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ABSTRACT 

 

  The ca. 810 Ma Bitter Springs carbon isotope anomaly is an abrupt and long-

lived (5–10 Myr.) departure from the positive carbon isotope values (δ13Ccarb) that 

otherwise characterize early-middle Neoproterozoic carbonate rocks. The onset of this 

isotope anomaly is manifested by a globally expressed ~8‰ negative shift in δ13C 

values in shallow marine carbonate strata. Given increasing evidence that metazoan 

diversification began well before the Ediacaran Period, the Bitter Springs anomaly is a 

logical interval to explore the potential relationship between biological innovation, 

perturbations to the carbon cycle, and oxygenation. The iodine-to-calcium+magnesium 

ratio (I/[Ca+Mg]) in marine carbonates is a sensitive proxy for seawater redox 

conditions that is increasingly being applied to reconstruct the oxygenation of the 

global surface ocean through Earth’s history. We report I/[Ca+Mg] ratios, along with 
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carbon and oxygen isotope ratios and major and minor element concentrations from 

carbonate sections spanning the Bitter Springs anomaly in Svalbard, East Greenland, 

and the Mackenzie Mountains (northwestern Canada). The results from Svalbard and 

Greenland collectively show two prominent features. The early stage of the Bitter 

Springs anomaly is characterized by a negative δ13C shift coupled to low I/[Ca+Mg] 

ratios compared to carbonates pre- and post-dating the Bitter Springs anomaly. The last 

stage of the Bitter Springs anomaly displays a positive excursion in I/[Ca+Mg], with 

the highest values at ~7 µmol/mol yet documented in rocks older than 580 Ma. In 

contrast, carbonates from the Mackenzie Mountains are uniformly low and display no 

variation in I/[Ca+Mg] across the Bitter Springs anomaly, which we interpret to be the 

consequence of alteration of primary signatures during diagenesis. The observed 

geochemical variations in our Svalbard and Greenland datasets are interpreted to be the 

result of a shift from pre-Bitter Springs ocean conditions, defined by well oxygenated 

surface waters and anoxic-ferruginous bottom waters, to syn-Bitter Springs ocean 

conditions, characterized by expanded euxinia.   

ACCEPTED MANUSCRIPT



AC
CE

PT
ED

 M
AN

US
CR

IP
T

1. Introduction 

 

 Atmospheric and oceanic oxygen inventories increased in the Proterozoic from 

Archean levels, and by the end of the eon, eukaryotes had diversified and given rise to 

complex predatory Metazoans in an increasingly productive biosphere (Brocks et al., 

2017; Butterfield, 2009; Knoll, 1992a; Knoll and Sperling, 2014; Knoll and Walker, 

1990; Planavsky et al., 2014; Crockford et al., 2019). Consequently, it is commonly 

assumed that oxygen levels rose during the Neoproterozoic Era (1000–541 Ma) in 

what is often referred to as the Neoproterozoic Oxygenation Event (NOE; Canfield et 

al., 2007; Och and Shields-Zhou, 2012; Planavsky et al., 2014). Although the general 

pattern of oxygenation across the Proterozoic is broadly agreed upon (Cole et al., 2016; 

Des Marais et al., 1992; Holland, 2006; Knoll, 2003; Kunzmann et al., 2017a; 

Kunzmann et al., 2017b; Kunzmann et al., 2015; Lyons et al., 2014; Planavsky et al., 

2014; Stolper and Keller, 2018), both the mechanism and timing of the NOE remain 

controversial. This enduring enigma of Neoproterozoic oxygenation is sustained by the 

absence of direct proxies for both atmospheric and dissolved oxygen inventories. An 

emerging consensus is that only through combining diverse redox proxies applied 

globally (Sperling et al., 2015) will we be able to test and reconcile existing models for 

Neoproterozoic oxygenation. 

The Neoproterozoic, in particular the interval from ca. 850 Ma to 640 Ma, is 

well known for its high average carbon isotope values in marine carbonates (δ13Ccarb) 

(Halverson et al., 2005; Kaufman et al., 1997). In the classic interpretation of ancient 

carbon isotopes in marine carbonates, it is assumed that highly positive δ13Ccarb values 

reflect high δ13C values of the seawater dissolved inorganic carbon (DIC) reservoir and 

that such values are a consequence of a sustained high fractional burial of organic 

carbon (forg; Kump, 1991; Kump and Arthur, 1999). This organic carbon burial, in turn, 

is stoichiometrically balanced mole-for-mole by the release and accumulation of O2 or 

equivalent oxidizing capacity in the atmosphere and oceans (Des Marais et al., 1992). 

Following this logic, the first half of the Neoproterozoic (i.e., the Tonian period = 

1000–717 Ma) should have experienced a long-term increase in free O2 or its oxidative 

equivalent in sulfate and ferric oxides (Crockford et al., 2019). However, in the absence 

of unambiguous evidence for this increase in oxygen, multiple alternative 

interpretations have been proposed to account for the high δ13Ccarb values in the Tonian 

period. For example, they may record deposition of 13C-depleted authigenic carbonate 
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rather than organic carbon (Schrag et al., 2013). Alternatively, Shields and Mills (2017) 

argued that positive δ13C excursions in the Neoproterozoic were the natural 

consequence of a rise in carbonate weathering rather than an increase of forg. Another 

possibility is that shallow marine carbonate records, while expressing similar isotopic 

characteristics between one another, are disconnected from the global marine DIC pool, 

and thus only record processes common to shallow marine carbonate platforms 

(Immenhauser et al., 2003; Swart, 2008; Higgins et al., 2018). In light of these 

challenges to the paradigm linking organic carbon burial to the marine δ13Ccarb record, it 

is necessary to test the Neoproterozoic record of large fluctuations in carbon isotopes 

with evidence for changing forg and O2 abundance.    

The Bitter Springs carbon isotope anomaly (BSA) is an abrupt and long-lived 

departure from the high δ13Ccarb values that otherwise characterize the Tonian period 

(Halverson et al., 2005; Swanson-Hysell et al., 2015). Although the BSA is named after 

the Bitter Springs Formation in central Australia where it was first documented (Hill 

and Walter, 2000), it was later correlated with other basins, one of which is the 

superbly preserved ca. 820–750 Ma Akademikerbreen Group in northeastern Svalbard 

(e.g., Halverson et al., 2005, 2007, 2018). In Svalbard, the BSA is defined by an ~8‰ 

negative shift at ca. 810 Ma followed by an ~8 Myr interval of dominantly low (< 0‰) 

average δ13Ccarb values, and then a shift at ca. 802 Ma back to the highly positive 

δ13Ccarb values that are typical of Tonian carbonates. Given increasing evidence for 

accelerated eukaryotic diversification during the middle Tonian (Knoll, 2014; Cohen 

and Macdonald, 2015; Riedman and Saddler, 2017) and a possible rise in atmospheric 

O2 and primary productivity around the same time (Cole et al., 2016; Planavsky et al., 

2014; Crockford et al., 2019), the BSA is a logical interval to probe early 

Neoproterozoic redox changes and links to the δ13Ccarb record. 

A promising new proxy for interrogating ancient marine redox conditions is the 

ratio of iodine-to-calcium-magnesium (I/[Ca+Mg]) (Hardisty et al., 2014, 2017). 

Iodine (I) can exist in several oxidation states. The most thermodynamically stable 

inorganic forms of iodine in seawater are iodate (IO3
-) and iodide (I-; Tsunogai and 

Sase, 1969). Low dissolved iodate concentrations measured in carbonate sediments 

have been proposed to record low dissolved oxygen concentrations of surface waters in 

modern and ancient carbonates (Lu et al., 2010, 2017, 2018; Hardisty et al., 2014, 

2017). Because the standard redox potential of the couple IO3
-/I- (Eh = +1.08V) is very 

similar to O2/H2O (Eh = +1.23V), it is one of the most sensitive elements to changes in 
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redox conditions in the ocean after manganese (Eh = +1.22V) but before nitrogen (Eh 

= +0.84V) redox couples (Lu et al., 2010). Along with acting as a highly redox-

sensitive element, iodate (the oxidized form of iodine) is easily incorporated into the 

structure of calcium carbonate minerals where it can substitute for the carbonate ion 

(Feng and Redfern, 2018; Kerisit et al., 2018; Podder et al., 2017). Hence, the I/Ca 

ratio measured in calcite has been demonstrated experimentally to have a positive 

relationship with iodate concentration in the ocean and thus to reflect the concentration 

of iodate in seawater during calcite precipitation (Lu et al., 2010). Specifically, the 

I/Ca ratio measured in modern planktonic foraminifera with values of ~5 µmol/mol 

indicates well oxygenated water, whereas the I/Ca ratio in O2-depleted waters of an 

oxygen minimum zone (OMZ) is considerably lower with a ratio between 0.5 and 2.5 

µmol/mol (Glock et al., 2014; Lu et al., 2016).  

This ratio was applied for the first time as a paleo-redox proxy for shallow 

marine carbonates deposited during Cretaceous Oceanic Anoxic Events (OAEs; Lu et 

al., 2010). The I/[Ca+Mg] proxy was also applied on shallow carbonates from the 

middle Archean to late Proterozoic spanning major events such as the ca. 2.4 Ga Great 

Oxidation Event (GOE), the ca. 2.3–2.2 Ga Lomagundi positive carbon isotope 

excursion, and the ca. 570 Ma Shuram negative carbon isotope excursion (Hardisty et 

al., 2014, 2017). These results suggest that the I/[Ca+Mg] ratio in carbonates may 

reflect fluctuations in local seawater redox conditions with possible global implications 

and that this signal can be preserved for billions of years in carbonate rocks. The 

I/[Ca+Mg] proxy was previously applied to the BSA, and it was concluded that data 

from Svalbard were consistent with increased but possibly transient surface ocean 

oxygenation ca. 810 Ma (Lu et al., 2017, 2018). Here we build upon this prior study 

with additional data from Svalbard, East Greenland, and the Mackenzie Mountains of 

northwestern Canada. As these formations have witnessed different degrees of 

diagenetic alteration, this combined data set allows us to explore the effects of post- 

depositional processes on I/[Ca+Mg] and better ascertain the robustness of the 

I/[Ca+Mg] proxy in its application to understanding Neoproterozoic oxygenation. 

 

2. Geological setting 

 

2.1. Northeastern Svalbard and East Greenland 
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 Northeastern Svalbard contains a well-preserved Neoproterozoic succession 

that outcrops in a north-south trending fold and thrust belt spanning from Olav V Land 

on Spitsbergen to western Nordaustlandet (Fig. 1). The poorly studied Veteranen 

Group, which comprises dominantly marginal marine siliciclastic rocks along with 

minor carbonate, forms the base of the Neoproterozoic succession. It is conformably 

overlain by the ca. 820–750 Ma Akademikerbreen Group, which consists of nearly 2 

km of carbonate with minor fine siliciclastic sediments deposited in a stable, thermally 

subsiding basin (Halverson et al., 2018; Maloof et al., 2006).  The Akademikerbreen 

Group is succeeded conformably by the mixed siliciclastic-carbonate Polarisbreen 

Group, which includes a record of both the Sturtian and Marinoan glaciations but lacks 

a record of the middle Ediacaran (Gaskiers) glaciation or Ediacaran biota due to a 

major erosional unconformity below overlying Paleozoic strata (Knoll and Swett, 

1987; Halverson et al., 2004). A strikingly similar stratigraphic succession, albeit 

thicker and with a greater abundance of siliciclastic strata, occurs in the East Greenland 

Caledonides (i.e., the Eleonore Bay and Tillite groups; Caby and Bertrand-Safarti, 

1988; Hambrey and Spencer, 1987; Katz, 1961; Tirsgaard and Sønderholm, 1997). 

Given the close stratigraphic similarities between these two regions, both 

Neoproterozoic successions are widely believed to represent a single, large, stable 

platform (informally referred to as the East Greenland-East Svalbard or EGES basin) 

on the northeastern margin of Greenland (Fairchild and Hambrey, 1995; Halverson et 

al., 2005; Hoffman et al., 2012).  

 The Akademikerbreen Group comprises four formations (from bottom to top: 

Grusdievbreen, Svanbergfjellet, Draken, Backlundtoppen; Fig. 1) deposited on a broad, 

tropical, carbonate platform (Maloof et al., 2006). The thick (ca. 600 m) Grusdievbreen 

Formation is informally subdivided into a lower and upper member. Both are 

predominantly composed of limestone, with minor dolostone, siltstone and mudstone, 

and were deposited on a storm-influenced carbonate ramp. The overlying 

Svanbergfjellet Formation is subdivided into four informal members (lower dolostone, 

lower limestone, upper algal dolomite, and upper limestone; Knoll and Swett, 1990) 

and records the transition from a carbonate ramp to a rimmed carbonate platform. The 

Kinnvika Member, at the top of the Backlundtoppen Formation, contains abundant 

siltstone and mudstone and reflects a minor extensional episode (Halverson et al., 

2018).  

ACCEPTED MANUSCRIPT



AC
CE

PT
ED

 M
AN

US
CR

IP
T

 The BSA spans from the contact between the upper and lower members of the 

Grusdievbreen Formation to the contact between the lower dolomite and the lower 

limestone members of the Svanbergfjellet Formation (Fig. 2). Both of these contacts 

are subaerial exposure surfaces—the only two disconformities identified within the 

entire Akademikerbreen Group—and correspond with the nearly symmetric negative 

carbon isotope shifts of ~ 8‰ that define the BSA. The upper part of the lower 

member of the Grusdievbreen Formation comprises predominantly ribbon facies 

limestone (wavy laminated to fine-bedded calcilutite) with interbedded fine, tabular 

clast breccia, grainstone, and wackestone. However, in most sections, several meters of 

heavily recrystallized dolostone occur just below the exposure surface, and in one 

section, karst pipes filled with recrystallized dolostone extend some 20 m below the 

exposure surface (Halverson et al., 2007). Carbon isotope values drop from ~6‰ just 

below the surface to 0–1‰ in the lowermost carbonates of the upper member (Fig. 2). 

The lower part of this member consists of a visually distinct shoaling-upward 

parasequence, beginning with interbedded marly red siltstone and limestone with 

intraformational breccias and conglomerates, the clasts of which are commonly 

arranged in rosettes or imbricated. The remainder of the upper member of the 

Grusdievbreen Formation consists of non-descript, grey, recrystallized limestone 

inferred to be dominantly grainstone and microbialaminite facies. Early diagenetic talc 

occurs rarely but throughout the grey limestone (Halverson et al., 2007; Tosca et al., 

2012) and is more abundant in the lower Svanberfjellet Formation (lower dolomite 

member), which comprises dolomitized, meter-scale, carbonate cycles deposited in an 

inner reef to back-reef setting (Halverson et al., 2018).  

 The end of the BSA corresponds to a second subaerial unconformity that 

defines the top of the lower dolomite member of the Svanberfjellet Formation, which is 

distinguished by heavy silicification, ferruginization, and local brecciation. The base of 

the overlying lower limestone member begins with green or black silty shale and 

grades upward into silty, wavy to parallel, medium-bedded limestone. This facies, in 

turn, transitions upward into a Minjaria-Conophyton biostrome that extends across the 

outcrop belt (Halverson et al., 2007; Knoll and Swett, 1990). The biostrome is 

succeeded by dominantly fine- to medium-bedded dark grey to black limestone (ribbon 

facies). δ13Ccarb rises sharply from a low of ~ -3‰ in the upper part of the lower 

dolomite member to > 6‰ in the grey and black limestones above the Minjaria-

Conophyton biostrome in the overlying lower limestone member (Fig. 2).  
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 In East Greenland, the base of the BSA corresponds to the upper contact of 

Bed-group 9 of the Ymer Ø Group (= Member 3 of the Brogetdal Formation; Fig. 3; 

Caby and Bertrand-Sarfati, 1988; Katz, 1961), which consists of blue-grey to grey, 

medium bedded limestone capped by a thin pale dolostone bed, the top of which is a 

subaerial unconformity (Fig. 4). The lower part of the overlying Bed-group 10 consists 

of green silt, grading upward into interbedded, thin and wavy pink and white limestone 

and dolomitic limestone beds and red, marly shale and silt. In the logged section on 

Ymer Ø (Fig. 4), this 22-m thick interval contains the BSA, and a sharp return to 

positive δ13Ccarb occurs in an overlying parasequence beginning with red shale with 

dolomitic layers that pass upwards into increasingly carbonate-rich, laminated to 

finely-bedded shaley limestone (ribbon facies). It is unclear why the BSA is so thin in 

this section; either it is highly condensed and not well represented due to the 

prevalence of silt and shale, or the section is incomplete due to missing strata on the 

disconformable surface separating Bed-groups 9 and 10.  

 

2.2. Northwestern Canada 

 Early Neoproterozoic successions occur in Proterozoic inliers of the northern 

Canadian Cordillera. The Mackenzie Mountains Supergroup (MMSG) is a ~ 4-km-

thick succession exposed in the Mackenzie Mountains, in western Northwest 

Territories, and in the Wernecke Mountains, in eastern Yukon (Fig. 5). The MMSG 

represents one part of a larger, interconnected, intracontinental basin in northwestern 

Canada that spanned much of the early Neoproterozoic and whose tectonic origin is 

debated (Aitken, 1981; Macdonald et al., 2013; Rainbird et al., 1996; Turner and Long, 

2008). The best exposed and most studied units of the MMSG are the dominantly 

siliciclastic Katherine Group and the carbonate-dominated Little Dal Group, which is 

unconformably overlain in the northern Mackenzie Mountains by the Little Dal Basalt 

(Thorkelson et al., 2005). Here we focus on the Little Dal Group, in which Halverson 

(2006) documented the BSA. The Little Dal Group is loosely constrained to be 

younger than 1005 Ma based on U-Pb detrital zircons from the Katherine Group 

(Leslie, 2009), whereas a U-Pb zircon age of 775.10±0.54 Ma from a diabase within 

the Little Dal Basalt provides a minimum age (Milton et al, 2017).  

 The Little Dal Group consists of seven formations (Fig. 5). The basal Dodo 

Creek Formation records an initial transgression and is composed of fine-grained 

sandstone and mudstone with mudcracks at the base. The overlying Stone Knife 

ACCEPTED MANUSCRIPT



AC
CE

PT
ED

 M
AN

US
CR

IP
T

Formation was deposited on the basin margin with deep rhythmite facies and localized 

reefs. The Silverberry Formation is defined as the shallower facies equivalent to the 

Stone Knife Formation, consisting mainly of intraclastic and ooid grainstones. A 

stromatolite biostrome complex spatially separates the Stone Knife and Silverberry 

Formations. Next, the Gayna Formation is characterized by massive ooid grainstone 

and mudstone beds and secondary chert typical of an intertidal to supratidal 

environment. The Ten Stone Formation comprises a thick interval of gypsum (Aitken, 

1981; Crockford et al., 2019; Turner and Bekker, 2016). The overlying Snail Spring 

Formation consists of mudstone with interbedded siltstone and quartz arenite overlain 

by laminated carbonates, all of which were deposited in a shallow marine environment. 

The Ram Head Formation at the top of the Little Dal Group includes abundant 

stromatolites and ooid grainstones deposited on a high-energy carbonate platform (Fig. 

5; Aitken, 1981; Turner and Long, 2008; Turner and Long, 2012). In the northern part 

of the outcrop belt, the Ram Head Formation is unconformably overlain by the Little 

Dal Basalt.  

 Halverson (2006) first documented the BSA in the middle Ram Head 

Formation (formerly known informally as the Upper Carbonate) in a complete 

section of the Little Dal Group on the flank of Coppercap Mountain. In this section, 

the onset of the anomaly is marked by δ13Ccarb values dropping from +6‰ to -2‰ 

and occurs within a transgressive systems tract, recorded by a shift from wavy 

laminated dolostones below to rudstone debrites above. The anomaly spans ~175 m 

in section, and in contrast to Svalbard, the end of the anomaly, recorded in 

interbedded stromatolites and wavy dolostones, is gradual and is not associated with 

an exposure surface. In a new section (M304) measured near Stone Knife River 

(N004°38'1.49" W129°43'4.57"), the onset of the anomaly is abrupt and corresponds 

to a maximum flooding surface defined by the contact between lower wavy laminated 

dolo-grainstone beds with scour surfaces and ripples and maroon siltstone above. 

δ13Ccarb values decline from +7‰ to -2‰ (Halverson, 2006; Halverson et al., 2005). 

The end of the anomaly coincides with another maximum flooding surface 

highlighted by cherty microbialaminite dolostone beds overlain by black shales. The 

δ13Ccarb data then gradually rise back to pre-BSA values of ~ 6‰ (Fig. 6).  

 

3. Methods 
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3.1. Sample selection  

 A total of 482 samples from 16 sections on northeastern Svalbard, 98 samples 

from one section in eastern Greenland, and 164 samples from one section in the 

Mackenzie Mountains, NWT (Table-1, supplementary information) were analyzed 

for this study. High-resolution sampling was conducted along multiple sections in 

Svalbard and all samples were collected in the context of broader stratigraphic 

studies. Samples were cut and drilled along single laminae or as clusters, with every 

effort made to avoid visible veining. This drilled powder was then used for the 

following analyses. 

 

3.2. Carbon and oxygen isotopes  

 Carbon (δ13C) and oxygen (δ 8O) stable isotopes were measured simultaneously 

in dual inlet mode on a Nu Instruments mass spectrometer coupled to a NuCarb 

automated carbonate preparation device in the Stable Isotope Laboratory at McGill 

University. Between 100-140 µg of rock powder was weighed out and then reacted 

with H3PO4 at 70°C, after which the CO2 was cryogenically isolated. Isotopic ratios 

were measured against an in-house reference gas and calculated δ13C and δ18O values 

are reported on the V-PDB scale. The 1-V uncertainty for δ13C and δ18O 

measurements is < 0.05‰ based on long-term analyses of NCM and UQ-6 standards. 

 

3.3. Elemental concentrations 

 Concentrations of calcium, magnesium, iron, manganese and strontium (Ca, 

Mg, Fe, Mn and Sr) were acquired on a Thermo Scientific iCAP 6000 series 

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) at McGill 

University. Approximately 15 mg of sample powder was first washed with ultra-pure 

water and then dissolved in 2% nitric acid (HNO3). The supernatant was then diluted in 

2% HNO3 for analysis on the ICP-OES. The Carbonatite-55 standard from the US 

Geological Survey was used as a quality control standard during each run. Final 

concentrations in the carbonate fraction were corrected for insoluble residue. The ICP-

OES instrumental error is < 6% for Ca, < 2% for Mg, < 7% for Fe, < 4% for Mn and < 

2% for Sr.   

 

3.4. I/[Ca+Mg] ratios in carbonates 
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 We adapted the I/Ca technique previously applied to Toarcian and 

Cenomanian-Turonian OAEs (Lu et al., 2010). Due to the abundance of dolomite in 

the Akademikerbreen Group, we have broadened this method to include both Mg and 

Ca in the denominator (I/[Ca+Mg]). Analyses were performed on 1-5 mg drilled 

powders, which were first dissolved in 3% HNO3 and then diluted into solutions with a 

consistent matrix (50±5 ppm Ca). In order to stabilize iodine, 0.5% 

Tetramethylammonium hydroxide (TMAH) or tertiary amine was added. Furthermore, 

all solutions were analyzed within 2 hours of preparation to minimize loss of iodine 

(Lu et al., 2010; Tagami and Uchida, 2005). The I/[Ca+Mg] analyses were performed 

using a quadrupole ICP-MS (Bruker 90) at Syracuse University. The reference material 

used during the ICP-MS measurements is JCP-1 from the Geological Survey of Japan 

(Lu et al., 2010). Based on previous ICP-MS analyses, instrumental uncertainties are < 

3% and the detection limit of I/Ca is on the order of 0.1 µmol/mol (Lu et al., 2010, 

2017).  

 

4. Results 

 

We report I/[Ca+Mg], carbon and oxygen isotope, and elemental concentration 

data from carbonates spanning the BSA anomaly in Svalbard, East Greenland, and the 

Mackenzie Mountains. The I/[Ca+Mg] ratios from Svalbard and some new carbon and 

oxygen isotope data were previously published in Lu et al. (2017). The remaining 

carbon and oxygen isotope data from Svalbard were published in Halverson et al. 

(2005) and Halverson et al. (2018). All data (δ13Ccarb, I/[Ca+Mg] and major elemental 

concentrations) from Greenland and Mackenzie Mountains, as well as all the carbonate 

major elemental concentrations from Svalbard, are presented here for the first time.  

 

4.1. Svalbard  

A total of 482 samples from the Akademikerbreen Group in Svalbard was used 

in this study, of which 349 samples were measured for I/[Ca+Mg] ratios, 383 for 

carbonate major elements, and 466 for carbon and oxygen isotopes (Table-1, 

supplementary information). The I/[Ca+Mg] ratios range from 0 to 7.69 µmol/mol with 

an average of 0.5 µmol/mol and a median of 0.19 µmol/mol, and carbon stable isotope 

data vary from +8‰ to -3‰. (Fig. 2).  
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Halverson et al. (2018b) applied a one-dimensional thermal subsidence model 

to calculate the sediment accumulation rates along the EGES carbonate platform in 

order to estimate the duration of δ13Ccarb shifts across the Tonian-Cryogenian 

transition. The first values of I/[Ca+Mg] distinctly above low background occur at a 

stratigraphic height of ~215 m (some 225 m below the onset of the BSA), 

corresponding to ca. 815 Ma. This increase coincides with a carbon isotope excursion 

(referred to hereafter as the pre-Bitter Springs Anomaly; Figs. 2-7) where δ13Ccarb 

drops from +8‰ to +2‰. The I/[Ca+Mg] values stay low at ~0.5 µmol/mol during this 

interval but spike to 1.48 µmol/mol during the recovery from the anomaly (Figs. 2-7; 

Table-1, supplementary information).  

The coupled δ13Ccarb and I/[Ca+Mg] data define two distinct stages within the 

BSA. The early stage (stratigraphic height ~347�600 m) is characterized by I/[Ca+Mg] 

values lower than 1 µmol/mol coupled with δ13Ccarb declining from +8‰ to -1‰. A 

subsequent and subdued rise in δ13Ccarb up to +1‰ (~600 m) is followed by a second 

decline in δ13Ccarb values to as low as -3‰ and is associated with a spike in I/[Ca+Mg] 

ratios that includes the highest values in our dataset (up to 7.69 µmol/mol). This peak 

corresponds stratigraphically to the carbon isotope minimum and subsequent onset of 

the steep rise in δ13Ccarb back towards positive values at the end of the BSA (Figs. 2-7; 

Table-1, supplementary information). Above the BSA, I/[Ca+Mg] returns to the 

generally constant and low values (< 1 µmol/mol) that prevailed both prior to the onset 

of the BSA and in the middle of the BSA (Figs. 2-7).  

 

4.2. East Greenland 

 A total of 98 samples from the Ymer Ø Group in East Greenland were analyzed 

for I/[Ca+Mg] ratios and 91 samples for carbonate major elemental analysis, combined 

with 93 carbon isotope measurements. Most of the strata recording the BSA are not 

exposed in East Greenland, and the exposed interval mostly records the time before 

and after the BSA along with the tail end of the anomaly (Figs. 4-7). The δ13Ccarb 

measurements still display the ~8‰ negative excursion characteristic of the BSA 

(Halverson et al. 2005, 2007). At the onset of the anomaly, carbon isotopic values 

decline from +6‰ to -2‰ and then rise back up to +6‰ at the end. I/[Ca+Mg] ratios 

span a relatively small range compared to the Akademikerbreen Group.  These values 

extend from 0 µmol/mol to 1.77 µmol/mol with an average of 0.18 µmol/mol and a 
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median of 0.09 µmol/mol. Moreover, as observed in the Svalbard dataset, the highest 

I/[Ca+Mg] values of ~1.5 µmol/mol occur at the end of the BSA (Figs. 4-7; Table-1, 

supplementary information). 

 

4.3. Northwest Canada 

 We measured 82 samples from the Mackenzie Mountains Supergroup in 

northwest Canada for I/[Ca+Mg], 162 for elemental concentrations and 164 for 

δ13Ccarb. In our measured section, the BSA spans the upper Snail Spring Formation and 

the lower Ram Head Formation and records an ~8‰ negative shift (Figs. 6-7). The 

I/[Ca+Mg] values range from 0 to 0.91 µmol/mol with a total average of 0.08 

µmol/mol and a median of 0.02 µmol/mol. The highest values at ~1 µmol/mol are 

observed in the few carbonates outcropping in the top of the Snail Spring Formation, 

corresponding to the small negative δ13C excursion at ~140m beneath the onset of the 

BSA (Figs. 6-7; Table-1, supplementary information). This pre-BSA anomaly has the 

same amplitude as the one recorded on Svalbard (from +2‰ to +8‰; Figs. 2, 4 and 6). 

However, in contrast to Greenland and Svalbard, the I/[Ca+Mg] ratios stay close to 0 

µmol/mol during the entire BSA (Figs. 6-7; Table-1, supplementary information). 

 

5. Discussion 

 

5.1. Preservation of primary I/[Ca+Mg] signatures 

  Based on a compilation of modern and ancient carbonates, Hardisty et al. 

(2017) showed that post-depositional alteration can affect I abundance in carbonates, 

and when it does, it typically decreases the ratio of I/[Ca+Mg]. Furthermore, 

authigenic carbonates do not incorporate iodate (IO3
-) because they form under anoxic 

conditions where an iodate is completely reduced to iodide (I-; Lu et al., 2017). Indeed, 

pore-water, near the water-sediment interface, is characterized by relatively high 

concentrations of iodide, regardless of the redox conditions of the overlying water. 

This zone of iodide production is the result of two processes. First, below the water-

sediment interface, a near-closed cycle of iodine involves the remineralization of 

iodide from the breakdown of organic matter followed by rapid uptake by sediment 

particles. Hence, the decomposition of increasingly iodide-enriched organic matter 

results in elevated iodine concentrations in unlithified sediments. Second, in deeper 

layers, iodate reduction occurs under suboxic conditions. The relatively high flux of 
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iodide is associated with the burial of organic material and subsequent diagenetic 

recycling (Kennedy and Elderfield, 1987). This iodide cannot be incorporated into 

carbonate minerals, but rather diffuses back to seawater, and thus this burial reflux of 

iodide does not influence the ratio of I/[Ca+Mg] measured in marine carbonate. 

Therefore, measured I/[Ca+Mg] in ancient carbonates provides a minimum constraint 

on local seawater iodate abundance, and high I/[Ca+Mg] ratios are inferred to record 

high iodate abundance in the waters in which the carbonates were precipitated. In 

contrast, since early or late diagenetic processes tend to reduce I/[Ca+Mg] ratios (Ahm 

et al., 2018; Hardisty et al., 2017), low ratios alone cannot be used to argue for low 

local seawater iodate abundance. 

One process theoretically able to modify the I/[Ca+Mg] signal independently of 

local oxygen conditions is evaporation in restricted environments, where precipitation 

of CaSO4 decreases the amount of Ca of ambient seawater independent of changes in 

iodate abundance. Moreover, brines tend to be enriched in iodide (Collins et al., 1969). 

However, the stratigraphic intervals studied here do not contain any evaporitic 

minerals or relict indicators of evaporative conditions, despite widespread occurrence 

of sulfate evaporites in middle Tonian basins (Turner and Bekker, 2016). Therefore, 

we conclude that evaporation did not strongly influence I/[Ca+Mg] on the 

Akademikerbreen carbonate platform. Nevertheless, in order to evaluate possible 

impacts of local restriction on I/[Ca+Mg] ratios as well as other processes such as 

meteoric diagenesis and dolomitization, we compare geochemical parameters that 

might indicate local modification of seawater or post-depositional resetting of 

sedimentary signatures.   

 A cross-plot of I/[Ca+Mg] versus Mg/Ca (Fig. 8a) clearly shows bimodal 

populations corresponding to calcite-dominated (Mg/Ca < 0.2) and dolomite-

dominated (Mg/Ca > 0.4) carbonates. Greenland samples are mostly composed of 

calcite whereas the carbonates from the section in the Mackenzie Mountains are almost 

exclusively dolomite. Samples from Svalbard are a mixture of both calcite and 

dolomite with no clear correlation with I/[Ca+Mg] ratios, suggesting that 

dolomitization was not able to lower I/[Ca+Mg] ratios to levels observed in NW 

Canada. Additionally, in samples from East Greenland and from Svalbard, the δ18O of 

calcites is almost entirely between -6 and -12‰, and dolomites are slightly enriched 

(Fig. 8f). These relatively heavy values suggest that dolomitization occurred during 

early diagenesis, (Halverson et al., 2007), consistent with excellent preservation of 

ACCEPTED MANUSCRIPT



AC
CE

PT
ED

 M
AN

US
CR

IP
T

primary sedimentary fabrics. In contrast, carbonate δ18O values from the Mackenzie 

Mountains, composed mostly of dolomite are lower on average (-3 to -12‰). But 

regardless of dolomite abundance, there is a clear difference between δ18O values 

measured in dolomite and values in calcite, with dolomite values ranging from -3‰ to 

-7‰ and calcite values ranging from -9‰ to -12‰ (Fig. 8f). These overall more 

depleted values in the Mackenzie Mountains suggest that dolomitization occurred after 

the calcites were first subjected to meteoric diagenesis. This inference is consistent 

with more extensive and coarser recrystallization, obliteration of primary textures, and 

elemental signatures within these samples. 

During meteoric diagenesis, strontium (Sr) content in the carbonate typically 

decrease while manganese (Mn) and iron (Fe) increase (Brand and Viezer, 1980). Most 

of the samples from Svalbard and East Greenland display evidence of only limited 

meteoric diagenetic alteration, with Mn/Sr ratios rarely exceeding ~ 2-3 (Figs. 8b-c-f; 

Brand and Veizer, 1980). The effect of meteoric diagenesis on I/[Ca+Mg] ratios is 

most apparent when I/[Ca+Mg] is plotted against Mn/Sr: the highest I/[Ca+Mg] ratios 

occur in samples with Mn/Sr < 2 (Fig. 8b). This pattern suggests that post-depositional 

alteration likely lowered I/[Ca+Mg] ratios to variable degrees in our samples. On the 

other hand, samples with very high Sr contents do not invariably preserve higher 

I/[Ca+Mg] ratios, indicating that some low I/[Ca+Mg] ratios in these rocks may be 

primary seawater signatures. Our data are consistent with the argument that diagenesis 

results in increased variability in I/[Ca+Mg] and generally lower values, but cannot 

account for high I/[Ca+Mg] (Hardisty et al, 2017; Lu et al., 2018). 

 Samples from the Mackenzie Mountains are typically enriched in Fe (Fig. 8d) 

and have low Sr concentrations (close to the detection limit; Fig. 8c), as well as 

universally low I/[Ca+Mg] ratios. Enrichment of Fe coupled with a depletion of Sr is a 

common consequence of both diagenetic alteration due to equilibration with meteoric 

water and dolomitization (Brand and Veizer, 1980). These combined geochemical and 

sedimentological observations suggest that Mackenzie Mountains samples experienced 

a much higher degree of alteration during diagenesis (meteoric alternation followed by 

dolomitization) compared to the EGES samples. Based on these diagenetic 

considerations, we interpret the I/[Ca+Mg] ratios from the Mackenzie Mountains 

samples to record complete removal of any available iodate during recrystallization 

and dolomitization. 
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5.2. Interpreting the linked δ13Ccarb and I/[Ca+Mg] records 

In the modern environment, under oxic conditions, iodine follows a nutrient-

type profile in the water column. In the photic zone, phytoplankton take up iodate 

during photosynthesis and fix it as iodide in organic matter. At depth, the concentration 

of iodate slowly recovers and reaches a maximum at the OMZ as a result of organic 

matter remineralization. Below the OMZ, iodate concentrations are generally invariant. 

A flux of iodine also exists from bottom waters to ocean sediments (Tsunogai, 1971; 

Tsunogai and Henmi, 1971). In oxygenated waters, iodate does not track oxygen 

concentrations because iodate is controlled by productivity and incorporation into 

organic matter (Campos et al., 1996; Elderfield and Truesdale, 1980; Jickells et al., 

1988; Tsunogai and Sase, 1969; Wong and Brewer, 1974). On the other hand, where 

oxygen concentration decreases to zero, as in some OMZs or anoxic deep waters, 

iodate will track the decrease in oxygen abundance. Under anoxic conditions, iodide 

effectively becomes the only iodine species. The increase in iodide under these 

conditions reflects the chemical reduction of iodate along with input from 

remineralized organic matter (Luther and Campbell, 1991; Luther and Cole, 1988; 

Wong and Brewer, 1976).  

The removal of iodine from the upper ocean is largely attributed to the effects 

of biological uptake during photosynthesis. In highly productive upwelling zones in the 

modern ocean, iodate concentrations are low relative to less productive regions (Cutter 

et al., 2018; Truesdale and Bailey, 2000). At the same time, O2 concentrations are 

elevated due to photosynthesis. Therefore, even though total iodate abundance in the 

oceans is linked to oxygen content, locally, iodate depletion, i.e. low I/[Ca+Mg] may 

reflect high primary productivity rather than O2-depleted waters (Truesdale et al., 

2000; Truesdale and Bailey, 2000). 

 

     5.2.1. The Svalbard–East Greenland record and implications for the BSA 

 Most of our samples spanning the BSA have non-zero I/[Ca+Mg] values 

implying the presence of iodate in our carbonates incorporate from seawater (Figs. 2, 

4, 6 and 7). Proterozoic I/[Ca+Mg] ratios are lower than modern values, a consequence 

of lower iodate concentrations in seawater, rather than a smaller total dissolved iodine 

pool in the ocean at that time (Hardisty et al., 2017). Furthermore, late stage 

dolomitization reduces the ratio of I/[Ca+Mg] in primary carbonate phases (Loope et 

al., 2013). Therefore, the I/[Ca+Mg] ratio in dolostones provides only a minimum 
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estimate of iodate content in seawater at the time of initial carbonate precipitation 

(Hardisty et al., 2017). Intense meteoric alteration and authigenic carbonate formation 

(Lu et al., 2017) will result in low I/[Ca+Mg] ratios that are not indicative of seawater. 

Conversely, because no secondary processes are known to increase the I/[Ca+Mg] 

ratio in carbonate minerals, high ratios most likely represent primary seawater 

signatures.   

The dolostones from the Akademikerbreen Group analyzed in this study were 

deposited on a shallow carbonate platform prone to early dolomitization (Knoll and 

Swett, 1990). Accordingly, the presence of iodine in these Neoproterozoic dolomites 

can be considered to be a qualitative proxy for the redox state of shallow waters 

(Hardisty et al., 2014, 2017). Combining this redox-proxy with δ13Ccarb provides the 

opportunity to better interpret the redox conditions of shallow marine environments 

spanning the BSA (Figs. 2, 4, 6 and 7).   

 

Based on various paleobiological and geochemical data and inferences, it has 

been suggested that the late Mesoproterozoic to early Neoproterozoic (ca. 1.2–0.8 Ga) 

saw a gradual change in Earth's biosphere (Butterfield, 2000, 2001; Crockford et al., 

2019; Knoll et al., 2013) coupled to a rise in atmospheric oxygen levels (Cole et al., 

2016; Gilleaudeau et al., 2016; Planavsky et al., 2014). This hypothesis is consistent 

with the canonical interpretation linking δ13Ccarb with organic carbon burial and net 

release of O2 to the environment because average δ13Ccarb values increase from ~0‰ to 

> +5‰ over this time interval (Des Marais, 1997; Des Marais et al., 1992; Kah et al., 

2001; Kah et al., 1999; Knoll et al., 1986). It is also consistent with the occurrence of 

significant sulfate evaporite deposits in the ca. 1.05 Ga Angmaat Formation (Gibson et 

al., 2017a,b; Kah et al., 2001) of the Bylot Supergroup and the ca. 850–830 Ma Minto 

Inlet Formation in the Shaler Supergroup and the Ten Stone Formation in the 

Mackenzie Mountain Supergroup, along with similar-aged rocks globally (Crockford 

et al., 2019; Prince et al., 2019; Turner and Bekker, 2016). These widespread 

evaporites are interpreted to indicate at least a transient pulse in oxidative weathering 

and growth of the marine sulfate reservoir in the middle Tonian (Kah et al., 2001; Kah 

et al., 2004; Turner and Bekker, 2016), although widespread evaporate deposition in 

intracratonic basins at this time likely drew concentrations down again (Prince et al., 

2019). Furthermore, eukaryotic diversity appears to have risen sharply by ca. 800 Ma 

(Cohen and Macdonald, 2015; Riedman and Sadler, 2017). On the other hand, previous 
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redox studies exploring the late Mesoproterozoic to early Neoproterozoic (1200–717 

Ma) ocean suggest that oxygenated shallow waters overlay predominantly ferruginous 

deep waters (Fe2+-rich and anoxic), perhaps temporally or spatially punctuated by 

periods of euxinia (sulfidic and anoxic) localized in mid-shelf environments (Canfield 

et al., 2008; Guilbaud et al., 2015; Johnston et al., 2010; Poulton et al., 2010; Sperling 

et al., 2013; Sperling et al., 2015). Kunzmann et al. (2015) concluded that non-BSA 

Tonian to Ediacaran samples accumulated beneath suboxic to anoxic-ferruginous water 

columns based on a multi-proxy study of black shales from the Akademikerbreen and 

Polarisbreen groups. 

The generally low I/[Ca+Mg] ratios leading up to the onset of the Bitter 

Springs Anomaly in Svalbard are consistent with a generally anoxic, stable deep ocean 

(Fig. 9). Such redox conditions would be expected to enhance phosphorus (P) 

scavenging through a combination of different Fe-P trap processes (Bjerrum and 

Canfield, 2002; Derry, 2015; Jones et al., 2015; Reinhard et al., 2017; Sundby, 2006; 

Zegeye et al., 2012). On the other hand, even though phosphorus was most likely the 

limiting nutrient on primary productivity at this time (Anbar and Knoll, 2002; 

Reinhard et al., 2017), the heavy coeval δ13Ccarb values may indicate sustained high 

rates of organic carbon burial, evidently requiring high nutrient availability, even if 

certain cyanobacteria can be flexible in their C:N:P uptake ratio (White et al., 2006; 

White, 2009). Enhanced weathering of continental flood basalts at this time may have 

contributed to elevated P supply (Cox et al., 2016; Horton, 2015).  

The negative shift in δ13Ccarb defining the beginning of the BSA is gradual and 

does not result in a decline to a distinct minimum, as is typical of other Neoproterozoic 

negative δ13Ccarb anomalies (Halverson et al., 2005). Assuming that the carbon isotope 

signature in carbonates records the global DIC reservoir, this distinction suggests that 

the driving mechanism was not a non-steady perturbation driven by addition of 

isotopically depleted carbon, but rather a change in the fraction of organic carbon 

burial (forg). In Svalbard, this shift corresponds with an exposure surface (Fig. 2); in 

northwestern Canada (Fig. 6; Halverson, 2006) and in central Australia it is associated 

with transgression (Swanson-Hysell et al., 2010). The implication is that both the 

decline in organic burial and base level fluctuations were linked to global 

oceanographic phenomena (Maloof et al., 2006).  

A small, short-lived spike in I/[Ca+Mg] at the boundary is consistent with this 

hypothesis and can be explained in terms of transfer of iodine from the reduced iodide 
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reservoir to the oxidized iodate reservoir related to a reorganization of ocean 

circulation rather than a pulse in oxygenation of the oceans. Maloof et al. (2006) 

proposed an episode of true polar wander (TPW) at this time to explain the onset of the 

BSA, but even more subtle changes in paleogeography coupled to early rifting of 

Rodinia could easily have temporarily changed patterns of ocean circulation and 

upwelling zones. Based on abundant sulfate evaporites deposited in intracratonic 

basins just prior to the BSA (Crockford et al., 2019; Hill et al., 2000; Prince et al., 

2019; Turner and Bekker, 2016) one can infer that marine sulfate concentrations were 

relatively high at this time (at least compared to the mid-Proterozoic).  

The early BSA stage is characterized by I/[Ca+Mg] ratios under 2.5Pmol/mol, 

a commonly assumed threshold for O2-depleted ocean condition such as found in 

modern OMZs (Lu et al., 2017; Lu et al., 2016; Lu et al., 2010). At the onset of the 

BSA, high sulfate availability combined with anoxic deepwaters, promoted the 

expansion of euxinic conditions in upwelling zones capable of sustaining high 

productivity. Indeed, nutrient-rich deep waters are necessary to sustain the expansion 

of deep euxinic conditions (Fig. 9; Lyons et al., 2014; Reinhard et al., 2016). In the 

Shaler Supergroup (Amundsen Basin) of northern Canada, the base of the Bitter 

Springs Anomaly corresponds to a shift from anoxic ferruginous to euxinic deep 

waters and the accumulation of organic-rich shales (Thomson et al., 2015). Carbonates 

from this interval, which have virtually no I, do not reflect surface seawater because 

they formed authigenically in organic-rich sediments (Lu et al., 2017). The low 

I/[Ca+Mg] recorded in coeval shallow marine carbonates on EGES platform (Figs. 2 

and 4) can be interpreted in terms of efficient iodate removal from the photic zone by 

phytoplankton rather than global O2-depletion in seawater.  

 

Widespread euxinic conditions would have been sufficient to draw down 

certain trace metal inventories, most importantly, molybdenum (Reinhard et al., 2013). 

Low Mo supply in seawater would also inhibit nitrogen-fixing cyanobacteria due to the 

dependence of some nitrogenases on molybdenum (Latysheva et al., 2012; Williams 

and Da Silva, 2002), resulting in coupled Mo-N co-limitation on primary productivity 

rather than P-limitation. Such a scenario of euxinia-driven nutrient limitation likely 

prevailed through much of the Paleoproterozoic and Mesoproterozoic (2500–1200 Ma) 

and may have accounted for limited primary production at this time (Anbar and Knoll, 
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2002; Crockford et al., 2018; Falkowski, 1997; Saito et al., 2003) with a long-lived 

average δ13Ccarb values near 0‰ (e.g., Buick et al., 1995). It is unlikely a coincidence 

that the BSA, like the Paleoproterozoic and Mesoproterozoic, is characterized by stable 

δ13Ccarb values near 0‰ and correspondingly low forg (Halverson et al., 2005), and it 

follows that the fundamental limit on organic carbon burial during the BSA may have 

similarly been related to Mo-N limitation on primary productivity resulting from 

expanded deepwater euxinia (Fig. 9). Moreover, diminishing the iodine sink in organic 

matter (Luther and Campbell, 1990; Luther and Cole, 1988; Wong and Brewer, 1976) 

by lowering primary production during the last stage of the BSA would allow iodide to 

accumulate in a euxinic deep ocean (Fig. 9).   

 The recovery from the BSA is virtually a mirror image of the anomaly’s onset, 

although in Svalbard, δ13Ccarb values first decline to a minimum prior to the steady rise 

back to positive values. This positive shift is also associated with another subaerial 

exposure surface followed by a rapid transgression in Svalbard (Fig. 2; Halverson et 

al., 2007) and an abrupt change in facies in central Australia (Swanson-Hysell et al., 

2010). However, distinct from the onset of the BSA, the response in I/[Ca+Mg] is 

much more pronounced, with a peak of  > 7 Pmol/mol—the highest I/[Ca+Mg] values 

yet recorded between the ca. 2.2 Ga Lomagundi positive isotope excursion and the ca. 

570 Ma Shuram negative carbon isotope anomaly (Lu et al., 2017). Furthermore, the 

shift to high I/[Ca+Mg] values occurs well below the exit from the BSA and is 

recorded within the entirely dolomitic lower dolomite member of the basal 

Svanberfjellet Formation, which displays no change in depositional facies. 

Interestingly, the increase in I/[Ca+Mg] coincides with the onset of a downturn 

towards more negative δ13Ccarb values prior to recovery from the BSA, and the peak 

coincides with the minimum (Fig. 2) and onset of a return to positive values. The 

I/[Ca+Mg] peak is relatively short-lived, with ratios returning to average values < 0.1 

µmol/mol afterwards. This pattern might record a net transfer of iodine from the iodide 

reservoir, which accumulated over the course of the BSA, to the iodate reservoir, rather 

than a unique ‘oxidation event’ (although sufficient oxygen must have been available 

in the surface ocean to facilitate its oxidation; Fig. 9). The subsequent and sharp return 

to the highly positive δ13Ccarb therefore indicates that the nutrient barrier to primary 

production was removed, presumably due to a contraction of the global extent of 

euxinia. Combined with high background P concentrations (Fig. 9; Cox et al., 2016; 
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Planavsky et al., 2010), this expansion in Mo inventory sustained a return to high 

primary productivity and organic carbon burial (Crockford et al., 2019).   

 

Another smaller excursion in δ13Ccarb occurs in the lower Grusdievbreen 

Formation, where like the end BSA peak, it is associated with a positive isotopic shift 

following lower δ13Ccarb values (i.e., the pre-Bitter Springs anomaly; Figs. 2-6). A 

negative correlation between lower δ13Ccarb values and higher I/[Ca+Mg] values in this 

pre-BSA excursion is identical to that at the end of the BSA (Fig. 2). It suggests that 

these patterns are primary seawater signals and related to paleoceanographic changes 

that enhanced nutrient availability while shuffling iodide to the oxygenated surface 

ocean. Consequently, taken as a whole, the I/[Ca+Mg] record is consistent with a 

scenario in which Tonian marine waters were generally anoxic beneath an oxygenated 

surface mixed layer with phosphorus limiting primary productivity (albeit at high forg), 

but the BSA and perhaps some smaller δ13Ccarb anomalies point to times of expanded 

euxinia and Mo-N limitation. This interpretation suggests that while the high 

I/[Ca+Mg] values at the end of the BSA likely indicate surface seawater oxygen 

contents that were higher than at any time in the preceding 1.2 billion years (Blättler et 

al., 2018), they do not signify sustained whole ocean oxygenation, for example as 

suggested by consistently high I/[Ca+Mg] values in the Phanerozoic record (Lu et al., 

2018).    

 

     5.2.2. The BSA as recorded in the Little Dal Group (Mackenzie Mountains, NWT) 

 The Bitter Springs Anomaly has been documented in multiple sections of the 

Little Dal Group in the Mackenzie Mountains (Fig. 6; Halverson, 2006) and in the 

equivalent strata in the Fifteenmile Group of Yukon (Macdonald et al., 2010; 

Macdonald et al., 2013). However, I/[Ca+Mg] ratios from our analyzed section of the 

Little Dal Group spanning the BSA only show a flat-line trend of values < 0.5 

µmol/mol. The heavily recrystallized carbonate textures, along with geochemical data 

(high Mn/Sr ratios and an offset in δ18O data between calcites and dolomites (Fig. 8), 

indicate a high degree of alteration as a result of meteoric diagenesis followed by late 

stage dolomitization. Consequently, we infer that while carbon isotope ratios were 

resilient, primary seawater I/[Ca+Mg] signatures were essentially obliterated, with the 

exception of a few non-zero I/[Ca+Mg] values from within the Snail Spring Formation 

(Fig. 6). Diagenetic stabilization of the dolomite samples preserving positive 
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I/[Ca+Mg] ratios may have been early enough to retain a portion of the primary 

oxygenated seawater signature, suggesting diagenesis under heavily fluid-buffered 

conditions or in equilibrium with a well-oxygenated diagenetic fluid that could have 

oxidized iodide to iodate. The Little Dal data justify caution in interpreting low 

I/[Ca+Mg] ratios in pervasively dolomitized carbonates in terms of seawater 

conditions. That is, secular variations in I/[Ca+Mg] through time, especially through 

the Precambrian are potentially more a record of alteration than changes to surface 

oxygenation. At the same time, when comparing samples from the Mackenzie 

Mountains with samples from Svalbard, which preserve I/[Ca+Mg] enrichments, these 

data highlight the importance of the relative timing of dolomitization in at least 

partially preserving primary seawater signatures. Furthermore, these data demonstrate 

that carbon isotope ratios in thick, carbonate-dominated successions can be well 

buffered against wholesale resetting.  

 

5.3. A conceptual model for the BSA  

The Tonian period witnessed an increase in average δ13Ccarb from the near 

0‰ values that prevailed through much of the late Paleoproterozoic and 

Mesoproterozoic to values > 5‰, which characterize much of the Neoproterozoic Era. 

If we assume that these high average δ13Ccarb values reflect high forg, then they must 

imply high nutrient availability. We have developed the hypothesis that the Bitter 

Springs Anomaly records a temporary (ca. 8 m.y.) reversion to the earlier, mid-

Proterozoic-like stable state in global carbon cycling. In this scenario, the near zero to 

slightly negative δ13Ccarb during the BSA reflect Mo-N limitation on primary 

productivity resulting from sufficiently expansive euxinic conditions to drawdown the 

seawater molybdate reservoir and stifle nitrogen fixation. This hypothesis requires the 

assumption that alternative nitrogenases (Robson et al., 1986; Zhang et al., 2014) were 

either not significant in fixing nitrogen at this time or unable to compensate for Mo-N 

limitation (Fig. 9).  

The return to high δ13Ccarb values at the end of the BSA is linked to a short-

lived peak in I/[Ca+Mg] ratios that must signify an oceanographic phenomenon which 

transferred iodide from the deep ocean to the oxidized iodate reservoir, allowing it to 

be incorporated in shallow-water carbonates. At the same time, the Mo-N limitation 

was alleviated, and the stable carbon cycle state shifted to one in which primary 

productivity was limited by P (Fig. 9). Whether or not the late BSA I/[Ca+Mg] peak 
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was a global seawater phenomenon or limited to continental platforms influence by 

upwelling, such as Svalbard-East Greenland, remains to be tested by additional data 

from other Tonian successions.  

The stratigraphic record links the onset and end of the BSA to eustatic 

fluctuations in sea level. But what drove these oceanographic changes? Based on the 

stratigraphic context of the BSA, along with paleomagnetic data from Svalbard, 

Maloof et al. (2006) proposed that the onset and end of the BSA were related to 

largescale true polar wander (TPW), during which the silicate earth first rotated some 

55º relative to the spin axis, and then back by approximately the same magnitude, each 

over a time scale of millions of years. Such an oscillatory geodynamic process, while 

extraordinary compared to the much more subtle TPW that accompanies the growth 

and decay of ice sheets (Milne and Mitrovica, 1996; Mitrovica and Milne, 1998) and 

more recent advection of mantle heterogeneities (Steinberger and O’Connell, 1997), is 

however physically viable (e.g., Creveling et al., 2012; Evans, 1998; Gold, 1955; 

Kirschvink et al., 1997; Matsuyama et al., 2006). The suggested TPW event is 

predicted to generate large fluctuations in sea level (Mound et al., 1999) and would be 

anticipated to elicit wholesale reorganization of ocean circulation. Furthermore, 

modest but still significant (~30º) oscillatory TPW is thought to have occurred during 

the Mesozoic (Muttoni et al., 2013). The hypothesis that the BSA is linked to a pair of 

TPW events remains viable but has not been validated by paleomagnetic data from any 

other sedimentary basin (Swanson-Hysell et al., 2012). However, even in the absence 

of large scale TPW at this time, the early stages of onset of Rodinia break-up (Li et al., 

2013) could similarly have elicited massive changes to ocean circulation, just as plate 

tectonic events related to break-up of Pangaea dramatically perturbed ocean 

circulation, nutrient delivery, and global climate (e.g., Elsworth et al., 2017; Kennet, 

1977; Yang et al., 2013). While inevitably speculative, it is reasonable to assume that 

reorganization of upwelling and marine nutrient cycling in a dominantly anoxic ocean 

would have had profound biogeochemical responses. 

 

6. Conclusions 

 

Regardless of the precise trigger mechanism for the BSA, our coupled 

I/[Ca+Mg] and δ13Ccarb datasets from multiple sedimentary successions spanning the 

BSA yield several firm conclusions. First, although the I/[Ca+Mg] proxy is clearly 
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prone to overprinting and should be treated only as a minimum estimate for surface 

seawater values, it can be a valuable tool in inferring ancient changes in the redox 

chemistry of local basins or margins and possibly the global ocean. Second, carbonates 

from within the BSA record some of the highest I/[Ca+Mg] in the Precambrian, 

including peak values (> 6 µmol/mol) that are comparable to modern marine 

carbonates (Hardisty et al., 2017; Lu et al., 2017). However, these high values are not 

sustained and presumably reflect a reorganization of the iodine pool in seawater and 

not an oxygenation event per se. On the other hand, they must reflect sufficiently high 

oxygen contents in the surface mixed layer to readily oxidize this iodide. Third, 

positive excursions in I/[Ca+Mg] are closely linked to sharp positive shifts in δ13Ccarb, 

indicating a close link between these anomalies and global carbon cycling. We further 

hypothesize that the high δ13Ccarb characterizing much of the Neoproterozoic Era 

reflects an ocean with dominantly anoxic but not euxinic deepwaters in which primary 

productivity was limited by P, whereas the BSA records a temporary shift to more 

euxinic oceans where primary productivity was curtailed by low Mo and fixed nitrogen 

(Fig. 9). The limited iron speciation data available for the Tonian period are consistent 

with this hypothesis (Kunzmann et al., 2015; Sperling et al., 2013, 2015; Thomson et 

al., 2015), but it should be further tested with additional redox proxy data. Although 

the BSA is closely related in time to proposed oxygenation (Cole et al., 2016; 

Planavsky et al., 2014) and eukaryotic diversification (Cohen and Macdonald, 2015) 

events and appears to reflect the broad evolution of atmospheric and ocean redox, its 

ultimate cause may be more closely related to changing Tonian paleogeography then 

secular change in the marine oxygen inventory.   
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Figures 
Figure 1 – Map and generalized stratigraphy of the studied area in northeastern Svalbard, Norway. a) Geological 
map of the glaciated Caledonian fold-and-trust belt on Nordaustlanded (Norda.) and Spitsbergen (Spitsb.) islands 
(modified from Hoffman et al., 2012 and Kunzmann et al., 2015), ESZ= Eolusletta Shear Zone, LFZ= Lomfjorden 
Fault Zone. b) Generalized lithostratigraphy (modified from Halverson et al., 2007 and Kunzmann et al., 2015). 
Estimated ages for the Akademikerbreen from Halverson et al. (2018b).  
Figure 2 – A composite stratigraphic section through the Akademikerbreen Group in Svalbard (Halverson et al., 
2018), highlighting the Bitter Springs anomaly. Vet. Gp.= Veteranen Group. The smoothed carbon isotope curve on 
the left is a LOWESS fit of all available δ13Ccarb data (Halverson et al., 2018b), and the data on the middle column 
are from the same sample sets analyzed for I/[Ca+Mg] in the right column. Arrows marking the positive excursions 
in the I/[Ca+Mg] record.  
Figure 3 – Geological map of the study area in eastern Greenland (modified from Hoffman et al., 2012) being a part 
of East Greenland- East Svalbard basin (EGES). 
Figure 4 – Stratigraphic log of the middle Brogetdal Formation (Ymer Ø Group) spanning the Bitter Springs 
Anomaly on Ymer Ø, East Greenland, with accompanying δ13Ccarb and I/[Ca+Mg] data. Note that the BSA is 
uncharacteristically thin in this section which could reflect either condensation of the section (in lower Bed-group 
10) or missing section on the sequence boundary between Bed-groups 9 and 10. Arrow marking the positive 
excursion in the I/[Ca+Mg] record.   
Figure 5 – Map and generalized stratigraphy of the study area in northwest Canada. a) Distribution of Proterozoic 
strata in the inliers in Yukon and northwest Territoires (NWT), Canada (modified from Macdonald et al., 2010 and 
Kunzmann et al., 2014). b) Generalized lithostratigraphy of Mackenzie Mountains (modified from Macdonald et al., 
2012). 
Figure 6 – Detailed Neoproterozoic stratigraphy of a measured section in Mackenzie Mountains, spanning the Bitter 
Springs anomaly. Snail S. Fm.= Snail Spring Formation. Carbon stable isotope record (δ13Ccarb) highlighting the 
negative excursion characteristic of the Bitter Springs anomaly. Measurement of the ratio I/[Ca+Mg] on carbonate 
samples spanning the Bitter Springs anomaly.  
Figure 7 – Cross-plots of I/[Ca+Mg] vs. δ13C measured in carbonate samples from Akademikerbreen Group on 
Svalbard, Mackenzie Mountains Supergroup (MMSG) in NWT, and Ymer Ø Group on Greenland. 
Figure 8 – Measurements of carbonate major elements on samples from Akademikerbreen Group on Svalbard, 
Mackenzie Mountains Supergroup (MMSG) in NWT, and Ymer Ø Group on Greenland. a) I/[Ca+Mg] vs. Mg/Ca 
exhibits no specific trend between calcite (Mg/Ca < 0.2) and dolomite (Mg/Ca > 0.6), the dolomitization does not 
impact the redox-proxy values; b) I/[Ca+Mg] vs. Mn/Sr displays little alteration (Mn/Sr > 2) for mostly all MMSG; 
c) I/[Ca+Mg] vs. Sr and d) I/[Ca+Mg] vs. Fe show low Sr and Fe concentrations associated with high I/[Ca+Mg] 
ratios; e) I/[Ca+Mg] vs. δ18O  and f) Mg/Ca vs. δ18O  present δ18O values from MMSG with an offset (6‰) between 
calcite and dolomite suggesting a late stage dolomitization for these samples only. 
Figure 9 – Sketches illustrating the effects of changing oceanic redox conditions along carbonate platform transect, 
during Bitter Springs Anomaly (BSA) stages, on the reservoirs of iodate (IO3

-), iodide (I-), sulfate (SO4
2-), iron (Fe) 

and molybdenum (Mo). 1/ Pre- and post-BSA oceans present similar conditions with relatively well oxygenated 
surface ocean overlying deep ferruginous ocean (Fe2+-enriched and anoxic) with phosphorus (P) as a biolimiting 
nutrient (Anbar and Knoll, 2002). This redox stratified ocean is characteristic of the Neoproterozoic Era. 2/ and 3/ 
The syn-BSA ocean despites bottom euxinia with nitrogen (N) as biolimiting nutrient (Anbar and Knoll, 2002). A 
change in the nutrient regime at the onset of BSA can lower primary production leading to low δ 13Ccarb values as 
well as intense remineralization of organic matter; 2/ The onset of BSA (early stage) is marked by the growth of the 
SO4

2- reservoir and the expansion of bottom euxinia with the growth of deep I-   pool. The oxycline is gradually 
shallowing; 3/ In the last stage, a shallower oxycline combined with a global ocean circulation reorganization at the 
end of BSA lead to a mixing between euxinic deep water and oxic surface water.  I- is shuffle in oxic water and 
oxidized to IO3

- leading to increase of I/[Ca+Mg] values in shallow marine carbonate. 
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Highlights: 
1. New stratigraphic and chemostratigraphic data spanning the Bitter Springs δ13C anomaly 
2. Application of the I/[Ca+Mg] proxy to Tonian carbonates and purported oxygenation 
3. New conceptual model for the Bitter Springs anomaly based on a multi-proxy approach 
4. Discerning the effects of post-depositional processes on I/[Ca+Mg] signatures 
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