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Abstract: 18 

Oceanic Anoxic Events (OAEs) are characterized by deposition of widespread organic-rich 19 

marine sediments (black shales) and represent major disturbances to the global carbon cycle. 20 

Carbonate-associated iodine (I/Ca) has been used to indicate local, upper-ocean redox conditions, 21 

demonstrating highly dynamic spatial and temporal patterns at multiple sections during the 22 

Cenomanian–Turonian OAE 2 at ~94 Ma (Late Cretaceous). To further explore the utility of 23 

*Manuscript
Click here to download Manuscript: I TOC OAE2 12-1 final.docx Click here to view linked References

http://ees.elsevier.com/chemge/download.aspx?id=484265&guid=32d5d267-4268-4d85-a65d-ad7c60b61b5d&scheme=1
http://ees.elsevier.com/chemge/viewRCResults.aspx?pdf=1&docID=11666&rev=0&fileID=484265&msid={5A11E3B7-2B9B-4F46-AD0B-9B83E9CE4589}


2 

 

iodine as a paleo-environmental proxy, we describe a new method of extracting organically 24 

bound iodine (Iorg) from shale using volumes of samples on the order of tens of milligrams, 25 

offering the potential for high-resolution work across thin shale bands. The ratio of Iorg to total 26 

organic carbon (I/TOC) in modern surface and subsurface sediment decreases with decreasing 27 

bottom-water oxygen, suggesting that iodine burial may have been influenced by redox changes. 28 

We evaluate I/TOC proxy in Holocene sediments from the Baltic Sea, Landsort Deep (IODP 347) 29 

and discuss those data within a framework of independent redox proxies. The results imply that 30 

I/TOC may be sensitive to hypoxic conditions, complementary to other anoxic–euxinic proxies. 31 

For OAE 2, we generated I/TOC and Iorg records from six sections: Tarfaya (Morocco), Furlo 32 

(central Italy), Demerara Rise (western equatorial Atlantic), Cape Verde Basin (eastern 33 

equatorial Atlantic), South Ferriby (UK), and Kerguelen Plateau (southern Indian Ocean), which 34 

provides a broad spatial coverage to test the proxy. Generally, I/TOC decreases over the interval 35 

recorded by the positive carbon isotope excursion, the hallmark of OAE 2, suggesting an 36 

expansion of more reducing bottom-water conditions, consistent with independent constraints 37 

from iron speciation and redox-sensitive trace-metals (e.g., Mo). Relatively higher I/TOC values 38 

(thus more oxic conditions) are recorded in two OAE 2 high-latitude sites, supporting model 39 

simulations from previous works indicating higher bottom water oxygen concentrations in these 40 

regions.  41 

 42 

1. Introduction  43 

1.1. OAE 2 and redox proxies 44 

Oceanic Anoxic Events (OAEs) are characterized by globally distributed marine 45 

deposition of organic-rich sediments known colloquially as black shales (Schlanger and Jenkyns, 46 
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1976; Jenkyns, 1980; Arthur et al., 1990; Jones and Jenkyns, 2001; Jenkyns, 2010). Black shales 47 

typically result from the combination of increased primary productivity coupled with enhanced 48 

preservation of organic matter in oxygen-depleted environments (e.g., Demaison and Moore, 49 

1980; Schlanger et al., 1987; Arthur et al., 1988). The enhanced global burial of isotopically light 50 

organic-carbon in terrestrial and marine reservoirs can be fingerprinted through a positive carbon 51 

isotope excursion (CIE) spanning this event. (Tsikos et al., 2004; Hasegawa, 1997; Barclay et al., 52 

2010; Jarvis et al., 2011).  53 

OAE 2 and other OAEs have been linked to the eruption of large igneous provinces 54 

(LIPs), which released CO2 to the atmosphere, increasing atmospheric temperature and 55 

strengthening hydrological cycling (e.g., Kerr, 1998; Jenkyns, 2003; Kuroda et al., 2007; 56 

Turgeon and Creaser, 2008; Adams et al., 2010). As a result, weathering rates of continents and 57 

exposed oceanic crust increased (Blattler et al., 2011; Pogge von Strandmann et al., 2013; 58 

Jenkyns et al., 2017), which delivered more nutrients to the oceans and stimulated marine 59 

productivity. Enhanced productivity resulted in a positive feedback that shuttled more organic 60 

matter to the greater depth, which in turn consumed more dissolved oxygen and induced oceanic 61 

deoxygenation in many regions—further favoring widespread burial of organic carbon (Jenkyns, 62 

2003, 2010; Adams et al., 2010; Owens et al., 2016).  63 

A wide range of proxies have been used to track water-column redox conditions. Biotic 64 

proxies such as foraminiferal assemblages have been used as indicators for dissolved oxygen 65 

levels (Friedrich et al., 2006; Takashima et al., 2009; Gertsch et al., 2010; El-Sabbagh et al., 66 

2011; Bomou et al., 2013; Reolid et al., 2015). Trace-metal enrichment and Fe-speciation data 67 

from bulk shale have proven to be powerful tools to characterize redox changes during OAE 2 68 

(van Helmond et al., 2014; Westermann et al., 2014; Junium et al., 2015; Poulton et al., 2015; 69 
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Jenkyns et al., 2017; Owens et al., 2016) and specifically allow us to track the presence or 70 

absence of euxinia during this event (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009; 71 

Poulton and Canfield, 2005, 2011). Biomarkers (e.g., isorenieratane) indicate euxinia in the 72 

photic zone in proto-North and South Atlantic Ocean during OAE 2 (Sinninghe Damsté and 73 

Koster, 1998; Kuypers et al., 2002; Pancost et al., 2004; Hetzel et al., 2011).  74 

Carbonate I/Ca is a relatively new proxy for redox reconstructions in the upper ocean and 75 

is very sensitive to the transition between oxic and suboxic conditions (Lu et al., 2010; Zhou et 76 

al., 2015; Lu et al., 2016; Owens et al., 2017). However, a major portion of sedimentary iodine is 77 

found within organic matter (Muramatsu and Wedepohl, 1998), and in this study, we test the 78 

potential of the ratio of organically bound iodine to total organic-carbon (I/TOC) as a proxy for 79 

bottom-water oxygenation.  We then apply that proxy to six sections spanning OAE 2 and find 80 

evidence for expanded oxygen deficiency in bottom waters during the event, possibly even at 81 

high latitudes.82 

 83 

1.2. Organically bound iodine in recent sediments 84 

The iodine concentration in modern seawater is relatively uniform around 0.45 mol/l, 85 

with slightly higher amounts in the deep ocean (Elderfield and Truesdale, 1980). Iodate is the 86 

predominant iodine species in oxygenated seawater and is thermodynamically stable (Tsunogai, 87 

1971; Wong, 1980). Iodate is slightly depleted in surface ocean waters, due to uptake by 88 

phytoplankton, and remains at constant concentration in a fully oxygenated water column (e.g., 89 

Bluhm et al., 2011). Iodine is taken up by marine plankton in the surface ocean at an average 90 

stoichiometry of 140 ± 80 mol/mol to carbon (I/TOC) (Elderfield and Truesdale, 1980), 91 

although the reasons for and mechanisms behind this uptake in phytoplankton are not clear. The 92 
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presence of iodide (the reduced iodine species) in the surface ocean may be associated with 93 

iodate reduction mistaken for nitrate by the enzyme nitrate reductase (Tsunogai and Sase, 1969). 94 

Waite and Truesdale (2003) challenged this hypothesis, claiming that iodate reduction could be 95 

independent of the presence or absence of nitrate reductase activity. Iodine concentrations in 96 

exported particles may decrease when particulate materials sink through the water column (e.g., 97 

from 200–300 to 100–200 ppm, Brewer et al., 1980).  98 

At the seafloor, I/TOC values of surface sediments depend on the bottom water 99 

oxygenation condition. Iodine is enriched in the organic fraction (not in mineral phases) of 100 

sediments deposited under well-oxygenated bottom water, yielding sediment I/TOC values 101 

above 2000 mol/mol (Fig. 1)(Price and Calvert, 1973; Kennedy and Elderfield, 1987b). 102 

Locations with oxygen-depleted bottom waters have lower I/TOC (Price and Calvert, 1973), on 103 

the same order of magnitude as the average I/TOC in plankton of 140 ± 80 mol/mol (Elderfield 104 

and Truesdale, 1980). I/TOC decreases rapidly from surface to subsurface sediments (< 1 m) at 105 

oxygenated sites, whereas the ratios remain relatively stable at sites with low bottom-water 106 

oxygen contents (Price and Calvert, 1977). Price and Calvert (1973) predicted that the 107 

contrasting burial behavior of iodine in oxidizing versus reducing environments should be 108 

recorded in ancient sediments.  109 

The measurements of sedimentary iodine concentrations in these earlier investigations 110 

(e.g., Price and Calvert, 1973) do not differentiate iodine associated with organic matter, 111 

carbonate or residual porewater, although the signals were generally interpreted to be driven by 112 

organic matter. For simplicity purpose, we refer to the total sedimentary iodine to organic carbon 113 

ratio in the literature as I/TOC. Thus, the literature data compiled in Figure 1 serve as a 114 

hypothesis instead of a quantitative calibration between oxygen and I/TOC. To better test this 115 
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hypothesis, (1) we develop a new method to extract iodine associated with organic matter, 116 

especially suitable for paleoenvironmental reconstruction work, (2) cross-examine the I/TOC 117 

proxy signal against other well-established proxies in Holocene sediments, (3) apply I/TOC in 118 

ancient sediments to obtain qualitatively records of local bottom-water redox conditions during 119 

OAE 2.  120 

 121 

2. Study sites 122 

As a proof of concept of the I/TOC proxy in recent sediments, we measured I/TOC ratios 123 

from a Holocene core of organic-rich, laminated sediments from a currently euxinic sub-basin of 124 

the Baltic Sea, Landsort Deep, from Site M0063 of IODP Expedition 347 (Andrén et al., 2015; 125 

Hardisty et al., 2016). We compare I/TOC data from Landsort Deep to previously published Mo 126 

concentrations and Fe speciation results from the same samples that indicate two past euxinic 127 

periods overlapping with intervals of enhanced organic carbon burial (TOC up to 8 wt. %) 128 

(Hardisty et al., 2016), providing both a multi-proxy comparison and paleoenvironmental context.  129 

We studied the record of OAE 2 in six sections that capture different environmental 130 

settings (Fig. 2). Five out of six sites are in the proto-North Atlantic or close to the western 131 

Tethys, and one site is from the Southern Ocean. Although all of these sites contain layers of 132 

organic-rich sediments, local paleoenvironments vary, including different oceanographic settings, 133 

latitudes, water depths and behaviors of redox-sensitive trace elements. This sample collection 134 

provides a comprehensive framework for exploring iodine cycling during OAE 2.  135 

A well-preserved sequence of glauconitic calcareous sandstone and organic-rich chalks 136 

was cored at Ocean Drilling Program (ODP) Site 1138 on the western margin of the central 137 

Kerguelen Plateau, a huge Early Cretaceous oceanic igneous plateau in the paleo-Indian Ocean 138 
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sector of the Southern Ocean at a modern water depth of 1141 m (Coffin et al., 2000; Holbourn 139 

and Kuhnt, 2002; Murphy and Thomas, 2012). The sediments from the Kerguelen Plateau 140 

studied here consist of black organic-rich claystones, virtually barren of calcareous foraminifera 141 

during OAE 2, although the overlying sediments contain moderately to well-preserved species 142 

(Holbourn and Kuhnt, 2002). We studied part of the black-shale interval, including the recovery 143 

stage of the CIE as expressed in the organic-carbon isotope data. The average TOC content at 144 

this section is 7.7%, intermediate among all the six studied sites, which range from 2.4% to 145 

24.0%. CaCO3 percentage remains close to zero for most of the carbon-isotope excursion (CIE) 146 

and recovers to ~40% at the end of the CIE, suggesting low production and/or low preservation 147 

of carbonate during the event (Fig. 6). 148 

All other sites are in the pelagic proto-North and equatorial Atlantic Ocean and its 149 

continental margins. Deep Sea Drilling Project (DSDP) Site 367 is located in the Cape Verde 150 

Basin, 330 km west of the African coast, at a current water depth of 4748 m and a paleodepth of 151 

3700 m (Lancelot et al., 1977; Chenet and Francheteau, 1979; Westermann et al., 2014). The 152 

studied cores consist of black, organic-rich shale interbedded with silty turbidites and TOC that 153 

ranges from 4% to 48% (Lancelot et al., 1977; Jones et al., 2007). Clay and organic debris are 154 

common, with rare pyrite and traces of bioturbation and rare to common foraminifera and 155 

nannofossils (Lancelot et al., 1977). Our study of this core covers the early stage of the CIE and 156 

several meters below. The maximum TOC value is the highest among the six studied sections 157 

(Fig. 6). 158 

Tarfaya, in southwest Morocco, is a section of organic-rich, shallow marine sediments 159 

that span the Cenomanian-Turonian boundary (Kolonic et al., 2005). Core S57 (drilled by the 160 

Moroccan State Oil Company and Shell during exploration in the late 1970s and early 1980s: 161 
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Kolonic et al., 2005) records the deepest part of the basin with a reconstructed paleo-water depth 162 

of ~250–300 m. The core comprises ~37 m of organic-rich calcareous sediment containing 163 

planktonic foraminifera and nannofossils, with light- and dark-colored layers that alternate at a 164 

decimeter scale (Tsikos et al., 2004). TOC (wt. %) fluctuates between 0 and 15% for most of the 165 

section, with a peak value of 25% corresponding to the early stage of the CIE (Fig. 6). Other 166 

dominant sediment components in this section include carbonate, finely dispersed biogenic silica 167 

and clay (Leine, 1986; Tsikos et al., 2004). 168 

The Furlo section of the pelagic Scaglia Bianca Formation was deposited at~20°N in 169 

western Tethys, central Italy (Lanci et al., 2010). The lower 17.5 m of section consists of 170 

rhythmically developed, light gray foraminiferal-nannofossil limestones, locally with pink, gray 171 

and black cherts—the latter associated with thin (sub-cm-scale) laminated black shales in parts 172 

of the section and TOC of up to ~20% (Turgeon and Brumsack, 2006; Jenkyns et al., 2007; Mort 173 

2007a;  Mitchell et al., 2008; Gambacorta et al., 2015). This limestone sequence is overlain by 174 

the Bonarelli Level, recording the impact of OAE 2, characterized by interbedded black 175 

laminated organic-rich shale (TOC 0.5–18%), gray claystone and brown radiolarian sand, with a 176 

total thickness of ~1 m (Fig. 6). A low-resolution organic 
13

C record shows a gradual rise from -177 

26.5‰ to -25.5‰ in sediments below the Bonarelli Level, with values increasing abruptly to -178 

23.5‰ at the onset of the positive CIE and fluctuating between -24 and -23 ‰ through the 179 

organic-rich unit (Jenkyns et al., 2007).  180 

South Ferriby is located in Lincolnshire, northeast UK, and its sediments (English Chalk) 181 

were deposited on a shallow epicontinental pelagic shelf, adjacent to the proto-Atlantic Ocean. 182 

The section is comprised of relatively condensed organic-lean foraminiferal-nannofossil 183 

carbonates with TOC mostly between 1 and 2%, interrupted by a thin (~10 cm) layer of organic-184 
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rich (max. TOC = ~8%) and laminated marls (Jenkyns et al., 2007; Pogge von Strandmann et al., 185 

2013). The organic carbon-isotope profile gradually decreases upwards from -23 to -25 ‰ in the 186 

studied interval, capturing the upper part of the positive CIE (Fig. 6).  187 

Site 1258 (ODP Leg 207) is situated on the northwest slope of Demerara Rise adjacent to 188 

Suriname and French Guyana in the western equatorial Atlantic Ocean, currently located at a 189 

water depth of 3192 m (Erbacher et al., 2004; Friedrich et al., 2006). The Cenomanian to 190 

Turonian sequence consists mainly of laminated, organic-rich, black shales with local occurrence 191 

of limestones, chert, phosphatic nodules and well-preserved fish debris (Hetzel et al., 2009). Clay 192 

content varies throughout the section, and the carbonate content is usually equal to or less than 193 

50% in these organic-rich layers with TOC level of ~0.5-25% (Erbacher et al., 2004). The 194 

abundance of foraminifera varies drastically between lamina (Nederbragt et al., 2007).  195 

 196 

3. Methods:   197 

Various methods have been used to decompose and extract total iodine from sediment 198 

samples, such as dry ashing/alkaline fusion, microwave-assisted digestion and combustion 199 

(Knapp et al., 1998; Brown et al., 2005; Romarís-Hortas et al., 2009; Tinggi et al., 2011). The 200 

sample masses required for these methods are usually larger than 100 mg (e.g., Tullai et al., 1987; 201 

Knapp et al., 1998). Here we develop a new method for extracting organic iodine using much 202 

smaller samples of ~20 mg. Fine powders of sediment were weighed on a microbalance, 203 

decarbonated by adding 3% (v/v) nitric acid and then thoroughly rinsed with DI (deionized) 204 

water. The decarbonated samples were transferred into Teflon vials and mixed with 2 ml of 205 

tetramethylammonium hydroxide (TMAH 25% in H2O, Sigma-Aldrich TraceSELECT
®
). The 206 

vials were tightly sealed and heated in the oven at 90 ℃ for 4–6 weeks. The sealed vials were 207 
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sonicated in a water bath for one hour daily. Approximately 20 l of solutions were subsampled 208 

from each Teflon vial and diluted with DI water for preservation in a refrigerator. Sub-sampling 209 

was carried out 1–5 times a week during the entire heating period. Iodine concentrations were 210 

measured in the sub-sampled solutions to determine the time interval required to extract organic 211 

iodine from samples.  Details of our method development are provided in the ‘Results and 212 

discussion’ section. 213 

The bulk-rock samples from six OAE 2 sections were processed using the same method 214 

as described above, except that the sub-sampling was skipped and the heating time was 215 

shortened to 20 days, which we demonstrate to be sufficient to completely extract iodine from 216 

the samples (Fig. 3).  Before iodine analysis by ICP-MS, the stored solutions were mixed with a 217 

freshly made matrix containing internal standards. Potassium iodide (KI, Alfa Aesar, 99.99% in 218 

purity) was dissolved and diluted to make calibration standards. The standard deviation for each 219 

measurement was mostly less than 1% and was always less than 5%. I/TOC values are reported 220 

as measured Iorg concentration over the TOC content. Iorg values are for bulk-rock weight of each 221 

sample.  222 

 223 

4. Results and discussion 224 

4.1. Method development  225 

We selected two samples for a preliminary test of the extraction method, one from a pre-226 

OAE interval, one from within the OAE interval, and a duplicate for each sample. A potassium 227 

iodide solution was set up as a control and processed with the same method as the OAE 2 228 

samples. The iodine concentrations in subsampled solutions increased in the first 20 days and 229 

remained almost constant afterwards (Fig. 3a). This result suggests that 20 days is sufficient to 230 
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extract iodine from organic matter. The variation in KI concentrations (RSD = 5%) reflects the 231 

uncertainty in subsampling, preservation and measuring iodine on an ICP-MS but suggests that 232 

there was no major loss through volatilization during the experiment (Fig. 3a). The fluctuations 233 

in the KI control solutions were small, compared to the variability between OAE samples.  234 

We also investigated the effect of sample mass on measured I/TOC values using the same 235 

two samples used for the preliminary test of the extraction method. Samples were weighed to ~5, 236 

10, 20, 30, 40, and 50 mg and then treated following the same extraction method adopted for all 237 

the OAE 2 samples. The results suggest relatively constant I/TOC values with sample masses 238 

from 5 to 50 mg (Fig. 3b). Most of the data fall within the standard deviation of each set of 239 

I/TOC values, 6.6% and 5.1% for the pre-OAE and OAE samples respectively. All the OAE 240 

samples are abundant and thus we choose medium amount ~20 mg of well-homogenized powder 241 

for reconstructing stratigraphic trends. Samples as small as 5 mg appear to be sufficient for 242 

future high resolution work. 243 

 244 

4.2. Hypothesis: I/TOC as a qualitative bottom-water oxygenation proxy? 245 

 246 
We begin this discussion by exploring the I/TOC proxy in light of previous work. The 247 

positive correlation between I/TOC and bottom-water oxygenation in recent sediments (Price 248 

and Calvert, 1973) (Fig. 1) reveals the potential for the proxy to reconstruct palaeo-redox near 249 

the seafloor using ancient sediments. However, it is important to discuss fundamentals and 250 

limitations of I/TOC as an oxygenation indicator in terms of (i) the causes of the correlation 251 

between surface-sediment I/TOC and bottom-water oxygen level, (ii) preservation of the I/TOC 252 

gradient (and inferred oxygen gradient) among different sites in shallow subsurface sediments 253 

during early diagenesis and (iii) the influence of long-term burial. 254 
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  The enrichment of iodine in oxic surface sediments (relative to marine plankton) has 255 

generally been interpreted to reflect organic-matter degradation and iodine recycling, but the 256 

detailed biogeochemical processes have not been clearly elucidated. Price and Calvert (1973) 257 

speculated that this enrichment is related to iodine sorption on the organic fraction, controlled by 258 

unspecified enzyme reactions at the surface of dead cells that occur only in an oxidizing 259 

environment. Francois (1987) specifically demonstrated a mechanism for iodine enrichment in 260 

surficial sediments under an oxic water column in which IO3
-
 is reduced by humic substances 261 

and converted to iodinated organic molecules. Alternatively, in sediments underlying an oxic 262 

water column, sources of iodine in surficial sediments are suggested to be from the 263 

remineralization of organic matter just below the sediment-seawater interface, rather than from 264 

the bottom water (Kennedy and Elderfield, 1987b). Ullman and Aller (1985) introduced a 265 

hypothesis whereby IO3
-
 is adsorbed to Fe-oxyhydroxides on the surface of oxic sediments. We 266 

postulate that the degree of iodine enrichment in surface sediment may be related to the 267 

concentrations of the oxidized iodine species (IO3
-
) in the bottom water. If that is the case, low 268 

I/TOC values can be interpreted as a signal for IO3
-
 reduction in the bottom water, which occurs 269 

prior to iron and sulfate reduction (Rue et al., 1997), consistent with rapid decrease in I/TOC at 270 

0–0.5 ml/l of [O2] (Fig. 1). This relation between I/TOC and [O2] indicates that the I/TOC proxy 271 

delineates hypoxic to anoxic settings, whereas Fe speciation and Mo concentrations has their 272 

advantages in anoxic to euxinic conditions. We aim to, preliminarily, test the reliability and 273 

redox window of I/TOC. Detailed biogeochemical mechanisms of iodine enrichment and 274 

remobilization in modern and ancient sediments are beyond the scope of this paper. 275 

Significant decreases in I/TOC are observed just below the sediment-water interface in 276 

sediments beneath an oxic water column, with values steadily decreasing to near-constant values 277 



13 

 

within 0.5–2.5 meters below the sediment-water interface (Price et al., 1970; Price and Calvert, 278 

1977). Under oxygenated bottom waters, I/TOC decreases rapidly in sediments, whereas low-279 

oxygen sites show a more stable I/TOC depth profile in shallow subsurface sediments (Price and 280 

Calvert, 1977). However, higher I/TOC ratios seem to be preserved in subsurface sediments 281 

under relatively well-oxygenated bottom waters compared to oxygen-depleted waters (Fig. 1). 282 

Furthermore, sedimentation rates may impact the enrichment of iodine in surface sediment and 283 

complicate I/TOC interpretions as bottom-water O2 signature (Kennedy and Elderfield, 1987b). 284 

Hence, the absolute values of subsurface I/TOC may be affected by non-redox-related factors. 285 

Regardless, bottom-water O2 gradients seem to act as an important control on the I/TOC gradient 286 

among different sites. For these reasons, we do not recommend that specific I/TOC values from 287 

modern surficial sediments be linked to a specific bottom-water O2 concentration, but instead we 288 

recommend evaluating relative changes in I/TOC at multiple sites as a qualitative tracer for the 289 

presence of O2 in the bottom water. 290 

I/TOC data in ancient sediments cannot be directly compared with those in modern 291 

sediments due to iodine loss during diagenetic alteration of organic matter. I/TOC values of the 292 

OAE 2 samples are more than an order of magnitude lower than those in modern subsurface 293 

sediments (Fig. 1), possibly indicating preferential release of iodine (relatively to carbon) during 294 

the burial of organic matter over tens of millions of years. Nevertheless, there is potential for 295 

preservation of the spatial and temporal patterns in bottom-water oxygen by I/TOC values in the 296 

sediments deposited during OAEs and other ancient systems by analogy. OAE 2, characterized 297 

by widespread deposition of organic-rich sediments, along with modern-recent sediments from 298 

the Baltic, provides an ideal opportunity to test the fidelity of this new proxy. Given that the 299 

hypoxic–anoxic redox window is where this proxy behaves with greatest sensitivity, as 300 
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documented in modern systems, I/TOC may be complementary to other proxies for bottom-water 301 

redox, such as Fe speciation, concentrations of redox-sensitive trace metals, better suited to more 302 

strongly reducing conditions. 303 

 304 

4.3. Proxy validation in Holocene sediments from the Baltic Sea 305 

The Landsort Deep is a modern anoxic basin with bottom water hydrogen sulfide 306 

accumulation (euxinia) and is among the most reducing sub-basins in the modern Baltic Sea. 307 

Holocene sediments are laminated and have large variations in TOC, Fe geochemistry (FeT/Al, 308 

FeT/Al, (Fepy+FeAVS)/FeHR) and Mo concentrations confined to distinct intervals (Fig. 4). 309 

Elevated FeT/Al and FeT/Al are diagnostic of anoxic water columns (Algeo and Lyons, 2006; 310 

Raiswell and Canfield, 1998), and when these Fe enrichments overlap with Mo enrichments 311 

of  >25 and (Fepy+FeAVS)/FeHR) approaching 1, they are diagnostic of euxinic bottom waters 312 

(Poulton and Canfield, 2011; Algeo and Lyons, 2006). Previous work has shown that the two 313 

periods of elevated TOC at Landsort Deep overlap with large-scale Baltic anoxic events: the 314 

Medieval Warm Period (MCA; 1.250 to 0.8 ka) and the Holocene Thermal Maximum (HTM; 315 

~8-4 ka) (Andren et al., 2011; Hardisty et al., 2016). The elevated Fe and Mo data from these 316 

same periods (Fig. 4) uniquely indicate euxinia at Landsort Deep, analogous to today (Hardisty 317 

et al., 2016; Noordman et al., 2016).  318 

Most of the I/TOC values through the section are <100 mol/mol (Fig. 4), falling into the 319 

hypoxic to suboxic range based on the compiled literature data in Figure 1. Importantly, I/TOC 320 

shows a pulsed increase in I/TOC (~2–3 m) during the interval between the two most recent 321 

euxinic periods overlapping with the Medieval Climate Anomaly (MCA) and modern sediments 322 

(Fig. 4). We emphasize that the pulse of high I/TOC is not within surficial sediments and is 323 
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unlikely a diagenetic artifact of decreasing sedimentary iodine following progressive organic 324 

matter remineralization (see previous section). The shallowest sample from this section is at 0.7 325 

m with an I/TOC value of 102 mol/mol, whereas increase in I/TOC was observed directly 326 

below this sample (Fig. 4). Rather than diagenetic overprints, this I/TOC pattern likely reflects a 327 

period with relatively oxygenated bottom waters compared to the surrounding euxinic periods in 328 

the Landsort Deep. 329 

A cross-plot between I/TOC and trace metal proxies (Fig. 5) demonstrates that high 330 

I/TOC values are sensitive to the transition from hypoxic to anoxic condition, but there are no 331 

clear indications that the I/TOC proxy can separate anoxia from euxinia. That distinction is 332 

instead the purview of Fe speciation and Mo enrichment patterns. The combined Landsort Deep 333 

data (Figs. 4-5) highlight the fact that the I/TOC value does not increase during periods 334 

independently inferred to be euxinic. This observation provides further validation for the ability 335 

of sedimentary I/TOC to record paleoredox and hence the potential for similar applications in 336 

more ancient sediments such as those deposited during OAE 2. 337 

  338 

4.4. Oceanographic patterns of I/TOC during pre- and post-OAE 2 intervals 339 

We report I/TOC and Iorg data across OAE 2 deposits at six sites (Fig. 2). 
13

C and TOC 340 

data are plotted for each site (Fig. 6).  Firstly, we discuss the spatial pattern of I/TOC during the 341 

background—that is, above and below the OAE 2 sediment. Subsequently, we discuss the 342 

temporal changes of I/TOC at individual sites. A summary of multiple redox proxies for each site 343 

can be found in Table 1.  344 

I/TOC values for the pre- and post-OAE intervals display a wide range, from ~1 to >50 345 

mol/mol, effectively separating the study sites into two groups. Sites with background I/TOC 346 
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<5 mol/mol appear to be located at low latitudes (Tarfaya, Furlo and Demerara Rise), with the 347 

exception of the Cape Verde Basin. Based on these contrasting I/TOC values, we suggest that 348 

bottom water was more oxic at the high-latitude sites and Cape Verde Basin, before and after the 349 

OAE, whereas most low-latitude sites had relatively oxygen-depleted bottom waters.  350 

Two sites at higher latitudes (Kerguelen Plateau and South Ferriby) display background 351 

I/TOC of ~15–50 mol/mol. Benthic foraminiferal assemblages at Kerguelen Plateau suggest 352 

that the bottom water might have been generally oxygenated with episodes of short-term dysoxic 353 

conditions (Coffin et al., 2000; Holbourn and Kuhnt, 2002). The independently suggested 354 

predominance of oxygenated conditions is in agreement with relatively high I/TOC values at this 355 

site. No proxy data are available in the literature directly addressing the bottom-water conditions 356 

at South Ferriby, although several studies imply a latitudinal increase of oxygenation on the 357 

seafloor from tropical sites to both North Atlantic and Northern Tethyan margins (Kuhnt and 358 

Wiedmann, 1995; Westermann et al., 2010; van Helmond et al., 2014; Westermann et al., 2014). 359 

The high I/TOC at South Ferriby (northernmost Atlantic site, in the European pelagic shelf sea) 360 

agrees with such a pattern. The background I/TOC at Cape Verde Basin is about 10–20 361 

mol/mol, lower than the range for Kerguelen Plateau and South Ferriby, indicating less oxic 362 

bottom waters before the OAE. FeHR/FeT values were steadily near 0.38 during that time 363 

(Westermann et al., 2014), representing a transitional state between the oxic and anoxic end-364 

member sites, consistent with its intermediate I/TOC values among the six sites. 365 

Elevated redox-sensitive trace-metal concentrations and repetitive deposition of 366 

laminated organic-rich sediments indicate suboxic to anoxic bottom water in the Tarfaya Basin 367 

(Kolonic et al., 2005), and the presence of isorenieratane and the high degree of pyritization in 368 

sediments indicate at least intermittent photic-zone euxinia at this site (Kolonic et al., 2005; 369 
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Poulton et al., 2015). Fe-speciation data also suggest bottom-water anoxia existed before OAE 2 370 

at Tarfaya (Poulton et al., 2015), which agrees with the low I/TOC values determined in this 371 

study. In general, the low I/TOC background values at Tarfaya are consistent with the 372 

suggestions of less oxygenated bottom waters at this site before and after the event. Transient 373 

occurrences of relatively oxic bottom waters, suggested by much higher resolution studies 374 

(Kolonic et al., 2005; Kuhnt et al., 2005; Keller et al., 2008), are not captured in our low-375 

resolution I/TOC record.  376 

I/TOC values are relatively low in sediments deposited before, during and after OAE 2 at 377 

Demerara Rise and Furlo, consistent with anoxic conditions as suggested by trace metal data, 378 
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N, biomarkers and Fe-speciation results at these two sites (Owens et al., 2016 and 2017; 379 

Hetzel et al., 2009; Turgeon and Brumsack, 2006). The presence of the biomarkers 380 

isorenieratane and chlorobactane suggest photic-zone euxinia during OAE 2 at the relatively 381 

shallow Site 1260 on Demerara Rise, where lycopane to n-alkane ratios much higher than those 382 

in modern OMZs indicate prolonged anoxia in the bottom water throughout late Cenomanian to 383 

early Turonian (van Bentum et al., 2009). Similarly at Furlo, Fe speciation and Mo 384 

concentrations in black shales are consistent with intermittent local ferruginous conditions prior 385 

to the event and euxinic conditions during the OAE itself (Owens et al., 2016; Bunte, 2009; 386 

Westermann et al., 2014; Jenkyns et al., 2007).   387 

 388 

4.5. Temporal changes in local I/TOC during OAE 2 389 

OAE 2 sediments, as defined by the 
13

C excursion, show lower I/TOC at all study sites 390 

(Fig. 6), most likely indicating widespread increase in planktonic carbon flux and less 391 

oxygenated bottom-water conditions. The two high-latitude sites, Kerguelen and South Ferriby, 392 
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have minimum I/TOC values of ~10-25 mol/mol during the OAE interval, which are 393 

significantly higher than the minimum I/TOC values at other sites (0–5 mol/mol). Therefore, it 394 

seems likely that the relatively more oxygenated bottom waters found at higher latitudes 395 

persisted during the OAE itself.  396 

The extent and timing of upper-ocean oxygenation changes indicated by I/Ca are 397 

commonly not synchronous when calibrated against the carbon-isotope curve that characterizes 398 

OAE 2 (Zhou et al., 2015). Compared to I/Ca records for near surface water conditions, I/TOC 399 

values for bottom water signals show slightly better covariance with the 
13

C profile through the 400 

OAE interval at almost all sites. It suggests that local bottom-water redox conditions were more 401 

synchronized to global organic-carbon burial. This result is unsurprising, because upper-ocean 402 

oxygenation (I/Ca) is heavily influenced by interactions with the atmosphere and ocean 403 

circulation, whereas bottom-water oxygenation during the OAE should reflect widespread 404 

organic-matter burial and oxygen consumption in the oceanic interior.    405 

 406 

4.6. I/TOC vs modeled seafloor oxygen 407 

The latitudinal oceanographic pattern of background I/TOC agrees with the bottom-water 408 

oxygenation simulated in Earth System Model cGENIE for the Late Cretaceous with a deeper 409 

Panama (Fig. 7)(Monteiro et al., 2012). The three sites with high I/TOC values (Kerguelen 410 

Plateau, South Ferriby, and Cape Verde Basin) were located in or near areas with modeled 411 

bottom-water oxygen higher than 100 mol/l (pre-OAE), whereas the other three sites are in 412 

areas with modeled seafloor oxygen below 50 mol/l. Most parts of the proto-North Atlantic 413 

were probably anoxic in the late Cretaceous, because the deep water in North Atlantic was likely 414 
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formed at relatively low latitudes during the Cretaceous Period, hence containing less oxygen 415 

(Monteiro et al., 2012).  416 

In the model of Monteiro et al. (2012), the northeast corner of the proto-Atlantic had 417 

relatively oxic water extending from the surface ocean to ~0.5 km (Zhou et al., 2015), consistent 418 

with the highest I/TOC at South Ferriby (Fig. 7). Kerguelen Plateau was located at high southern 419 

latitudes, where less extreme temperatures could have favored higher levels of dissolved oxygen 420 

in seawater and possible formation of bottom water near this location. Nd-isotope results suggest 421 

deep-water formation in the Indian sector of the Southern Ocean at least from the late Albian to 422 

the late Cenomanian (Murphy and Thomas, 2012), which may have delivered O2-rich deep water 423 

to Kerguelen, recorded as high I/TOC at this site.  424 

The background I/TOC values (>10 mol/mol) at Cape Verde are higher than expected, 425 

considering its low-latitude location. Interestingly, a modeled high O2 anomaly on the seafloor 426 

appeared persistently at the equatorial Western African margin, even in reconstructions where 427 

high-latitude bottom waters became almost anoxic (Monteiro et al., 2012). Regardless of the 428 

relatively high background I/TOC, given low pre-OAE FeHR/FeT and Mo/TOC ratios 429 

(Westermann et al., 2014) and the proximity to the modeled bottom-water O2 anomaly, the Cape 430 

Verde region was probably susceptible to the influence of anoxic bottom water, as suggested by 431 

rapidly declining I/TOC during the OAE that, in the mid-stage of the event, reached levels 432 

similar to those at Demerara Rise.  433 

 434 

4.7. Seawater iodine inventory 435 

The marine iodine inventory could have changed during the OAE 2 global organic-436 

carbon burial event, since the main output of iodine from seawater is organic matter in marine 437 
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sediments (Muramatsu and Wedepohl, 1998). There is no consensus as to whether iodine would 438 

be drawn down as was the case with redox-sensitive trace metals (Algeo, 2004; Ma, et al., 2014; 439 

Owens et al., 2016) or whether it would be more efficiently remobilized and recycled like 440 

phosphate (Mort et al., 2007b), regardless of differences in remobilization mechanisms. The 441 

iodine budget has implications for the interpretation of the carbonate I/Ca record because I/Ca 442 

values are affected by the total iodine concentrations in seawater (IO3
-
 + I

-
). Organically bound 443 

iodine concentrations (Iorg) may record, at least in part, the amount of buried iodine during OAE 444 

2.  445 

Average Iorg values are highest at the Kerguelen and Cape Verde sites (Fig. 6). South 446 

Ferriby has relatively low Iorg and low TOC, although it likely was well-oxygenated. These 447 

observations may indicate that the ideal sedimentary iodine sink in global ocean is relatively oxic 448 

and organic-rich settings, because strong iodine enrichments in surface sediments may require 449 

both high bottom water iodate concentrations and also abundant organic matters on seafloor as 450 

“substrate” to incorporate iodine. In this scenario, global marine iodine budget may be stabilized 451 

by the negative feedback between increasing organic matter production and decreasing oxic 452 

seafloor. Iorg was elevated at Kerguelen and Cape Verde during the OAE, regardless of 453 

decreasing I/TOC, possibly due to stronger iodine enrichment driven by more abundant organic 454 

matter on the seafloor, overpowering the effect of deoxygenation (lower bottom water iodate 455 

level). Iorg shows better correlation with TOC at Kerguelen and South Ferriby than at other sites 456 

during OAE 2, which may suggest that TOC becomes the main control for iodine enrichment 457 

when the bottom water is oxygenated (Fig. 8). At Furlo, Demerara Rise and Tarfaya, Iorg values 458 

either remain at the same level as those of the pre-OAE interval or decrease during the OAE. 459 

Thus, regions with more reducing bottom waters (i.e. low iodate level) were not able to enhance 460 
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iodine burial given higher local fluxes of organic matter, further supporting the idea that both 461 

bottom water iodate and organic matters are requisites for an efficient sedimentary iodine sink. 462 

Iorg and I/TOC are discussed separately as indicators for iodine inventory and oceanic 463 

oxygenation, respectively, but these parameters are likely influenced by both iodine budget and 464 

bottom water O2, and even additional factors (e.g., sedimentation rates). Quantitative 465 

reconstructions teasing apart these intertwined changes during the OAE would require more 466 

future work. 467 

 468 

5. Conclusions 469 

I/TOC correlates with bottom-water oxygenation as an empirical relationship in the 470 

modern ocean, although the mechanism is not clearly understood. We developed a method to 471 

extract organic iodine from small volumes of sediments to explore the potential of I/TOC as a 472 

paleo-redox proxy. This proxy was first tested in Holocene Baltic sediments. The results indicate 473 

that I/TOC is sensitive to hypoxic-anoxic conditions, potentially as a useful addition to existing 474 

well-established metal proxies for anoxic-euxinic conditions. I/TOC data from six sites across 475 

the Cenomanian–Turonian OAE 2 showed relatively more oxic conditions at high-latitude sites, 476 

consistent with other redox indicators and model simulations. Bottom waters became more 477 

reducing during OAE 2 at all sites, as illustrated by lower I/TOC values. Compared to upper-478 

ocean oxygenation indicated by carbonate I/Ca, temporal changes in bottom-water conditions 479 

were relatively synchronous with global organic-carbon burial and oxygen utilization in the 480 

ocean interior during OAE 2. Total organically bound iodine content (Iorg) did not show 481 

consistent changes through the OAE 2 interval at different sites, therefore no firm conclusions as 482 

to the possible extent of global iodine burial can be drawn from the available data. Relatively 483 
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organic-rich sediments deposited under oxygenated bottom-water conditions may be an 484 

important sink for seawater iodine on global scale.  485 
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Tables 821 

Table 1. Summary of redox proxy observations for OAE 2 at study sites.  822 

Site Proxies Pre-CIE CIE Post-CIE References 

D
em

er
ar

a 
R

is
e 

I/Ca Low I/Ca values   Zhou et al., 2015 

Trace metals Low Mn content 
Enrichment of Fe and 

Co, low Mn content 
Low Mn content 

Hetzel et al., 

2009 

Biomarkers 
Presence of 

lycopane 

Presence of 

Isorenieratane, 

chlorobactane and 

lycopane 

Presence of 

lycopane 

van Bentum, 

2009 

Foraminifera  
Low abundance in 

benthic foraminifera 
 

Friedrich et al., 

2006 

T
ar

fa
y

a 

I/Ca Low I/Ca values Low I/Ca values Low I/Ca values Zhou et al., 2015 

Iron 

speciation 
 

FeHR/FeT higher than 

0.38, FePy/FeHR 

fluctuating around 0.7 

(0.4-0.9) 

 
Poulton et al., 

2015 

Biomarkers  

Presence of 

Isorenieratane and 

chlorobactane 

Presence of 

Isorenieratane and 

chlorobactane 

Kolonic et al., 

2005; Poulton et 

al., 2015 

Foraminifera 

Low abundance of 

benthic 

foraminifera 

   

F
u

rl
o

 

I/Ca Low I/Ca values  Low I/Ca values  

Iron 

speciation 

FeHR/FeT higher 

than 0.38, 

FePy/FeHR lower 

than 0.8 

FeHR/FeT higher than 

0.38, FePy/FeHR lower 

than 0.8 

 
Westermann et 

al., 2014 

Trace metals  
High U, V, Mo contents, 

low Mn content 
 

Turgeon and 

Brumsack, 2006 

C
ap

e 
V

er
d

e 

B
as

in
 

Iron 

speciation 
 

FeHR/FeT higher than 

0.38, FePy/FeHR between 

0.1 and 0.7 

 
Westermann et 

al., 2014 

Trace metals High V contents High U, V, Mo contents  
Westermann et 

al., 2014 

K
er

g
u

el
en

 

P
la

te
au

 

Foraminifera  Barren foraminifera  
Holbourn and 

Kuhnt, 2002 

S
o

u
th

 F
er

ri
b

y
 

I/Ca 

High I/Ca suggest 

relatively 

oxygenated upper 

ocean 

I/Ca peaks may suggest 

local water oxygenation 

or invasion of iodate-rich 

waters 

High I/Ca suggest 

relatively 

oxygenated upper 

ocean 

Zhou et al., 2015 

Trace metals High Mn content 
Low Mn content suggest 

dysoxic bottom water 
High Mn content 

Turgeon and 

Brumsack, 2006 

823 
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Figures 824 

  825 

Figure 1. I/TOC of modern marine sediments plotted with bottom-water oxygen concentration 826 

immediately overlying the sea floor. The open circles are surface sediments of the southwest 827 

African continental shelf (Price and Calvert, 1973), tropical eastern Pacific and coastal areas of 828 

North Atlantic (Kennedy and Elderfield, 1987a). Closed circles are subsurface sediments from 829 

the Namibian shelf (Price and Calvert, 1977), Cascadia margin (Lu et al., 2008), and coastal 830 

areas of the tropical North Atlantic (Kennedy and Elderfield, 1987a). The highest I/TOC values 831 

in different groups of algae, average I/TOC values in plankton, and the range of OAE 2 I/TOC 832 

values are indicated as short arrows and a grey shading, respectively (Grimm, 1952). 833 

 834 



39 

 

 835 

Figure 2. Paleogeographic map for the Late Cretaceous. The beige shading represents continents, 836 

light blue neritic (shelf) seas, and dark blue deep sea. The six OAE 2 sections are divided into 837 

two groups; the green circles represent relatively reducing locations, and the red circles show 838 

relatively oxygenated ones. The full name is placed beside each site. The black dots mark the 839 

modeled upwelling regions from Topper et al. (2011), and the gray shading shows areas of 840 

prolonged euxinic conditions in the water column given in Jenkyns (2010). HA = High Arctic 841 

Large Igneous Province, CP = Caribbean Plateau. 842 

 843 
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 844 

 845 

Figure 3. (a). Iodine extraction results of the test run of two OAE 2 samples. Closed circles in red 846 

and maroon represent the sample from the pre-OAE interval; closed circles in green and blue are 847 

the two identical samples from within the OAE interval; and the open circles denote the KI 848 

standard. The plot shows changes in iodine concentration released from the samples with time. 849 

The dashed line and colored bars on top of each set of circles are the average value and standard 850 

deviation of the data. (b). Effect of sample mass on I/TOC values of the two OAE 2 samples. 851 

Legend is the same as figure (a).  852 
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 853 

Figure 4. TOC%, FeT/Al, FeHR/FeT, (Fepy+FeAVS)/FeHR, I/TOC, and Iorg record for the upper 35 m 854 

of the Landsort Deep core in the Baltic Sea. Yellow boxes represent euxinic conditions, 855 

representing ~2 m, 4.3–7.3 m, and 19.5–26.75 m from the top to the bottom. The gray boxes 856 

indicate lacustrine sediments between 25–35 m. TOC% and Fe speciation data are from Hardisty 857 

et al. (2016).  858 

 859 

Figure 5. FeT/Al, FeHR/FeT, (Fepy+FeAVS)/FeHR, and Mo concentration plotted against I/TOC 860 

through the upper 25 m of the Landsort Deep core in the Baltic Sea. The vertical dashed lines in 861 

each plot indicate I/TOC values at 115 mol/mol, and horizontal lines in each plot represent 862 

FeT/Al, FeHR/FeT, (Fepy+FeAVS)/FeHR, and Mo concentration of 0.75, 0.38, and 0.6, respectively 863 

(Hardisty et al., 2016).  FeT/Al, FeHR/FeT, (Fepy+FeAVS)/FeHR, Mo concentration above these 864 

thresholds suggest euxinic conditions.   865 
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Figure 6. Stratigraphic records of 
13

C, I/TOC, Iorg, and TOC at the six study sites. I/TOC and Iorg 867 

data are from this study, 
13

C and TOC data are from Holbourn and Kuhnt (2002); Kuypers et al. 868 

(2002); Tsikos et al. (2004); Erbacher et al. (2005); and Jenkyns et al. (2007). The yellow boxes 869 

bracket the CIE or part of the CIE at each site. 870 

 871 

 872 

Figure 7. Pre-CIE average I/TOC values plotted against modeled bottom-water oxygen for the 873 

Late Cretaceous with a deeper Panama, after Monteiro et al. (2012). Vertical error bars represent 874 

the standard deviation of the average pre-CIE I/TOC value from each site; horizontal error bars 875 

are calculated from the surrounding modeled bottom-water O2 concentrations of each site.  876 
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 878 

Figure 8. Organically bound iodine concentration in bulk sediment (Iorg) plotted against 879 

corresponded TOC content for samples deposited during OAE 2. Iorg data are from this study; 880 

TOC data are from published papers. Circle data points in green, royal blue, dark cyan, red, 881 

orange, and maroon colors represent the sites of Demerara Rise, Furlo, Tarfaya, Kerguelen 882 

Plateau, Cape Verde Basin, and South Ferriby, respectively. The colored lines across each data 883 

set are linear fittings with R
2
 indicated in an adjacent position. 884 
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