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Carbonate-associated iodine (I/Ca) has been used as a proxy of local, upper-ocean redox conditions, and has suc-
cessfully demonstrated highly dynamic spatial and temporal patterns across different time scales of Earth history.
To further explore the utility of iodine as a paleo-environmental proxy, we present here a new method of
extracting organically bound iodine (Iog) from shale using volumes of samples on the order of tens of milligrams,
thus offering the potential for high-resolution work across thin shale beds. The ratio of I, to total organic carbon
(I/TOC) in modern surface and subsurface sediments decreases with decreasing bottom-water oxygen, which

Keywords:

1/TOC may be used to reconstruct paleo-redox changes.

Bottom water As a proof of concept, we evaluate the I/TOC proxy in Holocene sediments from the Baltic Sea, Landsort Deep
OAE 2 (IODP 347) and discuss those data within a framework of additional independent redox proxies, e.g., iron speci-
Black shale ation and [Mo]. The results imply that I/TOC may be sensitive to hypoxic-suboxic conditions, complementary to
Baltic proxies sensitive to more reducing, anoxic—euxinic conditions. Then, we test the usage of I/TOC in sediments de-

posited during Late Cretaceous, Cenomanian-Turonian Oceanic Anoxic Event (OAE) 2 from ~94 million years ago
(Ma). We generated I/TOC and I, records from six OAE 2 sections: Tarfaya (Morocco), Furlo (central Italy), Dem-
erara Rise (western equatorial Atlantic), Cape Verde Basin (eastern equatorial Atlantic), South Ferriby (UK), and
Kerguelen Plateau (southern Indian Ocean), which provide a broad spatial coverage. Generally, I/TOC decreases
over the interval recorded by the positive carbon-isotope excursion, the global signature of OAE 2, suggesting an
expansion of more reducing bottom-water conditions and consistent with independent constraints from iron
speciation and redox-sensitive trace-metals (e.g., Mo). Relatively higher I/TOC values (thus more oxic conditions)
are recorded at two high latitude sites for OAE 2, supporting previous model simulations (cGENIE) that indicated
higher bottom water oxygen concentrations in these regions. Our results also indicate that organic-rich and ox-
ygenated seafloors are likely a major sink of iodine and correspondingly influence its global seawater inventory.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction Hardisty et al,, 2017; Lu et al,, 2010; Lu et al., 2016; Owens et al.,
2017; Zhou et al., 2015). Sedimentary organic matter is a large iodine
reservoir in Earth's crust (Muramatsu and Wedepohl, 1998). Previous

work has demonstrated the potential for ratios of organic iodine to

1.1. Iodine marine geochemistry and iodine proxies

lodine is a redox-sensitive element (e.g., Wong, 1980), and carbon-
ate I/Ca is a relatively new proxy for redox reconstructions in the
upper ocean, sensitive to the transition between oxic and suboxic
([02] < 5 umol/kg; Gilly et al., 2013) conditions (Hardisty et al., 2014;
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TOC to distinguish bottom water redox conditions by evaluating iodine
contents of organic-rich sediments from anoxic and well-oxygenated
basins (Calvert and Pedersen, 1993; Price and Calvert, 1973). In this
study, we build on this context and explore the potential of using
the ratio between organically bound iodine and total organic carbon
(I/TOC) as a proxy for paleo-redox conditions in ancient organic-rich
sediments.
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lIodine concentrations in modern seawater are relatively uniform
around 0.45 pmol/I (Elderfield and Truesdale, 1980). lodate is thermo-
dynamically stable and is the predominant iodine species in oxygenated
seawater (Tsunogai, 1971; Wong, 1980). lodate is slightly depleted in
surface ocean waters, due to the uptake by phytoplankton, and remains
at a constant concentration in a fully oxygenated water column (e.g.,
Bluhm et al., 2011). Marine planktons take up iodine in the surface
ocean at an average stoichiometry of 140 4 80 pmol/mol relative to car-
bon (I/TOC) (Elderfield and Truesdale, 1980), although the uptake
mechanisms are not clear. The presence of iodide (the reduced iodine
species) in the surface ocean may be associated with reduction of iodate
mistaken for nitrate by the enzyme nitrate reductase (Tsunogai and
Sase, 1969). However, Waite and Truesdale (2003) challenged this hy-
pothesis, claiming that iodate reduction in some marine microalga
could be independent of the presence or absence of nitrate reductase
activity.

lodine can be enriched in marine sediments relative to phytoplank-
ton. The enrichment mainly happens at the seafloor rather than in the
water column (Price and Calvert, 1973). lodine concentrations in
exported particles may even decrease while sinking through the water
column (e.g., from 200-300 to 100-200 ppm; Brewer et al., 1980;
Wong et al., 1976), a process that may be associated with oxidation of
organic matter. At the seafloor, I/TOC values of surface sediments de-
pend on the bottom water oxygen condition. lodine is enriched in the
organic fraction (not in mineral phases) of sediments deposited under
well-oxygenated bottom water, yielding sediment I/TOC values up to
~2500 umol/mol (Fig. 1) (Kennedy and Elderfield, 1987b; Price and
Calvert, 1973). Locations with oxygen-depleted bottom waters have
lower I/TOC (Price and Calvert, 1973), on the same order of magnitude
as the average I/TOC in plankton (Elderfield and Truesdale, 1980).1/TOC
decreases rapidly from surface to subsurface sediments (<1 m) at oxy-
genated sites, whereas the ratios remain relatively stable at sites with
low bottom water oxygen contents (Price and Calvert, 1977). Price
and Calvert (1973) predicted that the contrasting burial behavior of io-
dine in oxidizing versus reducing environments should be recorded in
ancient sediments.

The measurements of sedimentary iodine concentrations in these
earlier investigations (e.g., Price and Calvert, 1973) do not differentiate
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Fig. 1. I/TOC of modern marine sediments plotted with bottom-water oxygen
concentration immediately overlying the seafloor. The open circles are surface
sediments of the southwest African continental shelf (Price and Calvert, 1973) and
tropical eastern Pacific and coastal areas of North Atlantic (Kennedy and Elderfield,
1987a). Closed circles are subsurface sediments from the Namibian shelf (Price and
Calvert, 1977), Cascadia margin (Lu et al., 2008) and coastal areas of the tropical North
Atlantic (Kennedy and Elderfield, 1987b). The range of OAE 2 I/TOC values are indicated
as a gray shading. Note that the y-axis is log scale.

iodine associated with organic matter, carbonate or residual porewater,
although organic matter was generally thought to drive the signals. To
simplify discussion, we treat the total sedimentary iodine to organic car-
bon ratios presented in the literature as organic I (I/TOC). Thus, the data
from our literature review compiled in Fig. 1 serve as an approximation
rather than a quantitative calibration between oxygen and [/TOC. Echo-
ing the conceptual steps taken during the development of the I/Ca
proxy, we (1) optimized the method by developing a new scheme for
extracting iodine associated with marine organic matter especially
well-suited to paleo-environmental reconstruction, (2) validated the
sensitivity of I/TOC to local anoxia in the Baltic Sea (Holocene) in the
context of other well-established proxies, and (3) applied I/TOC to mul-
tiple geologic sections recording a prime example of large-scale global
deoxygenation event in relatively deep geologic time (Cretaceous OAE
2).

1.2. Holocene Baltic Sea

The Baltic Sea is among the world's largest anoxic basins. A sill at the
Danish Straits acts as the only marine connection. This barrier, in com-
bination with a positive water balance, leads to salinity stratification
in the Baltic. Paleo-redox records indicate that transitions between
water column hydrogen sulfide accumulation (euxinia) and less reduc-
ing redox state have occurred over the Holocene history of the Baltic Sea
(Hardisty et al., 2016; Jilbert and Slomp, 2013). In this study, we evalu-
ate [/TOC from Holocene sediments of the currently euxinic Baltic sub-
basin Landsort Deep—which is among the deepest and currently most
reducing regions in the modern Baltic. These sediments were collected
during IODP Expedition 347 (Andrén et al., 2015).

1.3. Cretaceous Oceanic Anoxic Event 2

Oceanic Anoxic Events (OAEs) are characterized by globally distrib-
uted marine deposition of organic-rich sediments known colloquially as
black shales (Schlanger and Jenkyns, 1976; Jenkyns, 1980; Arthur et al.,
1990; Jones and Jenkyns, 2001; Jenkyns, 2010). Black shales typically re-
sult from the combination of increased primary productivity coupled
with enhanced preservation of organic matter in oxygen-depleted envi-
ronments (e.g., Arthur et al., 1988; Demaison and Moore, 1980;
Schlanger et al., 1987). The enhanced global burial of isotopically light
organic carbon in terrestrial and marine reservoirs can be fingerprinted
by a positive carbon-isotope excursion (CIE) spanning this event
(Barclay et al., 2010; Hasegawa, 1997; Jarvis et al., 2011; Tsikos et al.,
2004).

OAE 2 at the Cenomanian-Turonian boundary and other OAEs have
been linked to the eruption of large igneous provinces (LIPs), which re-
leased CO, to the atmosphere, increasing atmospheric temperature and
strengthening the hydrological cycle (e.g., Adams et al., 2010; Jenkyns,
2003; Kerr, 1998; Kuroda et al., 2007; Turgeon and Creaser, 2008). As
a result, weathering rates of continental and exposed oceanic crust in-
creased (Bldttler et al., 2011; Jenkyns et al, 2017; Pogge von
Strandmann et al.,, 2013), which delivered more nutrients to the oceans
and stimulated marine productivity. Enhanced productivity shuttled
more organic matter to greater depth, which in turn consumed more
dissolved oxygen and induced oceanic deoxygenation in many
regions—and the related enhanced preservation of the organic matter
was a positive feedback that further favored the widespread burial of or-
ganic carbon (Jenkyns, 2003, 2010; Owens et al.,, 2016).

A wide range of proxies have been used to track water-column redox
conditions. Biotic proxies such as foraminiferal assemblages provide in-
dications of dissolved oxygen levels (Bomou et al., 2013; El-Sabbagh et
al,, 2011; Friedrich et al., 2006; Gertsch et al., 2010; Reolid et al., 2015;
Takashima et al., 2009). Trace-metal enrichment and Fe-speciation
data from bulk shale have also proven to be powerful tools to character-
ize redox changes during OAE 2 (van Helmond et al., 2014; Jenkyns et
al.,, 2017; Junium et al.,, 2015; Owens et al., 2016; Poulton et al., 2015;
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Scopelliti et al., 2006; Tribovillard et al., 2012; Westermann et al.,, 2014)
and specifically allow us to track the presence or absence of euxinia dur-
ing this event (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009;
Poulton and Canfield, 2005; Poulton and Canfeld, 2011). Biomarkers
(e.g., isorenieratane) indicate euxinia in the photic zone in proto-
North and South Atlantic Ocean during OAE 2 (Hetzel et al., 2011;
Kuypers et al., 2002; Pancost et al., 2004; Sinninghe Damsté and
Koster, 1998). Pyrite framboids of micron scale in some Tethyan se-
quences (Italy) similarly suggest at least intermittent presence of free
hydrogen sulfide in the water column at the same time (Jenkyns et al.,
2007).

2. Study sites

As a proof-of-concept, we measured I/TOC ratios in a Holocene core
of organic-rich, laminated sediments from a currently euxinic sub-basin
of the Baltic Sea, Landsort Deep—specifically, Site M0063 of Integrated
Ocean Drilling Program (IODP) Expedition 347 (Andrén et al., 2015;
Hardisty et al., 2016). The sediments from this study were piston
cored. Further drilling details are available in Andrén et al. (2015). In
some cases, samples were collected directly onboard within hours of
coring and immediately heat-sealed in N»-flushed bags. For most sam-
ples, however, the cores were immediately sealed on deck and stored
at 4 °C until sample collection at MARUM in Bremen, Germany, where
the subsamples were heat-sealed in N,-flushed bags within hours of
core exposure to ambient atmosphere. The sediments are organic-rich
(ranging from 2 to 8 wt% TOC) and laminated throughout the interval
of interest, consistent with infaunal asphyxiation excluding benthic
habitation. During the IODP expedition, no calcified fossil assemblages
were found throughout the entire sequence of interest (Andrén et al.,
2015) and pore water modeling suggests that most of the observed car-
bonate represents authigenic Fe/Mn carbonate minerals (e.g., siderite
and rhodochrosite; Hardisty et al., 2016).

7 4

Our samples span from a depth of 0.7 to 35 m and are all currently
below the depth of active sulfate reduction and sulfide accumulation,
with pore fluids hosting methane accumulation and extremely high al-
kalinity (up to 60 meq/I) from organic carbon remineralization (Andrén
et al., 2015; Hardisty et al., 2016). We compared I/TOC data from
Landsort Deep to previously published Mo concentrations and Fe speci-
ation results from the same samples that indicate two past euxinic pe-
riods overlapping with intervals of enhanced organic-carbon burial
(TOC up to 8 wt%) (Hardisty et al., 2016), providing both a multi-
proxy comparison and a paleo-environmental context.

We studied OAE 2 in six sections that capture different environmen-
tal settings (Fig. 2). Five out of six sites are in the proto-North Atlantic
or western Tethys, and one site is from the Southern Ocean. Although
all of these sites contain layers of organic-rich sediments, local
paleoenvironments vary, including different oceanographic settings,
latitudes, water depths, and behaviors of redox-sensitive trace ele-
ments. This sample collection provides a comprehensive framework
for exploring iodine cycling during OAE 2.

A well-preserved sequence of glauconitic calcareous sandstone and
organic-rich chalks was cored at Ocean Drilling Program (ODP) Leg
183 Site 1138 on the western margin of the central Kerguelen Plateau,
a large Early Cretaceous oceanic igneous plateau in the paleo-Indian
Ocean sector of the Southern Ocean at a modern water depth of
1141 m (Coffin et al., 2000; Holbourn and Kuhnt, 2002; Murphy and
Thomas, 2012). Hole 1138A was rotary cored in 1999 with ~698 m of
sediments recovered, and six sedimentary lithologic units were defined
(Coffin et al., 2000). Our samples fall in Unit IV, of Cenomanian to mid-
Campanian age, right above the boundary of Unit IV and V (Coffin et al.,
2000). The sediments from the Kerguelen Plateau studied here consist
of ~1 m of black organic-rich claystones, virtually barren of calcareous
foraminifera during OAE 2, although the overlying sediments contain
moderately to well-preserved species (Holbourn and Kuhnt, 2002).
The sediments we studied comprise mostly black shale, including the
recovery stage of the CIE, as is shown in the organic-carbon isotope
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Fig. 2. Paleogeographic map for the Late Cretaceous. The beige shading represents continents, light blue neritic (shelf) seas, and dark blue deep seas. The six OAE 2 sections are divided into
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data from Coffin et al. (2000) and Holbourn and Kuhnt (2002), as well as
TOC and CaCOs3 percentage data. The average TOC content at this section
is 7.7%, which is intermediate among all the six studied sites, which
range from 2.4% to 24.0%. CaCOs percentage remains close to zero for
most of the CIE and recovers to ~40% at the end of the excursion, sug-
gesting low production and/or low preservation of carbonate during
the event.

All other sites are in the pelagic proto-North and equatorial Atlantic
Ocean and its continental margins. Deep Sea Drilling Project (DSDP) Leg
41 Site 367 is located at the base of the continental rise in the Cape
Verde Basin, 330 km west of the African coast, at a current water
depth of 4748 m and a paleodepth of 3700 m (Chenet and
Francheteau, 1980; Lancelot et al., 1977; Westermann et al., 2014).
The core was drilled in 1975, and seven lithological units were drilled.
Our samples are from subunit 4a, which comprises mostly black shale,
of late Aptian/eary Albian to early Turonian age (Lancelot et al., 1977).
Detailed information can be found in Lancelot et al. (1977). The sedi-
ment in this study consists of black, organic-rich shale interbedded
with silty turbidites and TOC that ranges from 4% to 48% (Jones et al.,
2007; Lancelot et al., 1977). Clay and organic debris are common, with
rare pyrite, traces of bioturbation, foraminifera and nannofossils
(Lancelot et al., 1977). Our study of this core covers the early stage of
the CIE and several meters below. The organic carbon isotopes and
TOC data are from Kuypers et al. (2002). The maximum TOC value is
the highest among the six studied sections.

Tarfaya, in southwest Morocco, is a section of organic-rich, shallow-
marine sediments that span the Cenomanian-Turonian boundary
(Kolonic et al., 2005). Core S57 (drilled by the Moroccan State Oil Com-
pany and Shell during exploration in the late 1970s and early 1980s;
Kolonic et al., 2005) records the deepest part of the basin with a recon-
structed paleo-water depth of ~250-300 m. The core comprises ~37 m
of organic-rich calcareous sediment containing planktonic foraminifera
and nannofossils, with light- and dark-colored layers that alternate at a
decimeter scale (Tsikos et al., 2004). §'>C and TOC data are from Tsikos
et al. (2004). TOC (wt%) fluctuates between 0 and 15% for most of the
section, with a peak value of 25% corresponding to the early stage of
the CIE. Other dominant sedimentary components in this section in-
clude carbonate, finely dispersed biogenic silica, and clay (Leine, 1986;
Tsikos et al., 2004).

The Furlo section of the pelagic Scaglia Bianca Formation was depos-
ited at ~20°N in western Tethys, central Italy (Lanci et al., 2010). The
lower 17.5 m of the section consists of rhythmically developed, light
gray foraminiferal-nannofossil limestones, locally with pink, gray and
black cherts—the latter associated with thin (sub-cm-scale) laminated
black shale in parts of the section and TOC of up to ~20% (Gambacorta
et al., 2015; Jenkyns et al., 2007; Mitchell et al., 2008; Mort et al.,
2007a; Turgeon and Brumsack, 2006). This limestone sequence is over-
lain by the Bonarelli Level, recording the impact of OAE 2, characterized
by interbedded black laminated organic-rich shale (TOC 0.5-18%), gray
claystone, and brown radiolarian sand, with a total thickness of ~1 m. A
low-resolution organic 6'>C record shows a gradual up-section rise from
—26.5%. to —25.5%. in sediments below the Bonarelli Level, with values
increasing abruptly to —23.5%. at the onset of the positive CIE and fluc-
tuating between —24 and —23%. through that organic-rich interval
(Jenkyns et al., 2007).

South Ferriby is located in Lincolnshire, northeast UK, and its sedi-
ments (chalk) were deposited on a shallow epicontinental pelagic
shelf, adjacent to the proto-Atlantic Ocean. This section has been stud-
ied before, and carbon isotope and TOC data are from Jenkyns et al.
(2007). The section comprises relatively condensed organic-lean fora-
miniferal-nannofossil carbonates with TOC mostly between 1 and 2%,
interrupted by a thin (~10 cm) layer of organic-rich (max. TOC =
~8%) and laminated marls (Jenkyns et al., 2007; Pogge von
Strandmann et al., 2013). The organic carbon-isotope profile gradually
decreases upwards from —23 to —25%. in the studied interval, captur-
ing the recovering stage of the positive CIE.

Site 1258 (ODP Leg 207) is situated on the northwest slope of Dem-
erara Rise adjacent to Suriname and French Guyana in the western
equatorial Atlantic Ocean, currently located at a water depth of
3192 m (Erbacher et al.,, 2004; Friedrich et al., 2006). The Cenomanian
to Turonian sequence consists mainly of laminated, organic-rich, black
shales with local occurrence of limestones, chert, and phosphatic nod-
ules and well-preserved fish debris (Hetzel et al., 2009). Clay content
varies throughout the section, and the carbonate content is usually
equal to or <50% in these organic-rich layers, with TOC contents of
~0.5 to 25% (Erbacher et al., 2004). The abundance of foraminifera varies
drastically among the laminae (Nederbragt et al.,, 2007).

3. Methods

Various methods have been used previously to decompose and ex-
tract total iodine from sediment samples, such as dry ashing/alkaline fu-
sion, microwave-assisted digestion, and combustion (Brown et al.,
2005; Knapp et al., 1998; Romaris-Hortas et al., 2009; Tinggi et al.,
2011). The sample masses required for these methods are usually larger
than 100 mg (e.g., Hu et al., 2007; Knapp et al., 1998; Tullai et al., 1987),
which are unsuitable for producing high-resolution paleo-records. Here,
we develop a new method for extracting organic iodine using much
smaller samples of ~20 mg. Extraction methods for modern environ-
mental samples like soils (e.g. Hu et al., 2007) may not be ideal for an-
cient marine sediments for a number of reasons, such as the lack of a
decarbonation step and possible residual iodine in refractory organic
matter. We found, in a preliminary experiment, that older samples gen-
erally need longer digestion time for complete extraction of iodine. To
address this issue, we chose two OAE 2 samples to identify the appropri-
ate incubation time for the majority of the samples in this study. One is
from a pre-OAE interval, the other is from within the OAE interval itself.

Fine powders of sediment were weighed on a microbalance,
decarbonated by adding 3% (v/v) nitric acid and then thoroughly rinsed
with DI (deionized) water for five times to remove any residual inor-
ganic iodine. The decarbonated samples were transferred into Teflon
vials and mixed with 2 ml of tetramethylammonium hydroxide
(TMAH 25% in H,0, Sigma-Aldrich TraceSELECT®). The vials were
sealed tightly and heated in the oven at 90 °C. The heating and digestion
of the two OAE test samples were carried out for 30 days to identify the
appropriate heating time. The sealed vials were sonicated in a water
bath for 1 h daily. Approximately 20 pl of solutions were subsampled
from each Teflon vial and diluted with DI water for preservation in a re-
frigerator. Sub-sampling was carried out one to five times a week during
the entire heating period. lodine concentrations were measured in the
sub-sampled solutions to determine the incubation time required for
the OAE 2 samples. A potassium iodide solution was set up as a control
and processed with the same method as the OAE 2 samples.

We also investigated the potential effect of sample mass on mea-
sured I/TOC values. Well-homogenized samples were weighed to ~5,
10,20, 30, 40, and 50 mg and then treated following the same extraction
method adopted for all the OAE 2 samples. Any systematic changes in I/
TOC related to small sample weight would have implications on future
higher resolution studies.

The bulk-rock samples from six OAE 2 sections were processed using
the same method as described above, except that the sub-sampling was
skipped, and the heating time was shortened to 20 days, which was
demonstrated to be sufficient to completely extract iodine from the
samples (Fig. 3). Before iodine analysis by ICP-MS, the stored solutions
were mixed with a freshly made matrix containing internal standards.
Potassium iodide (KI, Alfa Aesar, 99.99% in purity) was dissolved and di-
luted to make calibration standards. The standard deviation for each
measurement was mostly <1% and was always <5%. I/TOC values
were reported as measured I,rg concentration over the TOC content.
Iorg values represent organically bound iodine content in the bulk rock.
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Fig. 3. (a). lodine extraction results of the test run of two OAE 2 samples. Closed circles in
maroon and diamonds in red represent the sample from the pre-OAE interval; closed
circles in olive and diamonds in light green are the two identical samples from within
the OAE interval; and the asterisks denote the KI standard. The plot shows changes in
iodine concentration released from the samples with time. The dashed line and colored
bars on top of each set of circles are the average value and standard deviation of the
data, respectively. (b). Effect of sample mass on I/TOC values of the two OAE 2 samples.
Diamonds in red and circles in green represent pre-OAE and OAE samples, respectively.

4. Results and discussion
4.1. Method development

The iodine concentrations in subsampled solutions increased in the
first 20 days and remained almost constant afterwards (Fig. 3a). This re-
sult suggests that incubation for 20 days is sufficient to extract iodine
from organic matter. The variation in KI concentrations (RSD = 5%) re-
flects the uncertainty in subsampling, preservation and measurement of
iodine on the ICP-MS. The small variation suggests that there was no
major loss through volatilization during the experiment (Fig. 3a).

The sample size experiment shows relatively constant [/TOC values
with sample masses from 5 to 50 mg (Fig. 3b). The standard deviation
of each set of I/TOC values are 6.6% and 5.1% for the pre-OAE and OAE
samples respectively. All the OAE 2 samples were of ample size, and
thus we chose a medium amount, ~20 mg, of well-homogenized pow-
der for reconstructing stratigraphic trends. However, samples as small
as 5 mg appear to be sufficient for future high-resolution work.

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

We begin this discussion by exploring the I/TOC proxy in light of pre-
vious work. The positive correlation between I/TOC and bottom-water

oxygenation in recent sediments (Price and Calvert, 1973) (Fig. 1) re-
veals the potential for this proxy to reconstruct paleo-redox near the
seafloor using ancient sediments. However, it is important to discuss
the fundamentals and limitations of I/TOC as an oxygenation indicator
in terms of (1) the mechanisms behind the correlation between sur-
face-sediment I/TOC and bottom-water oxygen level, (2) preservation
of primary [/TOC signal (and inferred oxygen gradients) during early
diagenesis among different sites in shallow subsurface sediments, and
(3) the influence of long-term burial.

The enrichment of iodine in oxic surface sediments (relative to ma-
rine plankton) has generally been linked to organic matter. Price and
Calvert (1973) speculated that this enrichment is related to iodine sorp-
tion onto the organic fraction, controlled by unspecified enzyme reac-
tions at the surface of dead cells that occur only in an oxidizing
environment. Ullman and Aller (1985) proposed that I03” may adsorb
to Fe-oxyhydroxides on the surface of oxic sediments. A leaching exper-
iment of surface sediments using a wide range of chemicals (organic/in-
organic and acidic/base) led to the conclusion that iodine is specifically
bound to N-iodoamides in polypeptides or chitin (Harvey, 1980).
Francois (1987) reported laboratory experiments demonstrating that
[/TOC of humic materials increased significantly after exposure to 103
under oxygenated conditions. No increase of I/TOC was observed
when I~ was added to humic materials, and oxyhydroxides only played
asecondary role. Therefore, uptake of iodate by humic materials is prob-
ably the most likely mechanism for iodine enrichment in oxic surface
sediment.

During early diagenesis, significant decreases in I/TOC are observed
just below the sediment-water interface in sediments beneath an oxic
water column, with values steadily decreasing to near-constant values
within 0.5-2.5 m below the sediment-water interface, which was
interpreted as preferential release of iodine relative to carbon (Price et
al., 1970; Price and Calvert, 1977). Francois (1987) provided evidence
for substitution of iodine by other anions (including HS™) during early
burial, causing the observed decrease in I/TOC. Low-oxygen sites show
a more stable I/TOC depth profile in shallow subsurface sediments
(Price and Calvert, 1977).

Higher I/TOC ratios seem to be preserved in subsurface sediments
under relatively well-oxygenated bottom waters compared to oxygen-
depleted waters, likely controlled by availability of humic materials
and bottom-water iodate concentrations (Fig. 1). We do not recom-
mend calibrating I/TOC values from modern surficial sediments to a spe-
cific bottom-water O, concentration to apply the calibration to deep
time, since no known mechanism indicates chemical equilibrium be-
tween organically bound iodine and bottom water O, (Francois,
1987). However, it may be possible to evaluate relative changes in I/
TOC at multiple ancient sites as a qualitative tracer for O, in the bottom
water.

[/TOC data in ancient sediments cannot be compared directly
with those in modern sediments due to iodine loss during diagenetic
alteration of organic matter. I/TOC values of the OAE 2 samples are
more than an order of magnitude lower than those in modern sub-
surface sediments of similar redox conditions (Fig. 1), possibly indi-
cating preferential loss of iodine during the burial of organic matter
over tens of millions of years (Francois, 1987). Nevertheless, there
is potential for recording at least first-order spatial and temporal
patterns in bottom-water oxygen using I/TOC values in the sedi-
ments deposited during OAEs and other ancient systems by analogy.
OAE 2, characterized by widespread deposition of organic-rich sedi-
ments, along with modern-recent sediments from the Baltic, pro-
vides an ideal opportunity to test the fidelity of this new proxy.
Given that the hypoxic-anoxic redox window is where this proxy
behaves with greatest sensitivity, as documented in modern sys-
tems, [/TOC may be complementary to other proxies for bottom-
water redox better suited to more strongly reducing conditions,
such as Fe speciation and concentrations of redox-sensitive trace
metals.
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4.3. Proxy validation in Holocene sediments from the Baltic Sea

The Landsort Deep is a modern anoxic basin with bottom water hy-
drogen sulfide accumulation (euxinia) and is among the most reducing
sub-basins in the modern Baltic Sea. Holocene sediments are laminated
and have large variations in TOC, Fe geochemistry (Fet/Al, Feygr/Fer, and
(Fepy + Feavs)/Fenr: Fer = total iron; Feyr = highly reactive iron, spe-
cifically carbonate associated iron, ferric oxyhydroxides, magnetite, and
pyrite; Fe,, = pyrite iron; Feays = acid volatile sulfides), and Mo con-
centrations confined to distinct intervals (Fig. 4). Elevated Fer/Al and
Feyr/Fer ratios are diagnostic of anoxic water columns (Algeo and
Lyons, 2006; Raiswell and Canfield, 1998), and when these Fe enrich-
ments overlap with Mo enrichments of >25 and (Fep,, + Feays)/Feug ap-
proaching 1, they are diagnostic of euxinic bottom waters (Algeo and
Lyons, 2006; Poulton and Canfeld, 2011). Previous work has shown
that the two periods of elevated TOC in our Landsort Deep profile over-
lap with large-scale Baltic anoxic events: the Medieval Climate Anomaly
(MCA; 1.25-0.8 ka) and the Holocene Thermal Maximum (HTM; 8-
4 ka) (Andrén et al., 2015; Hardisty et al., 2016). The elevated Fe and
Mo data from these same periods (Fig. 4) uniquely indicate euxinia at
Landsort Deep, analogous to water column conditions today (Hardisty
et al,, 2016; Noordmann et al., 2015).

Most of the I/TOC values through this section are <100 pumol/mol
(Fig. 4), falling into the hypoxic to anoxic range based on the compiled lit-
erature data in Fig. 1. The Landsort Deep comparison of I/TOC, Fe specia-
tion, and Mo paleo-redox proxies highlighted the critical fact that I/TOC
values did not increase during periods independently inferred to be
euxinic, which is consistent with iodate reduction preceding the reduc-
tion of Fe and sulfate (Rue et al., 1997). A cross-plot of I/TOC versus
trace-metal proxies (Fig. 5) demonstrates that high I/TOC values are in-
stead sensitive to the transition from hypoxic to anoxic condition while
Fe speciation and Mo enrichment patterns distinguish between the pres-
ence of and lack of euxinia. This observation provides further validation
for the ability of sedimentary I/TOC to record paleo-redox under less re-
ducing conditions. I/TOC shows a pulsed increase at ~2-3 m during the in-
terval between the two most recent euxinic periods overlapping with the
MCA and modern sediments (Fig. 4). We emphasize that the pulse of high
I/TOC is not within surficial sediments and is unlikely to be a diagenetic
artifact of decreasing sedimentary iodine following progressive organic-
matter remineralization (see previous section). The shallowest sample
from this section is at 0.7 m with an I/TOC value of 102 pmol/mol, whereas
the increase in I/TOC was observed directly below this sample (Fig. 4).
Rather than diagenetic overprints, this I/TOC pattern likely reflects a peri-
od with relatively oxygenated bottom waters compared to the over- and
underlying euxinic periods in the Landsort Deep.

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

We report I/TOC and ¢ data across OAE 2 deposited at six sites
(Figs. 2 and 6). 6'3C and TOC data are plotted for each site (Fig. 6). Firstly,

we discuss the spatial pattern of I/TOC during the background—that is,
above and below the OAE 2 sediment. Subsequently, we discuss the
temporal changes of I/TOC at individual sites. A summary of multiple
redox proxies for each site can be found in Table 1.

I/TOC values for the pre- and post-OAE intervals display a wide
range, from ~1 to >50 umol/mo], effectively separating the study sites
into two groups. Sites with background I/TOC < 5 umol/mol appear to
be located at low latitudes (Tarfaya, Furlo and Demerara Rise), with
the exception of the Cape Verde Basin. Based on these contrasting I/
TOC values, we suggest that bottom water was more oxic at the high-
latitude sites and Cape Verde Basin, before and after the OAE, whereas
most low-latitude sites had relatively oxygen-depleted bottom waters.

Two sites at higher latitudes (Kerguelen Plateau and South Ferriby)
display background I/TOC of ~15-50 pmol/mol. Benthic foraminiferal
assemblages at Kerguelen Plateau suggest that the bottom waters
might have been generally oxygenated with episodes of short-term
dysoxia ([0,] = 4.5-45 pmol/kg; Rhoads and Morse, 1971) (Coffin et
al., 2000; Holbourn and Kuhnt, 2002). The faunal data independently
suggest a predominance of oxygenated conditions in agreement with
relatively high I/TOC values at this site. No proxy data are available in
the literature directly addressing the bottom-water conditions at
South Ferriby, although several studies implied a latitudinal increase
in seafloor oxygenation from the tropical sites to the North Atlantic
and Northern Tethyan margins (van Helmond et al., 2014; Kuhnt and
Wiedmann, 1995; Westermann et al., 2010, 2014). The high I/TOC at
South Ferriby (northernmost marginal Atlantic site, in the European pe-
lagic shelf sea) agrees with such a pattern. The background I/TOC at
Cape Verde Basin is about 10-20 pmol/mol, which is lower than the
range for Kerguelen Plateau and South Ferriby, indicating less oxic bot-
tom waters before the OAE. Feyr/Fer values were steadily near 0.38 dur-
ing that time (Westermann et al., 2014), a transitional state between the
oxic and anoxic end-member sites, coinciding with its intermediate I/
TOC values among the six sites.

Elevated concentrations of redox sensitive trace metals concentra-
tions (e.g., Zn, V, and Mo) and repetitive deposition of laminated organ-
ic-rich sediments indicate suboxic to anoxic bottom waters in the
Tarfaya Basin during and after OAE 2 (Kolonic et al., 2005), and the pres-
ence of isorenieratane and the high degree of pyritization in sediments
indicate at least intermittent photic-zone euxinia at this site (Kolonic et
al., 2005; Poulton et al., 2015). Detailed Fe-speciation data suggest that
bottom-water anoxia/euxinia existed before OAE 2 at Tarfaya (Poulton
et al., 2015), which agrees with the low I/TOC values determined in
this study. In general, the low I/TOC background values at Tarfaya are
consistent with suggestions of less oxygenated bottom waters at this
site before and after the event. Transient occurrences of relatively oxic
bottom waters, suggested by much higher resolution studies (Keller et
al., 2008; Kolonic et al., 2005; Kuhnt et al., 2005), are not captured in
our low-resolution I/TOC record.

I/TOC values are relatively low in sediments deposited before, dur-
ing, and after OAE 2 at Demerara Rise and Furlo, consistent with anoxic
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Fig. 4. TOC%, Fer/Al, Feyr/Fer, (Fepy + Feavs)/Fepr, I/TOC, and I record for the upper 35 m of the Landsort Deep core in the Baltic Sea. Yellow boxes represent euxinic conditions,
representing ~2 m, 4.3-7.3 m, and 19.5-26.75 m from the top to the bottom. The gray boxes indicate lacustrine sediments between 25 and 35 m. TOC% and Fe speciation data are from

Hardisty et al. (2016). I/TOC and I, data are from this study.
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to euxinic conditions as suggested by trace-metal data, 6'°N, pyrite
framboid size, biomarkers, and Fe-speciation results at these two sites
(Hetzel et al., 2009; Jenkyns et al., 2007; Owens et al., 2016, 2017;
Turgeon and Brumsack, 2006). The presence of the biomarkers
isorenieratane and chlorobactane suggest photic-zone euxinia during
OAE 2 at the relatively shallow Site 1260 on Demerara Rise, where ratios
of lycopane to n-alkane much higher than those in modern OMZs indi-
cate prolonged anoxia in the bottom water throughout the late
Cenomanian to early Turonian (van Bentum et al., 2009). Similarly, at
Furlo Fe speciation and Mo concentrations in black shales are consistent
with intermittent, local ferruginous conditions prior to the event and
euxinic conditions during the OAE itself (Bunte, 2009; Jenkyns et al.,
2007; Owens et al., 2017; Westermann et al., 2014).

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

OAE 2 sediments, as defined by the 6'3C excursion, show lower I/TOC
at all study sites (Fig. 6), most likely indicating less oxygenated bottom-
water conditions due to widespread increase in planktonic carbon flux.
The two high-latitude sites, Kerguelen and South Ferriby, have mini-
mum [/TOC values of ~10-25 umol/mol during the OAE interval,
which are significantly higher than the minimum I/TOC values at the
other sites (0-5 umol/mol). Therefore, it seems likely that the relatively
more oxygenated bottom waters found at higher latitudes persisted
during the OAE itself.

The extent and timing of upper-ocean oxygenation changes indicat-
ed by I/Ca ratios are commonly not synchronous when calibrated
against the carbon-isotope curve for OAE 2 (Zhou et al., 2015). Com-
pared to I/Ca records for near-surface water conditions, I/TOC values
for bottom-water signals show slightly better covariance with the §'3C
profile through the OAE interval at almost all sites. These data suggest
that local bottom-water redox conditions were more synchronized
with the patterns of global organic-carbon burial. This result is unsur-
prising, because upper-ocean oxygenation (recorded in I/Ca) is heavily
influenced by interactions between the atmosphere and surface waters,
whereas bottom-water oxygenation during the OAE should reflect
widespread organic-matter burial and oxygen consumption in the oce-
anic interior.

4.6. I/TOC vs modeled seafloor oxygen

The latitudinal oceanographic pattern of background I/TOC agrees
with the bottom-water oxygenation simulated in Earth System Model
cGENIE for the Late Cretaceous with deeper Panama gateway (Fig. 7)
(Monteiro et al,, 2012). The three sites with high I/TOC values (Kergue-
len Plateau, South Ferriby, and Cape Verde Basin) are located in or near
areas with modeled bottom-water oxygen higher than 100 umol/I (pre-
OAE), whereas the other three sites are in areas with modeled seafloor
oxygen below 50 pmol/l. Most parts of the proto-North Atlantic were

probably anoxic around Cenomanian-Turonian time, because the deep
water in the North Atlantic was likely formed at relatively low latitudes
with warm surface water during the Cretaceous Period, hence contain-
ing less oxygen because of lower oxygen solubility in warm waters
(Monteiro et al., 2012).

In the model of Monteiro et al. (2012), the northeast corner of the
proto-Atlantic had relatively oxic water extending from the surface
ocean to ~0.5 km (Zhou et al., 2015), consistent with the highest I/
TOC at South Ferriby (Fig. 7). The Kerguelen Plateau was located at
high southern latitudes, where lower temperatures could have favored
higher levels of dissolved oxygen in seawater and possible formation of
bottom water near this location. Nd-isotope results suggest deep-water
formation in the Indian sector of the Southern Ocean at least from the
late Albian to the late Cenomanian (Murphy and Thomas, 2012),
which may have delivered O,-rich deep water to Kerguelen—recorded
as high I/TOC at this site.

The background I/TOC values (>10 umol/mol) at Cape Verde are
higher than expected, considering its low-latitude location. Interesting-
ly, a modeled high O, anomaly on the seafloor appears persistently
along the equatorial Western African margin, even in reconstructions
where high-latitude bottom waters become almost anoxic (Monteiro
et al,, 2012). Regardless of the relatively high background I/TOC, given
low pre-OAE Feygr/Fer and Mo/TOC ratios (Westermann et al., 2014)
and the proximity to the modeled bottom-water O, anomaly, the Cape
Verde region was probably susceptible to the influence of anoxic bottom
water, as suggested by rapidly declining I/TOC during the OAE that, in
the mid-stage of the event, reached levels similar to those at Demerara
Rise.

4.7. Seawater iodine inventory

The marine iodine inventory could have changed during the OAE 2
global organic-carbon burial event, since the main output of iodine
from seawater is organic matter in marine sediments (Muramatsu and
Wedepohl, 1998). There is no consensus as to whether iodine would
be drawn down as was the case with redox-sensitive trace metals
(Algeo, 2004; Ma et al., 2014; Owens et al., 2016) or whether it would
be more efficiently remobilized and recycled like phosphate (Mort et
al., 2007b), regardless of differences in remobilization mechanisms of
iodine and phosphate. The seawater iodine budget has implications
for the interpretation of the carbonate I/Ca record, especially in deep
time (Hardisty et al., 2017; Robbins et al., 2016), because I/Ca values
are affected by the total iodine concentrations in seawater (103" + 7).
Organically bound iodine concentrations (lorg) may record, at least par-
tially, the burial flux of iodine during OAE 2.

Average I, values are highest at the Kerguelen and Cape Verde sites
(Fig. 6). South Ferriby has relatively low I, and low TOC, although it
likely was relatively well oxygenated. These observations may indicate
that the ideal sedimentary iodine sink in the global ocean is relatively
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Fig. 6. Stratigraphic records of 5'3C, I/TOC, Torg, and TOC at the six study sites. [/TOC and I, data are from this study, 5'>C and TOC data are from Coffin et al. (2000) and Holbourn and Kuhnt
(2002) for ODP Site Kerguelen Plateau; Kuypers et al. (2002) for DSDP Site 367 in the Cape Verde Basin; Tsikos et al. (2004) for site Tarfaya; Erbacher et al. (2005) for ODP Site 1258 on
Demerara Rise; and Jenkyns et al. (2007) for sites Furlo and South Ferriby. The yellow boxes bracket the CIE or part of the CIE at each site.

oxic and organic-rich settings, because strong iodine enrichments in
surface sediments may require both high bottom-water iodate concen-
trations and abundant humic materials (Francois, 1987). If this is true,
the global marine iodine budget may be stabilized by the negative

feedback between increasing organic-matter production and decreasing
areas of oxic seafloor. I, was relatively elevated at Kerguelen and Cape
Verde during the OAE, regardless of decreasing I/TOC, possibly due to
stronger iodine enrichment driven by more abundant organic matter
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Summary of redox proxy observations for OAE 2 at study sites.
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Site Proxies

Pre-CIE

CIE

Post-CIE

References

Demerara I/Ca
Rise Iron speciation

Trace metals
Biomarkers

Foraminiferal

assemblages
Tarfaya I/Ca

Iron speciation

Biomarkers

Foraminiferal

assemblages
Furlo I/Ca

Iron speciation

Trace metals

Low I/Ca values
Fepgr/Fer higher than 0.38

Low Mn content
Presence of lycopane

Low I/Ca values

Low abundance of benthic
foraminifera

Low I/Ca values

Feyr/Fer higher than 0.38,
Fepy/Feyr lower than 0.8

Feyr/Fer higher than 0.38

Enrichment of Fe and Co, low Mn content
Presence of Isorenieratane, chlorobactane and
lycopane

Low abundance in benthic foraminifera

Low I/Ca values

Fepg/Fer higher than 0.38, Fepy/Fepg fluctuating
around 0.7 (0.4-0.9)

Presence of Isorenieratane and chlorobactane

Feyr/Fer higher than 0.38, Fepy/Feyr lower than
0.8
High U, V, Mo contents, low Mn content

Feyr/Fer higher than 0.38

Low Mn content
Presence of lycopane

Low I/Ca values

Presence of Isorenieratane and
chlorobactane

Low [/Ca values

Zhou et al., 2015

Hetzel et al., 2006;
Bottcher et al., 2006
Hetzel et al., 2009

van Bentum et al., 2009

Friedrich et al., 2006

Zhou et al., 2015
Poulton et al., 2015

Kolonic et al., 2005;
Poulton et al., 2015
Kuhnt et al., 2005

Owens et al., 2017
Westermann et al.,
2014

Turgeon and Brumsack,

2006
Cape Iron speciation Feyr/Fer higher than 0.38, Fep,/Feyr between 0.1 Westermann et al.,
Verde and 0.7 2014
Basin Trace metals High V contents High U, V, Mo contents Westermann et al.,
2014
Kerguelen Foraminiferal Barren foraminifera Holbourn and Kuhnt,
Plateau  assemblages 2002
South I/Ca High I/Ca suggest relatively I/Ca peaks may suggest local water oxygenation  High I/Ca suggest relatively Zhou et al., 2015
Ferriby oxygenated upper ocean or invasion of iodate-rich waters oxygenated upper ocean

Trace metals High Mn content

Low Mn content suggest dysoxic bottom water

Turgeon and Brumsack,
2006

High Mn content

on the seafloor, which overcame the effect of deoxygenation (lower bot-
tom water iodate level). I, shows better correlation with TOC at Ker-
guelen and South Ferriby than at other sites during OAE 2, which may
suggest that TOC becomes the main control for iodine enrichment
when the bottom water is oxygenated (Fig. 8). At Furlo, Demerara
Rise, and Tarfaya, Ior¢ values either remain at the same level as those
of the pre-OAE interval or decrease during the OAE. Thus, regions with
more reducing bottom waters (i.e. low iodate level) were not able to en-
hance iodine burial even with high local fluxes of organic matter, further
supporting the idea that both bottom-water iodate and organic matter
are prerequisites for an efficient sedimentary iodine sink. Iorg and 1/
TOC are discussed separately as indicators for iodine inventory and oce-
anic oxygenation, respectively, but these parameters are likely
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Fig. 7. Pre-CIE average I/TOC values plotted against modeled bottom-water oxygen for the
Late Cretaceous with a deeper Panama, after Monteiro et al. (2012). Vertical error bars
represent the standard deviation of the average pre-CIE I/TOC value from each site;
horizontal error bars represent values calculated from the surrounding modeled
bottom-water O, concentrations of each site.

influenced by both iodine budget and bottom-water O,—and likely ad-
ditional factors. Quantitative reconstructions teasing apart these
intertwined parameters during the OAE will require future work.

5. Conclusions

Ratios of organically bound iodine (o) to total organic carbon (I/
TOC) correlate empirically with bottom-water oxygenation in the
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Fig. 8. Organically bound iodine concentration in bulk sediment (o) plotted against
corresponding TOC content for samples deposited during OAE 2. I, data are from this
study; TOC data are from published papers. Diamonds in green, circles in royal blue,
triangles in dark cyan, squares in red, plus signs in orange, and asterisks in maroon
colors represent the sites of Demerara Rise, Furlo, Tarfaya, Kerguelen Plateau, Cape
Verde Basin, and South Ferriby, respectively. The colored lines across each data set are
linear fittings with R? indicated in an adjacent position.
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modern ocean, despite uncertainties about the specific mechanistic con-
trols. We developed a method to extract organic iodine from small vol-
umes of sediments to explore the potential of I/TOC as a paleo-redox
proxy, and the small samples permit high-resolution reconstructions.
We began by testing this proxy in Holocene sediments of the Baltic
Sea. The results indicate that I/TOC is sensitive to hypoxic-anoxic condi-
tions, thus providing an important complement to well-established
metal proxies best suited to anoxic-euxinic conditions. I/TOC data
from six sites recording the Cenomanian-Turonian OAE 2 showed rela-
tively more oxic conditions at high-latitude sites, consistent with other
redox indicators and model simulations. Bottom waters became more
reducing during OAE 2 at all sites, and this relationship is expressed in
lower I/TOC values. Compared to upper-ocean oxygenation recorded
in carbonate I/Ca ratios, temporal changes in bottom-water conditions
were relatively synchronous with increased global organic-carbon buri-
al and oxygen utilization in the ocean interior during OAE 2. Total organ-
ically bound iodine content did not show consistent changes through
the OAE 2 interval among different sites, so no firm conclusions as to
the possible extent of global iodine burial can be drawn from the avail-
able data. However, our data suggest that relatively organic-rich sedi-
ments deposited under oxygenated bottom-water conditions may be
an important sink for seawater iodine on a global scale.
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