better constraining the timing of local anoxia than more global
proxies. Local expressions of anoxia are important to constrain, because the onset of

anoxia may be time transgressive within and/or between basins. In the Eilean Dubh

Formation, Hg abundance indicates an initial development of local low-oxygen
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conditions at the onset of SPICE, with a peak in development during the falling limb of
the event. Here, it appears Hg abundance may track the onset and duration of low-oxygen
conditions, followed by a subsequent local oxygenation event; such patterns may be
useful for monitoring local redox conditions in other basins and at other times in geologic
history.
CONCLUSIONS
There is a strong and well-documented relationship between LIPs and
sedimentary Hg enrichment throughout the geologic record. However, our observations
for the SPICE in the Eilean Dubh Formation suggest that Hg enrichments do not
necessarily reflect excess Hg loading from a large volcanic source. Given the association
between Hg enrichment and glauconite formation, we argue for a redox control on Hg
accumulation during the SPICE in Scotland. Furthermore, many intervals for which LIPs
have been implicated in elevated Hg also co-occur with redox oscillations (Sanei et al.,
2012; Racki et al., 2018), underscoring the need to better understand the relationship
between Hg and redox.
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FIGURE CAPTIONS

Figure 1. Map showing measured section near Durness, tland (modified from Raine,

2009). Base of section is 58°37'35.33"N, 4°47'50.90"W. All data are presented in Table

DR1 (see footnote 1).

Figure 2. Stratigraphic column of Upper Cambrian upper Eilean Dubh Formation
measured at Balnakeil Bay in northern Scotland, with accompanying geochemical data:
carbon isotopes (VPDB [Vienna Peedee belemnite]), Hg abundance (ppb), Hg/TOC
(TOC—total organic carbon; ppb/wt%), Hg/clay (ppb/wt%), and glauconite abundance
(wt% relative to whole rock [WR]) are shown.

Z]
'GSA Data Repository item 2019xxx, [[Please provide DR title(s) and brief

descriptions here.]], is available online at
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DR-Figure 1: A) Hg measured against weight percent of TOC in the whole rock, and B) Hg measured against percent of clay in the whole rock in SPICE samples.

DR-Figure 2: A) Other detrital minerals (quartz and plagioclase feldspar) as a weight percent of the whole rock and B) TOC (wt % C) from samples that span the SPICE event.

DR-Table 1: Eilean Dubh samples by meter and data, including δ13C, δ18Ο, Ηg abundances, TOC, Hg/TOC, % glauconite of whole rock, % clay of whole rock, and % carbonate of whole rock.

slight modification: 58°34'33.86"N, 4°47'51.17"W
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