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Abstract

Redox conditions and the mechanisms of redox development are a critical aspect of
Eastern Mediterranean sapropels, whose formation in oxygen-depleted waters is closely
related to water column stratification at times of global sea level rise and insolation maxima.
Sapropels in the Nile Fan formed at relatively shallow water depths under the influence of the
monsoon-driven freshwater ouput from the River Nile. This work evaluates the redox
evolution of Holocene sapropel S1 in VALPAMED cruise core MD9509, recovered at 880
mbsl in the NE Nile Fan, using a combination of geochemical element proxies, Fe speciation,
Fe and Mo isotopes studies. The productivity and redox proxies (Ba/Al, Mo/Al, U/Al, V/Al,
Sb/Al) show well-defined enrichments in the sapropel, but with a marked minimum at ca 8.2
ka indicative of reventilation corresponding to a well known global cooling event. Peak
productivity and reducing signals occur close to the initiation of sapropel formation. The
proxy signals in sapropel 9509 are stronger and of longer duration than those of a second
sapropel S1, recovered at the same depth, but 380 km to the north (MD9501), supporting the
notion (suggested in previous studies) of more reduced conditions in the Nile Fan.

The Mogr vs Ugr enrichment factor variations in core 9509 infer a transition from
open marine suboxic conditions in the enclosing non-sapropel sediments to anoxic non-

sulphidic water column conditions in the sapropel. Correspondingly, the highly reactive Fe



pool (Fepr) measured in Fe speciation studies is dominated by Fe(oxyhydr) oxide minerals in
the background sediments, whereas pyrite (Fepy) becomes the dominant component of the
Feur pool in the sapropel. Maximum Fe, values in the sapropel coincide with peak
productivity and reducing conditions, implying a clear link between trace element uptake,
diagenetic bacterial sulphate reduction in anoxic porewater and Fe mobilization in the
sapropel. Iron isotope compositions (6~Fe) in the sapropel do not show any departure from
primary (marine and detrital) source sediment values, and the absence of an Fe/Al vs 6*Fe
trend strongly argues against an Fe shuttle. Molybdenum isotopes, however, show marked
non-conservative fractionation patterns. Background sediment &*Mo values (0.2 to 0.7%o)
are compatible with fractionation upon absorptive uptake by Fe (oxyhydr)oxides and pyrite.
In contrast, minimum &**Mo values exhibited at peak sapropel (reducing and pyrite
producing) conditions are most closely modelled by Mo isotope fractionation during
kinetically controlled conversion of aqueous molybdate to thiomolybdate species. The
conservative Fe isotope behaviour/ Mo isotope fractionation minima in the sapropel may be a
characteristic of organic-rich sediment diagenesis below an anoxic non-sulphidic water body,

without the operation of a benthic Fe shuttle.
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Highlights:
1. Anoxic water conditions developed at intermediate water depths (900m) during
sapropel Sldeposition in the Nile Fan.
2. Fe-speciation data and 6~Fe values point to anoxic non-sulphidic water column and
the absence of a benthic Fe shuttle.
3. Diagenetic pyrite formation in the sapropel coincides with peak reducing conditions.
4. oMo minima in sapropel are compatible with kinetic rate contriol during

thiomolybdate species particulate uptake.



1. Introduction.

Eastern Mediterranean Sea sapropels are dark, organic-rich sediment layers, formed
during marine anoxic events that coincided with periods of orbitally induced insolation
maxima (Rossignol-Strick et al., 1982; Rossignol Strick, 1985; Rohling, 1994). Density
stratification of the Eastern Mediterranean Sea and cessation of thermohaline deepwater mass
circulation was the major physical force driving the creation of oxygen-depleted bottom
water conditions (Rossignol-Strick et al., 1982; Rohling, 1994; Emeis et al., 2000; Rohling et
al., 2015). Major factors leading to this water stratification were enhanced influx of
freshwater from the Nile River and presently-dry North African rivers during periods of
African monsoonal maxima, increased rainfall from Atlantic westerlies in the Mediterranean
region, and post-glacial sea level rise (Rossignol-Strick, 1985; Roehling, 1994; Thomson et
al., 1999; Kallel et al., 2000; Emeis et al., 1998, 2000; Scrivner et al., 2004; Bar-Matthews et
al., 2000, 2003; de Lange et al., 2008; Osborne et al, 2008; Bar-Matthews, 2014; Grant et al,
2016). Grant et al. (2016) inferred that sea level rise during deglaciation was a major
influence on the development of the youngest Holocene sapropel S1, dated at approximately
10-6 ka, whereas monsoon forcing dominated during the earlier late Pleistocene sapropels,
S3,S4,and S5. A recent oceanic-biogeochemical model (Grimm et al., 2015) also indicates
that a preceding period of deep-water stagnation may have been a prerequisite for bottom
water anoxia development during S1.

Formation and preservation of sapropel sediments is closely contingent on the redox
state of the oxygen-depleted bottom waters from which they are deposited and porewater
conditions. Regional-scale anoxic bottom water conditions were inferred for Holocene
sapropel S1 at water depths >1800 m below sea level (mbsl) in deeper basins of the Eastern
Mediterranean Sea (de Lange et al., 2008). In contrast, sub-oxic bottom water conditions
were identified in S1 sediment from core MD04-2722 recovered at 1780 mbsl water depth
from the continental shelf south of Cyprus (Tachikawa et al., 2015; Fig. 1). Sapropels in the
Nile Fan were deposited at even shallower water depths (~ 500 to 1000 mbsl), but
nevertheless show the absence of benthic foraminifera, together with evidence for enhanced
Nile suspended sediment flux, pollen and spore transport (Almogi-Labin et al., 2009; Box et
al.,2011; Langgut et al, 2011; van Helmond et al., 2015; Hennekam et al., 2015). Hennekam
et al. (2014) inferred redox state fluctuations in overlying waters from authigenic V
enrichments in sapropel S1 from core PCO09BC within the Nile Fan (Fig.1). However,

detailed evaluation of the redox conditions during S1 formation in the Nile Fan, including



those in the preceding and postdating sediments, has not yet been made. This study constrains
these redox conditions through the application of redox sensitive chemical proxies, Fe
isotopes, Fe speciation and Mo isotopes, to sapropel S1 of the Nile Fan.

With few exceptions (e.g., Staubwasser et al., 2013), Fe isotope fractionation during
non-quantitative reduction of Fe (oxyhydr)oxides produces isotopically light Fe(Il),q (Beard
et al.,2003a; Crosby et al., 2007; Johnson et al., 2005; Severmann et al., 2006; reviewed in
Dauphas et al., 2017). The effects of isotopically light Fe(Il),q are most strongly seen in
euxinic basins where reaction of Fe(Il),q with dissolved H,S preserves the light isotopic
signature in authigenic pyrite. Incorporation of pyrite, formed in the water column, into
sediments leads to increased Fe/Al and inverse trends of 5 °Fe with Fe/Al and S wt% (the
‘benthic Fe shuttle’: Severmann et al., 2008; Lyons et al., 2009; Homoky et al., 2009; Fehr et
al., 2010; Azrieli-Tal et al., 2014). Experimental studies on abiotic Fe isotope fractionation in
the system Fe(Il)o,q—mackinawite—pyrite (Butler et al., 2005; Guilbaud et al., 2011) also show
that isotopically light pyrite can form by kinetic isotopic fractionation pathways during
sulphidization of Fe(Il),q and FeS.

Redox conditions exert complex controls on Mo isotope fractionation in marine
sediments (for a recent review, see Kendall et al., 2017). Whereas Mo adsorption to
manganese oxides in oxic water column conditions yields light 8°*°*Mo isotopic values of ~-
0.7%o that reflect a large ~3%o fractionation from seawater molybdate (5°*°°Mo = + 2.3%o)
(Barling et al., 2001; Siebert et al., 2003, 2006; Barling and Anbar, 2004, Wasylenki et al.,
2008), sediments formed in euxinic water column conditions frequently precipitate with
d*=Mo close to that of seawater (Arnold et al., 2004; Neubert et al., 2008). H,S
concentrations > 11 pmol (Action Point of Switch (APS) of Erickson and Helz, 2000)
stabilize tetrathiomolybdate MoS,”" relative to other oxythiomolybdate species (Helz et al.,
1996; Erickson and Helz, 2000), and are considered to bring about near complete scavenging
of Mo.

When [H,S] < 11 pumol, however, dissolved Mo uptake is incomplete and Mo isotopic
variation should occur due to large Mo isotope fractionations between molybdate and
thiomolybdate species (Tossel, 2005; Kerl et al, 2017). The connection with dissolved

§°¥* Mo variations of -

sulphide was demonstrated by Neubert et al. (2008), who showed that
0.6 to 2.4%o in Black Sea sediments from water depths < 400 mbsl correlate with [H,S] in
adjacent waters. Azrieli-Tal et al. (2014) found light Mo isotope values (-0.9 to -0.5%o) in the

lower part of sapropel S1 at ODP site 967D that coincided with the lowest Fe isotope values



and maxima in redox sensitive trace elements (RSTE). The light 8****Mo values were
attributed to a large negative isotopic fractionation between oceanic molybdate and tri- and
tetra-thiomolybdate species in low [H,S] euxinic bottom water. Scheiderich et al. (2010) also

interpreted light 8°*°°

Mo and multiple S isotope values in early Pleistocene sapropels to
reflect non-quantitative Mo removal from a sulphidic water column. On the other hand, Reitz
et al. (2007) found an atypical light 8"***Mo signal (-0.25 to -1.1 %) in non-sulphidic sub-
oxic sapropel S1 sediments, which they attributed to diagenetic overprinting of an originally
oxic Mo signal. Thus, depending on redox conditions, both oxic uptake by Mn oxides and the
anoxic generation of thiomolybdate species can lead to isotopically light Mo in sapropels.

Although well-defined Fe and Mo isotope signals occur in euxinic bottom waters,
such conditions may not be relevant for the shallow to intermediate depth sapropel S1 from
the Nile Fan, where the primary deposition mechanism may be dominated by metal uptake
from porewaters. Sediments accumulated in sub-oxic to anoxic non-sulphidic bottom waters
show a wide range of 8°¥*’Mo values, varying from -0.6 to 1.6%o (Barling and Anbar, 2004;
Siebert et al., 2003, 2006). Mo isotope compositions (~1.6%o) of typical anoxic continental
margin marine sediments (where sulphide may accumulate in porewaters) indicate a
fractionation of -0.7%o from seawater Mo (Poulson et al., 2006; Poulson-Brucker et al.,
2009), which matches that ~-0.9%o determined in Mo-sulphide co-precipitation experiments
(Poulson-Brucker et al, 2012). Processes such as adsorption of isotopically light Mo to Fe
(oxyhydr)oxides become significant in non-sulphidic waters (Goldberg et al., 2009; Goldberg
et al., 2012). Complex Fe isotope signatures reflecting both dissimilatory microbial Fe(III)
reduction and bacterial sulphate reduction are recorded during modern marine sediment
diagenesis (Severmann et al, 2006; Staubwasser et al., 2006; Johnson et al, 2008).

Resolving the various mechanistic alternatives for Fe and Mo isotope fractionations in
marine sediments finds a powerful complement in Fe speciation studies of the relative
fractions of pyrite and non-sulphidized Fe minerals such as Fe (oxyhydr)oxides and Fe
carbonates (Poulton and Canfield, 2005; 2011). Fe speciation is a widely used geochemical
tool that allows oxic and anoxic water column conditions to be distinguished, and euxinic and
anoxic non-sulphidic (ferruginous) conditions can be identified (e.g., Poulton et al., 2010;
Clarkson et al, 2016). Such Fe speciation studies can also indicate the presence or absence of
porewater sulphide (Poulton and Canfield, 2011).

The present study is made on sapropel S1 and the immediate pre- and post-sapropel

sediment from VALPAMED core MD 9509, recovered from the southern Levantine basin at



the northeastern margin of the sediment-water plume of the Nile River at a water depth of
884 mbsl (Fig. 1). Data from core MD 9501, taken from the northern Levantine basin
southeast of Cyprus at a water depth of 980 mbsl, is also presented as a measure of
intermediate depth sapropel S1 conditions distal from the Nile plume. These water depths
correspond to the modeled intermediate zone (500 — 1800 mbsl) of low oxygen
concentrations (Grimm et al., 2015), but lie well above the anoxic depth interval at > 1800
mbsl. The study addresses two main issues: 1) Identification of redox conditions in the Nile
Fan during the sapropel S1 event, including evidence for amplification of the sapropel redox
signal in the Nile Fan relative to the wider Levantine basin at similar depths, and 2)
Investigation of whether water column or diagenetic processes influence geochemical and
isotope (Fe and Mo) signals in the sediment. Following the methodology established in other
sapropel studies, we augment the metal isotopic and Fe speciation data with environmental
data gained from paleoproductivity and redox geochemical proxies (Thomson et al., 1999;
Calvert and Fontugne, 2001; Warning and Brumsack, 2000; Brumsack, 2006; Algeo and
Tribovillard, 2009; Gallego-Torres et al., 2010).

2. Methods
2.1 Core settings

MD9509 (32.01N, 34.16E) and MD9501 (34.32N, 33.59E) are long, continuous and
undisturbed cores. They were recovered from the southern Levantine basin by R/V Marion
Dufresne during the VALPAMED cruise at depths of 884 and 980 mbsl, respectively, in
February 1995, and stored in CNRS Gif sur Yvette (France). Sampling was done at high
resolution (every 2-5 cm) throughout the cores and at 1-2 cm resolution across the sapropels.
Core 95009 lies directly beneath the pre-Aswan plume of suspended sediment (the Nile Fan)
discharged during the annual Nile flood. Core 9501 was recovered on the continental slope
southwest of Cyprus and lies beneath the northern arm of the Eastern Mediterranean
anticlockwise surface gyre. Both cores have previously been studied at high resolution,
including sediment characteristics, color index colour parameters, 8'*0 of G.ruber, and Sr
isotopes, which gives valuable context for the present study, (Almogi-Labin et al., 2009; Box
et al, 2011). The complete absence of benthic foraminifera in sapropel S1 in core 9509
suggests anoxic conditions, whereas in core 9501 their occurrence in S1, albeit in very small

numbers, indicates more dysaerobic conditions and periods of reventilation (Avnaim-Katav,

2005; Almogi-Labin et al, 2009).



The sedimentary record of core 9509 over the last 86 ka shows the strong influence of the
River Nile, as evidenced by higher sedimentation rates compared with the northern 9501 core
(20 cm/ka vs. 5 cm/ka), continuously darker sediment colour, and higher TOC values (0.6—
1.9 wt%) vs. 0.25 wt% outside sapropels; Almogi-Labin et al., 2009). Increased Nile
discharge occurred from 15 to ~5 ka (Revel et al., 2014), coinciding with the African Humid
Period (AHP; 11.5 — 5.5 ka; Adkins et al., 2006; de Menocal et al., 2000) which encompasses
sapropel S1. The Sr isotope record of core 9509 suggests that the AHP was marked by
increased contribution of White Nile sediment, but decreased Blue Nile flux due to vegetation
inhibiting soil erosion in the catchment area (Box et al., 2011). Saharan dust flux at core
9509 was low through the AHP (<2 g/cm?2/ka at 6 ka: Box et al., 2011), reflecting the
‘greening of the Sahara’ (Larrasoana et al, 2003; Revel et al., 2010).

Scrivner et al. (2004) identified Nile River influence reaching as far as Cyprus (ODP
967) in sapropels S1 and S5 and noted a temporal link between maxima in the Nile discharge
and freshwater addition due to enhanced westerly rainfall activity. Sea-land 5'*O differences
(A8"Ogeatana) measured at sites 9509 and 9501 by Almogi-Labin et al. (2009) suggest that the
‘amount effect’ lowered rainfall 8'°0 during interglacial sapropel periods, adding to the
seawater 8'°0 decrease brought about by melting of continental ice and the strong effects in
the southern Levantine basin of the high Nile River freshwater input.

A brief reventilation event during sapropel S1 at ca 8.2 ka was identified in the
G.ruber 3'°0 record of core 9509 (Almogi et al, 2009). This reventilation event has been
observed in a number of studies of Mediterranean sapropels (e.g. Casford et al., 2001;
Hennekam et al., 2014; Fillipidi et al., 2016), and is related to the occurrence of a global
Holocene ‘cold event’ (Alley et al., 1997). Fillipidi et al. (2016) recently identified a second
cool event, dated at 7.4 to 7.2 ka, in the Adriatic and Aegean basins.

2.2 Analytical Methods

The sectioned core samples were brought to the Geological Survey of Israel (GSI) and
freeze dried for further analysis. Bulk chemical analyses were made at the GSI, after low
temperature ashing (105°C) and sodium peroxide fusion (sintering) (Merck 95%), using
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES; Perkin Elmer Optima
3300) for major element composition and Inductively Coupled Plasma Mass Spectrometry
(ICP-MS; Perkin Elmer DRII Sciex) for trace element composition. Analytical errors are +

5% . Aluminum was measured to normalize elemental ratios (Thomson et al., 1999) and to



calculate molybdenum and uranium enrichment factors (Mo,. and U,.) where X, =
[(X/Al)..,/(X/Al),......] (Tribovillard et al, 2006). Total Organic Carbon (TOC) was measured
after acidification using TOC-VCPN Shimadzu TOC analyser. Scanning electron microscope
(SEM) imaging of Fe minerals were done on an FEI Quanta 450 SEM at the GSIL.

Sample digestion and column chemistry for isotopic analysis were done in the clean
laboratory at the Hebrew University of Jerusalem (HUJI). Samples were pyrolized at 800°C
for approximately 12 hours to remove organic carbon. The pyrolized residue was then
dissolved using HF, HNO, and HCI in the presence of H.O.. Molybdenum separation for
isotopic analysis was done using the chromatographic column procedure of Archer and
Vance (2004, 2008), which sequentially elutes matrix elements, Cu, Fe and Mo. Prior to
column chemistry, 1 ml of pre-cleaned anion exchange resin (Biorad anion resin AG MP-1
m, 100-200 mesh, chloride form) was loaded into 10 ml plastic Muromac* columns. After
further on-column resin cleaning, the sample was loaded with 7 M HCI containing 0.01% of
30% H.O.. Iron was eluted with 2 M HCI and Mo with 0.5 M HNO.. Following elution,
solutions were centrifuged to remove any particle contaminants, fluxed three times with 0.5
ml concentrated HNO. and dried.

Molybdenum isotopic analyses were carried out at the University of Bristol, using a
Thermo Finnegan Neptune instrument. Solutions were introduced into the mass spectrometer
in a 2% (v/v) HNOj solution by means of a CPI (The Netherlands) PFA nebulizer and spray
chamber fitted to a CETAC Aridus. Mass discrimination correction was achieved using the
double spike as described previously by others for Mo (Siebert et al., 2001), and using the
specific procedure previously described for Zn (Bermin et al., 2006). All mass spectrometric
errors are propagated through the double-spike calculation to obtain the final analytical
uncertainty. Details of standards, calibration procedures and errors are given in Azrieli-Tal et
al. (2014). All Mo isotope compositions for samples are reported relative to NIST SRM 3134
Mo = 0.25%0 (&*~Mo seawater - 2.34%o0) (Négler et al., 2014). Complete replicates of
selected sapropel samples (digestion, column chemistry, MC-ICP-MS) were reproducible
within 0.10%o (2 SD).

Iron isotope analyses were measured on the Nu Plasma II MC-ICP-MS at GSI, using
the sample-standard bracketing approach in medium resolution mode. The measurements
were made on the 16 samples of the Fe solution fraction extracted during the Mo column
chemistry, after a second column chemistry purification stage specifically aimed at Fe

isotopes. Since these solutions contain a large excess of Fe relative to the amount required for



Fe isotope analysis, concentrations were adjusted by evaporating to dryness, redissolving in 6
M HCI and taking the appropriate amount for MC-ICP-MS. The same 10 ml columns
containing about 1 ml AG 1-x4 resin (200-400 mesh, Cl form, Bio-Rad) were used for the
chromatographic purification. Sample loading and matrix elution were performed with 6 M

HCI and Fe collection with 1 M HCI.

The 8°°Fe values are reported relative to the IRMM-014 metal standard. Results for
repeated 5 °Fe measurements of the ETH Fe-salt solution (over 18 months) are —0.7340.11%o
(2 SD, n=61) identical within errors to previously published data (—0.71+0.18%., Teutsch et
al., 2009 and —0.73+0.10%., Fehr et al., 2008). The geochemical reference samples IF-G
processed in four different sessions (including digestion and column chemistry) produced
8°°Fe = 0.63+0.09%o (2 SD, n=16) in excellent agreement with the recommended value of
0.639+0.013%o (Craddock and Dauphas, 2011 and references cited therein).

All published &<Fe analyses cited relative to the Madison igneous rock standard
(Beard et al., 2003b) are adjusted in this paper to the IRMM-014 standard. Data reported
using 6"Fe IRMM-014 values (Azrieli-Tal et al., 2014) are presented as d<Fe values using the
mass fractionation relationship. Isotopic fractionation factors are expressed as A,, = 9, - d..

The sequential Fe speciation studies provide a measure of highly reactive Fe (Feur),
which refers to Fe minerals that are considered highly reactive towards biological/abiological
reduction under anoxic conditions (Canfield et al., 1992; Canfield et al., 1996; Raiswell and
Canfield, 1998; Poulton et al., 2004). Fe extractions were made at the University of Leeds
using the calibrated extraction of Poulton and Canfield (2005), which has recently been
modified for application to recent sediments (see Goldberg et al., 2012; Zegeye et al., 2012).
The first step consists of a 0.5 N HCI extraction for 1 h, which targets reduced Fe phases,
including acid volatile Fe sulphides (Feays) such as mackinawite, surface-reduced Fe(Il), and
potentially some poorly crystalline ferrous carbonate/phosphate phases. The Feays is also
measured separately (see below), and thus after subtraction of Feays, this pool consists of the
remaining non-sulphidized Fe(Il) minerals (termed Fe(Il)uc;). The Fe(Il)yc pool was
determined by spectrophotometer using the ferrozine assay (Stookey, 1970), immediately
after completion of the extraction. The 0.5 N HCl extraction also extracts the most reactive
Fe(IIT) minerals remaining in the sediment, in particular ferrihydrite (termed Fe(Ill)gc)). This
pool was determined by atomic adsorption spectrometry (AAS), after subtraction of Fe(Il)gc.
The second sequential extraction utilizes a buffered Na dithionite solution to extract more

crystalline Fe (oxyhydr)oxide minerals such as goethite and hematite (termed Feox; Poulton



and Canfield, 2005). The final sequential extraction targets magnetite, using a Na oxalate
extraction (termed Fema,; Poulton and Canfield, 2005). The Fe,y and Fen,, fractions were
measured via AAS, with all sequential extraction steps giving a RSD of <5%, based on
replicate extractions.

Pyrite (Fe,y) and Feays were determined via the procedure of Canfield et al. (1986),
whereby Feays is extracted using hot 6 N HCI, and Fe,y is extracted from the residue via
chromous chloride distillation. These determinations indicated that Feavs was below
detection limits. The H,S liberated by chromous chloride distillation was precipitated as
Ag>S, and sulphide was determined gravimetrically and then converted to Fe concentrations
according to the stoichiometry of the mineral phase (i.e. as FeS, for pyrite). Replicate
extractions gave a RSD of <5% for the sulphide extraction. The sum of Fe(Il)..., Fe(IIl).., Fe..,
Fe.., and Fe, defines the Fe,. pool. Total Fe (Fe.) values were taken from the bulk chemical
composition determined by sintering procedure and ICP-OES analysis.

Box et al. (2011) and Azrieli-Tal (2014) analysed the <63 pm size fraction, which
eliminates the foraminiferal contribution, to provide a representative geochemical record of
the metallic elements in sapropel S1. Here, we measured the trace and major element and Mo
isotope composition of both the bulk sediment and <63 pum fractions for Core 9509. The
close proximity to the Nile suspended load with its high detrital mineral content might lead to
mineralogical and geochemical differences between the fine and coarse-grained material in
the sapropel, and it was considered advantageous to measure both fractions. Only the bulk
sediment fraction was measured for Core 9501.

Table 1 lists sample depths, and elemental and isotopic data used in this study as
proxies (elemental data are normalized to Al with the exception of S and TOC). A complete
list of all measured concentration data is provided in Supplementary data Table Al. Fe

speciation data are presented in Table 2.

3. Results

3.1 Chemical depth profiles

3.1.1 Productivity and major element profiles in core 9509.

The typically dark colouration sediments from core 9509 preclude assignment of sapropel
boundaries on the basis of colour (Almogi-Labin et al, 2009). Thus, following Thomson et
al. (1999) sapropel boundaries are based on increases in TOC wt% and Ba/Al (a proxy for

export paleoproductivity) values above background sedimentary values. The TOC wt% and
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Ba/Al depth profiles (Figs. 2a; 2b; Table 1) show marked increases in samples between 113
and 173 cm, which we use to assign the sapropel boundaries. The concurrence of these
boundaries for both proxies indicates that commonly observed post-sapropel reventilation
and consequent TOC ‘burn down’ did not occur (¢f Thomson et al., 1999; de Lange et al,
2008). Using the age model of Almogi-Labin et al. (2009), the sapropel period defined by the
Ba/Al enrichment is 9.7 to 6.9 ka. The sapropel TOC values reach 1.6% and are therefore
significantly lower than TOC values in coeval sediments deposited in deeper water (~4 wt%
in core 967D; Vance et al, 2004). In the following presentation, the locations of samples are
defined by their average depth in cm; the corresponding age in ka will be given in the text
and figures where relevant. The low-C non-sapropelic sediment above and below the
sapropel layers are referred to as background sediments.

The maximum Ba/Al values of 80-100 are lower than values of >200 observed for
core ODP-967D at 2550 mbsl (Azrieli-Tal et al., 2014), but are similar to those observed by
Tachikawa et al. (2015) in core MDO4-2722 at 1780 mbsl water depth in the central
Levantine basin (Fig. 1). A clearly observed depletion in TOC wt% and Ba/Al occurs at 130-
134 cm (~8.0 to 8.2 ka; Fig. 2). As noted, this depletion (defined by the vertical white band)
is recognised in other S1 cores (Casford et al., 2001; Almogi-Labin et al., 2009; Hennekam et
al, 2014; Tachikawa et al., 2015) and ascribed to a reventilation event coinciding with the
Holocene Cold event at 8.2 ka (Alley et al., 1997). Peak Ba/Al values (at ~ 155 and 125 cm)
occur either side of this reventilation signal, giving a typical double maxima profile, also
shown by other proxies discussed below (Fig. 2).

Major element proxies Fe/Al, Ti/Al and S wt% show significantly lower values in the
<63 pum fraction relative to the bulk sapropel samples (Figs. 2c, d, e). Both Fe/Al and Ti/Al
show marked rises and falls within the bulk sapropel, compared to lower values in the <63
pm fraction. The Fe/Al values of the bulk non-sapropel sediments average at ~0.80. These
are significantly higher than the crustal value of 0.55 (Raiswell and Canfield, 2012), but are
typical of Eastern Mediterranean sediments, which are highly influenced by the elevated
particulate Fe flux from the Nile River (Poulton and Raiswell, 2002; Lyons and Severmann,
2006). Krom et al. (1999) note that Ti/Al ratios are diagnostic of detrital Nile particulate
matter. The good match between the bulk and <63 ym Fe/Al and Ti/Al data trends in the
sapropel (Figs. 2c, d) suggests that highly variable Fe/Al and Ti/Al values in the bulk
sapropel could be in part due to the presence of coarse-grained detrital igneous Fe-Ti

minerals, such as ilmenite or titano-magnetite, which are retained in the >63 pum fraction.
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Correspondingly, the drop in S in the <63 pum fraction relative to the bulk sapropel (Fig. 2e)
could reflect the retention of S as coarse-grained pyrite framboidal aggregates during sieving,
since SEM imaging shows that framboidal pyrite aggregates are often ‘nested’ within
recesses in larger grains of the calcitic clay matrix of the sapropel.
3.1.2 Redox Sensitive Trace Element proxies in core 9509

Depth profiles for the set of RSTE proxies (Mn/Al, U/Al, Mo/Al V/Al and Sb/Al)
(Figs. 2f-)) show distinct enrichments in the sapropel. There is generally good
correspondence between the bulk and <63 pm data,with the notable exception of Mo/Al,

which shows similar trends but lower values in the <63 pm fraction (Fig 2g). As for Ba/Al
ratios, RSTE of the same magnitude as in core MD04-2722 (Tachikawa et al., 2015).

The RSTE depth profiles show a response to the 8.2 ka reventilation event with well-
defined depletions leading to the previously noted characteristic double maxima form of the
sapropel profiles (Figs. 2g-j). The Mo and V maxima are higher in the lower (earlier) part of
the sapropel (152-162 cm; 9.1-9.2 ka), possibly reflecting weaker recovery of the sapropel
after the ventilation event (also reflected by lower TOC in the upper part of the sapropel; Fig.
2a). The Mn/Al profile also shows a small peak during the reventilation event, consistent
with MnO, mineral precipitation. However, unusually in terms of other studies of S1
sapropels (e.g., Thomson et al., 1999; de Lange et al., 2008), Mn/Al does not show a
significant peak at the upper boundary. This is consistent with the absence of post-sapropel
oxidation, previously noted in the TOC and Ba/Al boundaries (Fig. 2). An additional distinct
feature of the Mn/Al profile is the large peak at 173-178 cm immediately preceding sapropel
formation. This peak was interpreted to reflect mobilization of Mn in anoxic sediment during
S1, which reprecipitated within oxic sediment beneath the organic-rich layer (van Sandvoort
et al., 1996).

Notably, productivity, major element and RSTE proxies do not show a significant rise
with the onset of the AHP (Fig. 2); throughout non-sapropel times during the AHP, proxy
values are approximately the same as for almost all post sapropel sediments. On the other
hand, elevated Ti/Al ratios (relative to baseline values of ~0.09 in post-sapropel sediments)
are found in pre-sapropel sediments at 17-14 ka (Fig. 2d). Slight increases in Ba/Al, Mn/Al,
U/Al, V/Al are also observed during the 16-14 ka period.

3.2 Geochemical profiles in Core 9501
The lower resolution proxy elemental data for core 9501, located on the continental

slope 380 km north of Core 9509 (Fig. 1), show different patterns from core 9509 (Fig. 3).
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The upper sapropel boundary of core 9501 at 74 cm (defined by Ba/Al ratios) indicates that
the S1 event had terminated by ca 7.6 ka, The narrower zone of TOC enrichment (~80 -92
cm) compared to Ba/Al enrichment also indicates that ventilation oxidized the upper 6 cm of
the sapropel. Termination of sapropel S1 is also recorded by Mn/Al and Fe/Al peaks at the
TOC boundary. It thus appears that, unlike core 9509, the weakening and cessation of
sapropel S1 formation at site 9501 is closely associated in time with the 8.2 ka reventilation
event.

The Ba/Al, , Fe/Al S wt% and V/Al show enrichments in the early sapropel , whereas
U/Al and Mo/Al trends are significantly different from those of core 9509 sapropel S1:
Mo/Al does not appreciably rise in the sapropel, but peaks near the upper boundary, whereas
U/Al values show a progressive drop from relatively high values (1.1) at the base of (and
prior to) the sapropel, to typical background values at the upper boundary. The Mo/Al peak at
78 cm may reflect Mo uptake during reventilation and cessation of the S1 event, possibly
related to concomitant Fe and Mn precipitation.

3.3 Fe Speciation profiles for core 9509.

The speciation vs. depth profile for the five Fepr fractions shows a number of
significant differences between the sapropel and background sediments (Fig. 4a; Table 2).
The Feox fraction (crystalline Fe (oxyhydr)oxides) is the most abundant fraction in the
background sediments (>1.2 wt%), but shows a significant drop in the sapropel, down to a
minimum values of ~0.6 wt% in the lower sapropel at 152-162 cm. The high background Fe,x
content of these Nile Fan sediments is compatible with high Fe (oxyhydr)oxide contents in
Nile River particulates (Poulton and Raiswell, 2002). The Fem,, shows a drop from values of
0.3-0.4 wt% in the non-sapropel sediments to ~0.17 wt% in the sapropel at 152-162 cm. The
Fe(Il)uci and Fe(Il)nc) pools remain approximately constant across the sapropel, at ~ 0.02-
0.04 wt% and ~ 0.30-0.37 wt%, respectively. In contrast, Fe,y rises from background values
of < 0.1 wt% in the non-sapropel sediment, to maxima of 0.45-0.62 wt% at 152-162 cm,
coincident with the minima observed in Fe,y (Fig. 4a). Thus, there appears to be a reciprocal
relationship whereby pyrite forms following the reductive dissolution of crystalline iron
oxides and magnetite. Notably these reciprocal processes begin in the 5-10 cm sediment
immediately below the sapropel, This zone has been termed the 'protosapropel' by some
workers (e.g., Murot and Got, 1988).

A second feature of the Fe speciation data concerns the relatively high, and constant,
concentrations of Fe(Ill)yc; (Fig. 4). The ferrihydrite that dominantly comprises this Fe pool

is one of the most reactive Fe minerals towards dissolved sulphide (Poulton, 2003; Poulton et
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al., 2004). This fraction would not be expected to persist in sulphidic sediments, particularly
when there is clear evidence of pyrite forming at the expense of more crystalline Fe
(oxyhydr)oxides (Fig. 4; Canfield, 1989). This may, however, relate to oxidation of the
sediments during storage. While oxidation has clearly not entirely altered the Fe mineralogy
of these sediments, it appears likely that the relatively minor concentrations of Fe(IIl)xci
present throughout the depth profile may be a consequence of post-sampling oxidation of
reduced Fe species, which could originally have comprised Feavs, Fe,y, or possible Fe(Il)xci.
Given this possibility, we consider that our measured Fepy contents represent minimum
original concentrations. Thus, to account for this, we also consider corrected (maximum) Fe,,
contents (Table 2), which are calculated as Fepy+Fe(Ill)nci, and which assumes that all
Fe(IlDxc originated from Fe sulphide oxidation. In support of this approach, we note that the
drop observed in Feox+Fema, between the upper boundary of the sapropel and the minimum
observed for these fractions at a depth of 162 cm (0.86 wt%; Table 2) corresponds well to the
concomitant increase in Fep,+Fe(Il)nc; observed over the same interval (0.72 wt%),
suggesting that the Fe(Ill)ic pool likely originated from post-sampling oxidation of Fe
sulphide minerals. We stress, however, that this analysis only alters absolute concentrations
of Feyy, and the overall depth trends remain robust.

3.3 Fe and Mo isotope compositions

The depth profile for Fe isotopes shows restricted variation, with 8°°Fe values ranging
between -0.05 and +0.08 %o (Table 1; Fig 4b). There are no major, consistent differences
between the sapropel and background samples The range of values (0.02 £ 0.04%o; 1sd) falls
close to the ‘modern marine sediment’ 8°°Fe values of 0.13 = 0.07%o originally measured by
Beard et al. (2003a) (recalculated to the IRMM-014 standard). Sediments of the oxic shelf of
the Black Sea give a mean value of 0.20 + 0.02%o (Severmann et al., 2008; recalculated to the
IRMM-014 standard). Closer to the Nile Fan in terms of setting, the estuarine suspended load
of the North River, Massachusetts also showed a relatively narrow range of °°Fe values
(0.07 £ 0.05%0) over a wide range of salinities and Fe/Al values (Escoube et al., 2009).

In contrast to the restricted variation of Fe isotopes, the depth profile for Mo isotopes
in the 9509 bulk samples is more complex (Table 1; Fig. 5a). The 8*¥**Mo values of -0.1 to
1.1%o fall between those of anoxic (non—euxinic) continental margin marine sediments
(~1.6%0) and open-marine oxic sediments (~-0.7%o). The depth profile data can be subdivided
into three segments:

1. Rise of &Mo in the pre-sapropel sediment from background levels of ~0.2%o at
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260-280 cm (~14 ka) to 0.7%o at 178 cm (~10 ka; just below the sapropel lower boundary)
and a corresponding decrease from high &**Mo values of 1.07%o at the upper sapropel
boundary to background values of -0.07%o in the most recent samples.

2. Asymmetric minimum &*Mo values of 0.3%o at 150 cm (~8.8 ka) and 0.55%o at
126 cm (~7.5 ka), separated by intermediate peak values of ~0.65 to 0.73%o at 134-138 cm.
The location of these latter samples corresponds to the timing of the 8.2 ka reventilation
event evident in the TOC, Ba/Al and element profiles (Fig. 2). The general double minimum
form complements the double maximum profile found for RSTE (Fig. 2). A strongly defined
asymmetric double minimum form (&**Mo < -0.5%0) separated by a reventilation maximum
is a key feature of the sapropel S1 profile from ODP 967D (Azrieli-Tal et al., 2014)

3. A negative spike in &Mo (to 0.2%o) at the lower sapropel boundary. This negative
spike possibly reflects the previously suggested mobilization of Mn in anoxic sediment
developed during S1, which reprecipitated within oxic sediment beneath the organic-rich
layer (Fig. 2f; van Sandvoort et al., 1996).

The &°*°°Mo values of the <63 pm samples (5 sapropels and 1 overlying sediment)
are, with the exception of the one sediment sample, mostly within error of equivalent bulk
samples (Table 1; Fig. 5a). The &Mo value (0.6%0) of the <63 ym sediment sample
immediately above the upper sapropel boundary is significantly lower than the value of
1.07%o for the bulk sample, possibly suggesting that sieving preferentially removed
isotopically heavy Mo from the bulk sediment. Experimental measurements show that Mo
adsorped onto minerals such as magnetite could be expected to be isotopically heavier than
that concomitantly adsorped onto Fe (oxyhydr)oxides (Goldberg et al, 2009). Thus,
preferential retention of detrital magnetite with higher &Mo could potentially account for
the isotopic difference. Despite the lower resolution of the <63 um profile, its variation
clearly matches the depletion trend observed in the bulk samples, particularly the minimum
observed at 150 cm.

The 8°¥*°Mo values in core 9501 (Fig. 5b) show marked fluctuations in both the
sapropel and pre-sapropel sediment: 1) a sharp drop from 1.2%o in the lowermost sediment
sample at 113 cm (~13.5) ka to -0.9%o at the lower sapropel boundary, and 2) a peak value of
0.95%o in the sapropel at 86.5 cm (9 ka) (Fig. 5b), followed by a drop to background values

of ~ -0.1%o at the sapropel termination.

4. Discussion
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4.1 Environmental conditions during sapropel development: elemental proxies.

Compared to deep water (>1800 mbsl) S1 sapropels (Emeis et al., 1998; de Lange et
al., 2008; Gallego-Torres et al., 2010; Vance et al., 2004), both sapropels sampled in this
study at depths of <1000 mbsl contain less organic matter (TOC =0.5 to 2 wt%).

Characteristic trace and major element geochemical enrichments occur in both
locations (Figs 2, 3), but are shorter-lived and less well defined at site 9501 compared to
9509. The comparable Ba/Al (~6-9 pg/g) and RSTE maximum values (V/Al, Mo/Al, Sb/Al,
U/Al) in S1 between sites 9509 and MDO04-2722 (Tachikawa et al., 2015) suggest similar
redox conditions, despite the 900 m greater water depth of the latter. The enrichments in core
9509 thus suggest enhanced reducing conditions in the Nile Fan during sapropel S1
deposition. Similar Ba/Al and V/Al ratios observed for sapropel S1 from core PSO09PC,
sampled close to 9509 at a water depth of 552 mbsl support this view (Hennekam et al.,
2014).

The absence of a post-sapropel ventilation signal in core 9509 is consistent with sub-
oxic conditions at the sapropel termination. Alternatively, if the rate of sedimentation was
high enough, oxidative burndown may not have been fast enough to outpace sedimentation
and conditions possibly could have been oxic. The presence of Mn and Fe peaks at the upper
TOC boundary in 9501 indicate post-sapropel ventilation (Thomson et al., 1999). Whereas
the 8.2 ka reventilation event and subsequent sapropel recovery is clearly shown in Sapropel
S1 from core 9509, the early collapse of S1 at site 9501 coincident with the 8.2 ka
reventilation event is also evident (Figs. 2, 3). Taken together, the geochemical tracers
indicate enhanced reducing conditions in the Nile Fan during sapropel S1 formation, as
predicted by theoretic modelling (Grimm et al., 2015).

Cessation of deepwater renewal prior to S1 was a basin-wide phenomenon, in which
global sea level rise following deglaciation was critical to the generation of oxygen-depleted
water column conditions (Grimm et al., 2015; Rohling et al., 2015; Grant et al., 2016). The
modest Ba/Al, Mn/Al, U/Al and V/Al enrichments observed in background sediments of core
9509 in the 16-14 ka period (Fig. 2) possibly suggest mild pre-S1 weakening of water column
ventilation and increased biological productivity. High arboreal pollen levels (mainly
evergreen oak), indicative of a warm wet climate beginning at 16 ka, were noted in core 9509
by Langgut et al. (2011), particularly during the Bolling-Allerod (14.6-12.6 ka) and S1
periods. Nevertheless, it should also be noted that there is no evidence from the RSTE

proxies (Fig. 2) that the AHP onset resulted in marked deepening of reducing water column
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conditions. The onset of sapropel S1 at 173 cm (9.7ka) was very sharp, with the most intense
sapropel reducing conditions developing at 154-162 cm (~8.9-9.2 ka). This early peak in the
sapropel reducing conditions is a regional phenomenon of the Eastern Mediterranean Sea,
also being observed in sapropel S1 in core 967D, where sulphidic bottom waters developed
(Azrieli-Tal et al, 2014), core MD04-2722 (Fig. 3 of Tachikawa et al., 2015), and ODP cores
966, 969 and 964 (Gallego-Torres et al., 2010).

4.1.1 Redox conditions indicated by Mo.,-U,. covariation.

Among the most successful trace element proxies for reduced oxygen water column
conditions is Mo-U enrichment factor (EF) covariation (Algeo and Tribovillard, 2009), which
utilizes the relative rates of authigenic U uptake during reduced-oxygen marine sedimentation
compared to Mo uptake. Algeo and Tribovillard (2009) defined three diagnostic trends of
Mo.. vs. U.,. covariation (Fig 6a): Particulate Shuttle (PS) in which Mo transfer to the
sediment is accelerated through a particulate Mn-Fe-oxyhydroxide shuttle; Open Marine
(OM) and restricted euxinic basin (BS). The Mo.. vs. U.. covariations for S1 in core 9509 and
its enclosing sediments are consistent with the OM trend (Fig. 6b). Sub-oxic bottom water
conditions are indicated for the background sediments. These give way to more anoxic
conditions in the sapropels, in which the rate of authigenic Mo accumulation increases
relative to that of U. However, bottom water conditions in which Mo, and U,. approach
seawater ratios (SW line) and sulphidic conditions indicated in Fig. 6b by the data trend for
sapropel S1 at site ODP 967D) are not observed, suggesting that although anoxic bottom
waters developed at peak sapropel conditions, they did not become sulphidic. The variable U
and Mo data for 9501 do not fit any of the above EF trends (Table 1).

4.2 Highly reactive Fe pools and Fe isotopes
4.2.1 Fe speciation constraints

Elevated Fe/Al total ratios greater than average crustal values of 0.55 to 0.6 are frequently
associated with enrichments in reactive Fe during iron export from oxic shelves to deep
euxinic basins (Lyons and Severmann, 2006; Lyons et al., 2009; Raiswell and Canfield,
2012). In the case of cores 9509 and 9501, Fe/Al values of the background sediments are
unusually high (~0.8), reflecting high levels of Fe in the riverine source material (Poulton and
Raiswell, 2002; Lyons and Severmann, 2006), rather than authigenic enrichment.

The Fe,./Fe, and Fe,/Fe,. ratios derived from the Fe speciation studies on core 9509 (Table
2) are plotted as a function of sample depth in Figs. 7a and 7b. Using criteria summarized in

Poulton and Canfield (2011) for ‘normal’ marine sediments, the Fe,./Fe, data plot in the
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‘possible anoxic’ region during S1 formation, particularly during its early part and in the
preceding AHP sediment (Fig. 7a). However, there is potential for the high Fe input from
River Nile sediments to skew Fe../Fe. ratios towards higher values (in the ‘possible anoxic’
region) if the sediment supplied to the region was relatively enriched in Fe (oxyhydr)oxides.
Indeed, Poulton and Raiswell (2002) report relatively high Fe,./Fe. ratios

of 0.26 for the River Nile, which is somewhat lower than most of the data for core 9509 (Fig.
7a), although it is difficult to directly compare a single analysis of modern River Nile
sediment with the sediment deposited during S1 formation. Thus the Fe../Fe. data are
equivocal, and building upon the trace metal systematics outlined above, could indicate
anoxic non-sulphidic conditions with the operation of a benthic Fe shuttle (i.e., ferruginous
water column conditions), or anoxic non-sulphidic conditions without the operation of a
benthic Fe shuttle (i.e., non-ferruginous water column conditions). These possibilities are
explored in further detail below.

The Fe,/Fe.. profiles in Fig. 7b are plotted for both the measured and corrected Fe,
(Corr Fe,/Fe,.; see above) contents. Both plots show a significant rise in Fe,/Fe,. from lowest
values in the background sediment to peak values at 152-162 cm in the lower sapropel. It
should be noted, however, that it is entirely possible that Corr Fe,/Fe,. values are over-
estimated for the sediments deposited either side of the sapropel, since the Fe(I1l)...contents
of these samples may have originated from oxidation of surface-reduced Fe(Il), rather than
pyrite or AVS. This would be consistent with the mass balance constraints relating to pyrite
formation at the expense of Fe (oxyhydr)oxide minerals discussed above. Nevertheless,
regardless of these uncertainties and the interpretation of Fe../Fe, ratios, non-euxinic
conditions are indicated, with pyrite forming during diagenesis rather than under euxinic
conditions in the water column (consistent with the Mo, vs. U, plot; Figs. 6, 7).

Two additional points can be noted. 1) Maximum pyrite contents at 152-162 cm
depth are compatible with RSTE maxima in the lower sapropel (Fig.2), whereas a significant
drop in pyrite content occurs during the 8.2 ka reventilation event, followed by a slight rise in
the upper sapropel. Pyrite formation and RSTE uptake were therefore concurrent diagenetic
processes. 2) The Fe (oxyhydr)oxide to pyrite transformation begins in the 5-10 cm of
sediment underlying the sapropel. In keeping with the concept of a ‘protosapropel’ this
transformation would indicate that the transition to more reducing conditions began prior to
sapropel inception. Alternatively, Passier et al. (1996, 1997, 1999) proposed that

‘synsapropel’ diffusion of microbial [HS-] from the sapropel into underlying sediment in
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conditions of high sulphide production would lead to pyrite formation through sulphidization
of Fe oxides below the sapropel.
4.2.2 Fe isotope constraints on pyrite formation.

The Fe/Al ratios and &<Fe values are key parameters of the benthic iron shuttle model
(Lyons et al., 2006; Severmann et al., 2008). A diagnostic feature of this model is an inverse
correlation between Fe/Al and 6~Fe, which has been recognized in modern euxinic basins
such as the Black Sea and the Baltic Sea (Severmann et al., 2008; Fehr et al., 2008, 2010).
This diagnostic feature was found in the lower part of sapropel S1 at ODP 967D (Azrieli-Tal
et al., 2014) and most likely represents shuttling of reduced Fe from the Eastern
Mediterranean continental shelf into the Hellenic trench and formation of isotopically light
authigenic pyrite.

The &<Fe data for core 9509 bulk samples show a flat trend on a 3<Fe vs Fe/Al plot

(Fig. 8). There is no correlation between d<Fe and Fe/Al ratios, nor pyrite contents. The 6~Fe
vs. Fe/Al data thus give no evidence for a significant benthic Fe shuttle, consistent with
absence of euxinia suggested above (compare the trends for the Black sea and Sapropel S1 at
ODP967). The Fe/Al variation in sapropel S1 from core 95009 is related here (section 3.1.1;
3.3) to changes in the amounts of detrital igneous minerals, rather than to authigenic pyrite
formation in the water column. Such variations in detrital iron-bearing minerals (iron-
titanium oxides, magnetite, pyroxene, amphibole) would not impart any significant change to
the iron isotope composition of the sapropel, since the d<Fe values of igneous minerals,
suspended river sediments and marine sediments are all around 0.1%0 (Beard et al., 2003a;
Poitrasson et al., 2014).

The lack of evidence for authigenic pyrite formation in euxinic bottom waters is
consistent with diagenetic pyrite formation following bacterial sulphate reduction within
sulphidic pore waters (section 4.2.1). The 6*Fe data also show that the biogenic pore water
sulphide that formed pyrite did not impart a definable negative Fe isotope signature to the
sapropel. This is particularly clear in the pyrite-rich lower part of the sapropel where Corr
Fe,/Fe. values reach 0.22, but no corresponding depletion in “Fe is observed. Essentially the
sapropel sediment retains the iron isotope signature of terrestrial source material. Such an
absence of Fe isotope fractionation during anoxic sedimentary diagenesis is not self-evident.
Severmann et al. (2010) found that continental shelf benthic iron in porewater and some
sediment fractions is enriched in the lighter Fe isotope due to bacterial reduction of Fe(III)

(oxyhydr)oxide minerals to Fe(Il),,. Similarly, the positive kinetic iron isotope fractionation
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between Fe(Il),, and pyrite experimentally measured by Guilbaud et al. (2011) potentially
allows for the formation of isotopically light Fe during sulphidization reactions. The absence
of isotopically light Fe in the sapropel argues that the diagenetic reaction processes that
formed pyrite occurred in a near-closed system with respect to Fe.

An important question arising from this data is whether Fe/Al - 6~Fe relations can be
used to distinguish anoxic, ferruginous conditions in which a benthic Fe(II) shuttle is
operational, from anoxic, non-sulphidic, non-ferruginous conditions in the water column.
Scholz et al. (2014) and Chever et al. (2015) show that formation of isotopically heavy Fe
(oxyhydr)oxides during Fe(II) shuttling in open marine oxygen minimum zones leads to a
positive correlation between Fe/Al and 6#Fe. On the other hand, Staubwasser et al. (2013)
show that kinetic fractionation during oxidative precipitation of Fe at the oxic-anoxic
interface in the Baltic Sea leads to the formation of isotopically light Fe (oxyhydr)oxides and
isotopically heavy Fe(Il). Thus, the Fe mobilization in ferruginous waters potentially leads to
opposing d+Fe variations. The above examples are taken from modern oceanic settings.

Nevertheless it can be noted that significant variability in the 6*Fe of pyrite has been
suggested to be a diagnostic signal for ferruginous conditions in the ancient oceans (Tahata et
al., 2015; Dauphas et al, 2017). Conversely, the absence of a 6~Fe shift from marine
sedimentary values observed in this study could be diagnostic of anoxic, non-sulphidic, non-
ferruginous conditions (i.e., without the operation of a benthic Fe shuttle) in the overlying
water column. However, we stress that more detailed study of the isotope systematics of the
benthic Fe shuttle under anoxic ferruginous conditions is required to substantiate this
possibility, since positive fractionations generally imparted during partial oxidation of water
column Fe(II) to Fe (oxyhydr)oxides could neutralize the light isotopic signature expected for

water column Fe(II).

4.3 Molybdenum isotope fractionation proxy for redox conditions

The Mo isotope profile for core 9509 has two major redox segments (Fig 5a). The
first redox segment is that of the background sediments, which is marked by increase from
lower &*Mo values in background sediments more distant from the sapropel to higher values
close to the sapropel boundaries. Overall, this rise in Mo above lowest background values
corresponds to the time of the AHP (grey shaded area in Fig. 5a). Sub-oxic conditions during
background sediment formation are shown by the Mo.. vs. U.. plot (Fig. 6b), with the highest

Mo..//U,, ratios occurring in the sediments immediate to the boundary (Table 1). There is no
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data to support substantial Mo uptake by Mn oxides since Mn concentrations in background
sediments are typically low (~0.1 wt.%). On the other hand, the Fe speciation data show that
crystalline Fe oxides (mainly Fe..) dominate the Fe,. fraction in much of the background
sediment (Fig. 7c). Thus, adsorption to Fe (oxyhydr)oxides is a likely mechanism for Mo
uptake and isotope fractionation in these sediments, and is also consistent with non-sulphidic
sub-oxic conditions (Goldberg et al., 2012). In the sediments at or near the lower and upper
sapropel boundaries (Fig. 5a), Mo adsorption to pyrite might become relevant (Poulson-
Brucker et al., 2012). Since, both adsorption to Fe(oxyhydroxides) and pyrite involve
negative isotopic fractionations (with respect to the aqueous solution species), it might be that
the observed rise in 8Mo in the underlying sediment reflects gradual increase in &Mo of
the porewater solution species as Mo is taken up onto the solid minerals by adsorption.
Conversely, the drop in 6**Mo in the overlying sediment could reflect progressive release of
Mo during desorption.

The main feature of the 9509 sapropel S1 is the asymmetric double minimum &**Mo
form with the intermediate peak corresponding to the 8.2 ka ventilation event (Fig. 5a). The
&**Mo values of the <63 um fraction also show the lower sapropel minimum value (0.1%o).
However, the second peak is not evident in the <63 pm samples. It is clear that sampling was
not made at sufficiently high spatial resolution to identify the second post ventilation event
minimum. The 6**Mo minima in lower sapropel in both fractions broadly correspond to the
highest intensity of the signals from Ba/Al, TOC and RSTE (Fig. 2) where reducing
conditions would be at a maximum. As previously noted, the speciation plot for Fe (Fig. 7)
shows that pyrite contents reach a maximum (~ 156 cm) in the lower sapropel, at depths
corresponding to the highest intensity of the geochemical proxies. Nevertheless, a slight lag
is evident in the lower sapropel between the &**Mo minimum at ~150 cm, compared to
pyrite, Ba/Al and RSTE maximum values.

The data profiles for the lower portion of the sapropel support a general connection
between peak reducing conditions, pyrite formation and a decrease of 6*Mo values.
Consequently, the development of minimum values in 9509 sapropel can be examined using
models based speciation controls during diagenetic bacterial sulphate reduction in anoxic
porewater. During such reduction, MoO.- may sequentially form thiomolybdate species:
MoO.S>, M0O.S.-, MoOS,» and MoS.>. As noted in the introduction, non-quantitative Mo
uptake as thiomolybdate species may lead to isotopic fractionation between molybdate and

thiomolybdate species. Quantum mechanical calculations show that thiomolybdate species
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are negatively fractionated relative to MoO,* (seawater 5*»Mo = 2.3%o; Siebert et al., 2003)
by 1.2 to 1.5%0 per S substitution (Tossel, 2005; B3LYP calculations). Fractionation factors
of this magnitude have recently been experimentally confirmed using ion chromatographic
thiomolybdate species separation and detection by MC-ICPMS (Kerl et al., 2017).
Progressively sulphidic conditions in porewaters could thus lead to lower Mo isotopic
compositions as the more sulphidized thiomolybdate and more isotopically fractionated
species become dominant (Neubert et al., 2008; Négler et al., 2011; Azrieli-Tal et al., 2014).
Although previous studies specifically refer to syngenetic sapropel formation from euxinic
bottom waters, they could equally apply to porewater sulphidic conditions during diagenesis
(Wagner et al., 2017). Erickson and Helz (2000) also note that even in euxinic waters, Mo
uptake commonly takes place by diagenetic pathways. The particulate uptake of
thiomolybdate species by sedimentary sulphide minerals (e.g. pyrite) increases with the
degree of sulphidization (Helz et al., 1996; Erickson and Helz, 2000; Bostick et al., 2003;
Helz et al., 2004; Dahl et al., 2010).

One model for the Mo isotope depletion is based on formation of thiomolybdate
species according their thermodynamic equilibrium proportions (Neubert et al, 2008; Nigler
et al.,2011; Azrieli-Tal et al, 2014). Calculations of the isotopic composition of various
combinations of thiomolybdate species in equilibrium with H.S (Fig. 9a) shows that
preferential particulate affinity to the tetra- and tri-sulphide thiomolybdate species with
increasing [H.S] could lead to lower &Mo values, while increasing the uptake of RSTE.

A more detailed insight into Mo isotope depletion due to kinetically controlled
preferential particulate uptake of Mo by the more sulphidized species is presented in Fig 9b
in a series of calculations of 6*Mo of the sulphidic sediment vs. [H.S], where rates of
particulate uptake of thiomolybdate species are varied. The calculation assumes that
thiomolybdate species form in their equilibrium molecular proportions, but that rates of
particulate scavenging of these species by the sediment are the rate controlling parameters.
Three representative curves are plotted for the following scavenging rate conditions: a) all
four thiomolybdate species are scavenged at the same rate, but molybdate remains
unscavenged (curve 0, 1,1,1,1); b) the rates of thiomolybdate scavenging are doubled with S
substitution (curve 0, 1,2, 4, 8); c) rates increase by an order of magnitude with S
substitution (curve 0, 1, 10, 100, 1000). Note that this empirical kinetic model based on
progressively differential rates of scavenging of the thiomolybdate species differs from the

kinetic isotopic fractionation model of Dahl et al. (2010), where the rate of Mo removal
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(scavenging) is fast compared to the slow reaction kinetics of thiomolybdate formation.

It is evident that the lowest Mo isotope compositions occur when the rates of
scavenging show a progressive increase with S substitution (curves b and ¢). &>Mo
sediment values increase with [H.S] when there is no preferential uptake (curve (a)). The
doubling rate parameters for curve (b) (0, 1, 2, 4, 8) most well fit the &**Mo depletions seen
in the lower part of 9509 sapropel S1. Indeed two scenarios involving **Mo depletion to a
minimum with [H.,S] variation can be envisaged on the basis of curve (b): depletion to a
minimum, followed by a rise in 6*Mo with increasing [H.S]; depletion to a minimum with
increasing [H.S] followed by a rise in &Mo with declining [H.S]. Of these two scenarios,
the latter is considered the more probable since other data such as Ba/Al, TOC and RSTE
indicate that the Mo minima are associated with maximum reducing conditions, and
therefore maximum porewater H.S. Following the recent XAFS spectroscopic study of
Wagner et al. (2017) showing that intermediate thiomolybdate (MoO.S..») species, Figure 9b
also plots a graph in which the intermediate thiomolybdate species dominate Mo uptake rates
(hashed line curve d; 0, 4, 8,2, 1). Low Mo values are generated, but the values show an
increase with increasing [H.S] that are not consistent maximum reducing conditions.

The coincidence of pyrite growth and Fe oxide depletion with RTSE maxima suggests
that pyrite could be the dominant mineral species for thiomolybdate particulate uptake. The
approximately six cm slight lag in the lower sapropel between the &Mo minimum and
pyrite maximum values in the lower sapropel could reflect an offset due to the diffusional
rate controlled kinetic uptake of Mo by pyrite during diagenesis. This six cm of sediment
represents ~260 yr of sediment deposition (using the dating of Almogi-Labin et al., 2009).
Using the 1-dimensional mean diffusion distance equation: x> = 2Dt (x=distance, D =
diffusion coefficient), the D value corresponding to a time interval of 260 yr is ~ 2*10~
cm/sec. This apparent diffusion coefficient is more than four orders of magnitude faster than
the free ion diffusion rate, implying either very high sediment tortuosity and/or significant lag
in Mo isotope uptake relative to pyrite formation in the high sedimentation rate environment.

All the above calculations assume that seawater 6**Mo = 2.3%o. This value could be
different in the Nile plume due to the influx of river Nile dissolved Mo. The average present-
day main Nile &~Mo is about 0.3%o0, and dissolved [Mo] during the wet monsoonal season is
~8 nmol (Archer and Vance, 2008). Simple mass calculation for equivolume mixing of this
Nile input with seawater ((Mo] = 105 nmol) would give a mean 3**Mo = 2.04%o. This would

not significantly alter the Mo isotopic values calculated in Fig. 9.
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The core 9501 profile is characterized by large &*~Mo shifts; from values of >1%o to -
1%o in the pre-sapropel sediment, a rise to a maximum of 1%c within the sapropel, followed
by a rapid decrease to values of ~0%o at about 8.2 ka (Fig 5b), most obviously associated with
the reventilation event. The &Mo profile of core 9501 significantly differs from that of core
9509 and cannot be modeled using the Fe-oxide adsorption/kinetic thiomolybdate uptake
mechanisms proposed for core 9509. Nor do the data trends provide direct support for the
alternative model of Reitz et al. (2007) in which an initial light oxic (MnO, adsorption) Mo
isotope signal in the sapropel is transported downward to a more reduced sub-oxic zone
during burial diagenesis. The marked 6»Mo variations in the pre-sapropel sediment may
reflect water column redox fluctuations in the open sea at ~1000m depth. These variations are
not found in pre-sapropel sediment of the Nile Fan at site 9509 where the Nile suspended
matter outflow may be buffering the redox state close to the Fe (oxyhydr)oxide-Fe(Il)yq

couple.

5. Conclusions

Anoxic, non-sulphidic, bottom water conditions occurred over the course of sapropel
S1 deposition at intermediate water depths in the Nile Fan, with sub-oxic water conditions
prevailing in the immediately preceding and post-dating sediments. Redox conditions were
more reducing in the early phase of sapropel formation. The chemical element proxy signals
for the 9509 sapropel are similar in magnitude to those of sapropel S1 recovered in core
MD04-2722 on the continental slope at 1780 mbsl (Tachakawa et al., 2014), but stronger than
those of sapropel S1 from core 9501 recovered at a similar depth to 9509, but distal to the
Nile Fan. The sapropel S1 reducing conditions in core 9509 were sufficiently robust that the
sapropel recovered after the well known 8.2 ka sapropel ventilation event, as recorded in
several different proxies (Ba/Al, TOC, RSTE, &**Mo). The intermediate water depth interval
of the Eastern Mediterranean Sea in the Nile Fan area thus developed an expanded oxygen
minimum zone characterized by water column anoxia. The rapid development of anoxia at
shallower conditions than the 1800 mbsl depth at which anoxic conditions occurred in the
deep Eastern Mediterranean Sea basin has potential implications for the rate of expansion of
anoxia in major river coastal fans, past and present.

Lowered water oxygenation conditions in core 9509 sediments preceding the sapropel
(~14-16 ka) are suggested by Ba/Al values and some of the metallic element data, consistent

with results from previous studies (Kuhnt et al., 2008; Schmiedl et al., 2010; Box et al., 2011,
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Tachikawa et al., 2015). However, there is no evidence for a shift to more reducing
conditions at the beginning of the African Humid Period. Rather, the sharp enhancement in
reducing conditions is synchronous with sapropel formation. Thus, evidence for a long period
of water body stagnation preceding the SI event at intermediate water depths is ambiguous,
though this finding does not necessarily impact on models showing that deep water
stagnation preceded sapropel deposition (Grimm et al, 2015)

A major aim of this study was to identify the diagenetic and water column influences
on the sedimentary record during sapropel deposition. Iron speciation indicates a major
diagenetic reaction during sapropel formation in which pyrite grows at the expense of Fe
(oxyhydr)oxides, the dominant highly reactive minerals in the pre-sapropel sediment. The
pyrite growth occurs during bacterial sulphate reduction in anoxic porewaters below an
anoxic, non-sulphidic water column, and reaches a maximum at peak reducing conditions.
During these processes, the preservation in the sapropel of the Fe isotopic composition of
marine sediments and the absence of a shift in §°°Fe to light values during periods of pyrite
growth in the sapropel implies that diagenetic mobilization of iron in porewaters as Fe(Il)yq
and pyrite precipitation occurred in a closed system with respect to Fe. Both the Fe speciation
data and the 8°°Fe values point to the absence of a benthic Fe shuttle, i.e an anoxic non-
sulphidic-non-ferruginous water column. The Mo isotope compositions of sapropel S1
identify major redox periods whereby isotopic fractionation in the Mo isotope system
switches from/to dominantly sub-oxic Mo adsorption to Fe oxides and pyrite in the pre and
post-sapropel sediments, to thiomolybdate species uptake in the sapropel. Peak sapropel

§°¥% Mo minima either side of the 8.2 ka

anoxic reducing conditions are characterized by
ventilation event. Modeling of Mo isotope fractionation during particulate uptake of the
different thiomolybdate species indicates that §°*°°Mo minima can be generated by modest
increases in the rate of uptake of the more sulphidized thiomolybdate species as a function of
H,S concentration.

The diagnostic aspect of the Nile Fan Fe and Mo isotope data are evident when
compared to Fe and Mo isotope data for sapropel S1 at ODP site 967D (2550 mbsl; weakly
sulphidic bottom water; Azrieli-Tal et al, 2014) and the euxinic sediments of the Black sea
(Archer et al, 2004; Neubert et al, 2008: Nagler et al., 2011). Whereas, Fe isotopes show a
progressive decrease to lower 8°°Fe values with increasing sulphide (Fig 7), 8Mo values

show a shift from moderate to strong depletion (Mo minima) in the weakly sulphidic

bottom water at ODP-967D, but a return to sea-water values in the highly sulphidic euxinic
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conditions of the Black Sea. These differences demonstrate that the Fe and Mo isotope
systematics provide a powerful diagnostic tool for exploring organic carbon rich sedimentary

deposition in past and recent settings, especially when combined with Fe speciation studies.
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Figure Captions

Figure 1. Map of the Eastern Mediterranean Sea showing the location of core sites
mentioned in this work: cores 9509 and 9501 (this study), ODP core 967D (Azrieli Tal et al,
2014), MDO04-2722 (Tachikawa et al., 2015) and PCO09BC (Hennekam et al, 2015).

Figure 2. Productivity, major element and redox sensitive trace element (RSTE) vs. depth
profiles for Sapropel S1 and enclosing sediments in core 9509. Blue data points indicate bulk
samples and red points indicate data for the <63 um size fraction. Sapropel S1 boundaries
defined by Ba enrichment are indicated by the dashed vertical lines and the corresponding
extent of TOC enrichment by the yellow shaded area. The grey shaded area indicates the
extent of the African Humid Period. The white bar within the sapropel indicates the intra-
sapropel ventilation event. The age model for the profile is based on Almogi-Labin et al.

(2009).

Figure 3. Geochemical profiles of trace and major elements and TOC for 9501 bulk samples.

Symbols, boundaries and shading as in Fig. 2.

Figure 4. (a) Fe speciation depth profile for highly reactive iron minerals (Fe..). (b). Iron
isotope depth profile of bulk extracts from core 9509 samples. Refer to text for an

explanation of symbols.

Figure 5. (a) Molybdenum isotope profile for core 9509. Blue and red points represent bulk
and <63 pm fraction samples, respectively. (b) Molybdenum isotope profile for core 9501

bulk samples. Colour shading and sapropel boundaries as given in Fig. 2.

Figure 6. Mo.. vs. U,. cross plots for 9509 samples. (a). Indicative trends of Mo,. vs. U..
defined by Algeo and Tribovillard (2009) for the Particulate Shuttle (PS), whereby Mo is
preferentially shuttled to the sediment-water interface through Mn recycling, Open Marine
systems (OM), and the Black Sea (BS) whereby initial rapid Mo uptake becomes retarded by
Mo depletion in the highly restricted Black Sea Basin. The SW lines define trends along
seawater Mo.. vs. U,, ratios (SW), 0.3 x seawater ratios (0.3xSW) and 0.1x seawater ratios
(0.1xSW), respectively. (b) Mo,. vs. U,. trends for core 9509 match the OM trend.
Background sediments are consistent with sub-oxic bottom water conditions along the 0.1 x

SW line. The sapropel data mainly plot close to the 0.3 x SW ratios within the anoxic OM
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field, but do not reach seawater values suggested for sulphidic bottom water. The grey shaded
area shows the stronger Mo.. and U.. enrichment trend exhibited by sapropel S1 at ODP site
967D (2550 mbsl)(Azrieli-Tal et al, 2014).

Figure 7. Fe speciation profiles for sapropel S1 and background sediments from core 9509,
(after Poulton et al, 2005; 2011). (a) Fe../Fe,; (b) Corr Fe,/Fe,. (Fe,/Fe,. is shown for

comparison); (¢) mineralogical speciation in Fe wt% of the highly reactive iron minerals.

Figure 8. Fe/Al vs. 6~Fe diagram for the data of this study. The lack of an inverse trend in the
9509 samples is contrasted with the data trend observed for samples from the lower half of
deepwater sapropel S1 at site ODP 967D (Azrieli-Tal et al., 2014) and the steep trend

observed for euxinic sediments of the Black Sea (Severmann et al., 2008).

Figure 9. (a) The Mo isotope composition of thiomolybdate solution species (8”®**Mo (thio
species)) vs. aqueous H,S concentration. Four calculations are made for various combinations
of thiomolybdate ions indicated in the figure legend. The molecular speciation of the
thiomolybdate ions is according to their thermodynamic equilibrium proportions (data of
Erickson and Helz, 2000). The bulk solution Mo isotopic composition is that of seawater
(87 Mo = 2.3%o; Siebert et al, 2003). The calculation of Mo isotope fractionation factors
follows the method described by Négler et al. (2011), using fractionation factors calculated
using the B3LYP code (Tossel, 2005). Please note that this diagram corrects Fig 8b of
Azrieli-Tal et al. (2014) in which the isotopic composition of the thiomolybdate species was
incorrectly plotted. The conclusions of Azrieli-Tal et al. (2014) regarding the development of

98/95
)

negative Mo values through the preferential uptake of tri- and tetra-thiomolybdate

. . s 98/95
species remain the same. (b) Variations of &

Mo sediment vs. aqueous H,S concentration
calculated using kinetic models for Mo particulate uptake as thiomolybdate species.
Thiomolybdate species are calculated in their equilibrium thermodynamic proportions and
seawater bulk 5°*°°Mo is assumed as in (a), but rates of their uptake into the sediment are

varied as indicated in the legend and text.
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Table Captions
Table 1 Sample, elemental and isotopic date used in this study.

Table 2. Fe speciation data for core 9509 samples
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Table 1

Sample Base/Top Mean  Ba/Al  TOC S Fe/Al Ti/Al Mn/Al Mo/Al Mogr U/A Uer V/A Sb/Al  §%Fe 25 Eror  8%*Mo 20 Error
no (cm) Depth (99  (wt%) (wt%)  (9/9) (9/9) (9/g (9/9 (9/g (9/g (9/g  (IRMM (SRM
(cm) *10%) *10%) *10%) *10%) *10%) *10%)  -14 %o)* -3134 %o)*
Core 9509 Bulk
Samples
1341 5/7 6 22 0.81 0.094 135 0.15 1.24 0.36 3.31 1650  0.08 -0.07 0.02
1342 40/42 41 21 0.77 0.088 131 0.13 1.13 0.31 2.87 1568  0.07 -0.07 0.03
1297 57/59 58 26 056  0.38 0.80 0.076 135 0.44 3.67 0.68 6.31 2125 025 0.08 0.04 0.10 0.05
1343 80/82 81 19 0.81 0.085 150 0.16 1.34 0.38 3.55 1535  0.08 0.14 0.03
1298 97/99 98 25 062 026 0.78 0.081 162 0.19 157 0.45 417 1563  0.12 0.11 0 0.64 0.03
1299 107/109 108 25 057 029 0.76 0.079 116 0.23 1.94 0.49 450 1516 012  -0.03 0.05 1.07 0.05
1300 112/114 113 28 058 0.25 0.75 0.078 126 0.29 245 0.54 495 1506  0.12 0.07 0.04 0.83 0.05
1301 116120 118 47 1.00 065 0.89 0.107 175 0.53 4.46 0.90 8.29 1850  0.29 (-8.'82) (8:(1)421) 0.82 0.05
1302 120/124 122 68 097 122 0.93 0.102 139 1.60 13.44 143 13.21 21.41 0.62 0.01 0.05 0.55 0.05
1303 124/128 126 80 113 1.14 0.77 0.077 170 1.79 15.05  1.63 15.04  24.61 0.78 (gigg) (823? 0.56 0.05
1304 128/132 130 73 099 1.09 0.75 0.078 174 1.41 1184  1.30 1204 2595  0.60 0.02 0.03 0.50 0.03
1305 132/136 134 53 066  1.01 0.74 0.079 226 1.22 1022  1.14 1050  18.04  0.31 0.04 0.09 (g'.gg) (%%%)
(0.01)  (0.07) (0.70)*  (0.03)*
1306 136/140 138 58 069 1.09 0.92 0.110 190 1.23 10.37  1.18 1093 2049  0.34 0.62 0.03
1307 140/143 1415 51 090 0.90 0.75 0.080 162 2.06 17.31 1.17 10.84  20.35 136  -0.03 0.05 0.41 0.03
1308 145/148 146.5 57 158 1.03 0.91 0.109 164 2.13 1792  1.09 10.10  20.05 1.36 0.01 0.03 0.28 0.05
1309 148/151 149.5 68 1.08 1.13 0.91 0.106 137 1.78 1497  1.07 9.87 2025  0.46 0.03 0.02 0.28 0.05
1310 151/154 152.5 66 109 122 0.90 0.099 136 1.84 1546  1.05 9.73 19.26 047 0.02 0.08 0.59 0.24
1311 154/157 155.5 93 132  1.04 0.98 0.115 250 3.27 2746 160 1480 2637 084 0.08 0.06 0.16 0.05
1312 157/160 158.5 66 125 157 0.90 0.104 119 1.62 1358  1.22 1124 2052 053 0.05 0.03 (8232) (8:82)
1313 160/164 162 62 129 1.8 0.73 0.077 164 1.71 1438 1.1 1023 2959  0.67 0.02 0.06 0.53 0.05
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1314
1315
1316
1317
1318
1344
1345
1346
1347

9509 <63
pm
1299b

1301b
1302b
1303b
1304b
1305b
1306b
1307b
1308b
1309b
1310b

1311b
1312b
1313b
1314b

164/168
172/174
177/179
187/187
217/219
230/232
260/262
270/272
310/312

107/109
116/120
120/124
124/128
128/132
132/136
136/140
140/143
145/148
148/151
151/154

154/157
157/160
160/164
164/168

166
173
178
188
218
231
261
271
311

108
118
122
126
130
134
138
141.5
146.5
149.5
152.5

155.5
158.5
162
166

54
31
29
30
29
20
29
46
70

42
63
67
66
49
50
47
52
61
60

71
63
56

1.18
0.63
0.55
0.52
0.51

1.57
1.08
0.52
0.34
0.38
0.28

0.27
0.70
0.72
0.72
0.57
0.53
0.52
0.67
0.72
0.66

0.88
0.73
0.66

0.88
0.84
0.77
0.81
0.82
0.76
0.83
0.82
0.83

0.71
0.75
0.73
0.71
0.70
0.70
0.75
0.72
0.71
0.69

0.71
0.72
0.71

0.078
0.084
0.085
0.089
0.096
0.081
0.096
0.116
0.107

0.072
0.071
0.072
0.072
0.073
0.074
0.075
0.073
0.071
0.071

0.072
0.073
0.073

128
525
624
219
181
139
188
336
228

154
136
132
148
208
176
158
135
128
132

163
113
146

217
0.91
0.31
0.21
0.18
0.20
0.19
0.33
0.06

0.40
1.08
0.97
0.82
0.67
0.82
1.43
1.02
1.23
1.28

1.47
1.05
1.24

18.19
7.61
2.59
1.75
1.55
1.72
1.61
2.77
0.50

7.90
11.96
12.12
10.39

8.53

9.82

9.15

8.43

8.32

8.70

9.73
9.72
10.22

1.03
0.56
0.46
0.45
0.35
0.29
0.49
0.69
0.10

0.94
1.42
1.44
1.24
1.02
1.17
1.09
1.00
0.99
1.04

1.16
1.16
1.22

9.49
5.18
4.27
4.1
3.26
2.66
4.49
6.36
0.90

8.68
13.15
13.32
11.42

9.38
10.80
10.06

9.27

9.14

9.57

10.69
10.68
11.24

26.65
16.71
17.00
17.75
17.87
14.66
13.27
21.05
5.95

18.61
21.33
22.00
24.18
16.26
17.94
19.65
18.72
18.20
19.28

20.00
19.46
31.74

0.46
0.13
0.13
0.12
0.09
0.07
0.06
0.10
0.03

0.24
0.51
0.57
0.43
0.22
0.27
0.31
0.33
0.41
0.41

0.52
0.46
0.61

0.01

-0.05

0.05

0.03

0.83
0.20
0.69
0.70
0.43
0.31
0.17
0.17

0.50

0.24

0.17

0.07
(0.06)*

0.47

0.70

0.05
0.03
0.03
0.05
0.05
0.03
0.03
0.03

0.02

0.03

0.03

0.015
(0.03)*

0.15

0.03



Core 9501 Bulk

Samples
1256 64/66
1257 68/70
1258 70/72
1259 75/75
1260 80/85
1261 85/88
1262 88/90
1263 90/94
1264 94/96
1265 106/108
1266 112/114

65
69
71
77.5
82.5
86.5
89

92
95
107
113

30
32
33
58
77
93
99

60
44
37
41

0.17
0.53
0.59
0.55

0.34
0.22
0.18
0.18

0.28
0.56
0.52

0.64
0.40

0.81
0.79
0.80
0.89
0.81
0.84
0.83

0.84
0.80
0.78
0.78

0.075
0.073
0.074
0.074
0.057
0.068
0.068

0.068
0.074
0.076
0.080

463
886
661
1471
89
96
105

133
151
152
163

0.73
1.22
0.84
1.78
0.43
0.51
0.64

0.69
0.61
0.18
0.20

6.1
10.2
7.0
14.9
3.6
43
5.4

5.8
5.1
1.5
1.7

0.22
0.23
0.22
0.28
0.39
0.72
0.90

1.04
1.14
1.13
1.01

2.03
217
2.03
2.57
3.56
6.65
8.28

9.63
10.51
10.41

9.33

18.74
17.29
18.08
20.03
23.97
32.65
36.29

29.30
21.67
20.35
25.51

0.15
0.23
0.18
0.25
0.22
0.36
0.47

0.58
0.55
0.24
0.25

-0.04

0.00
0.40
0.82
1.04

0.92
.71y
0.38

-0.83
0.39
1.25

0.03

0.05
0.05
0.05
0.08

0.03
(0.05)*
0.04

0.03
0.03
0.03

*Replicate analyses are indicated in brackets below the first analysis. Samples denoted with a star were run through separate full chemistry including digestion.
Other duplicates were run through separate column chemistry.
Samples within sapropel boundaries defined by Ba/Al ratios are highlighted in grey



Table 2

Core Section

Sample Bottom Top Mean Fe(IlHe Fe(llhHcei Feox Femag Fepy Fenr Fer Fenr/FeT  Fepy/Fenr Corr
No cm cm depth wit% wit% wit% wit% wit% wit% wit% Fepy/Ferr*
1297 59 57 58 0.020 0.339 1.375 0.406 0.060 2.199 4.720 0.47 0.03 0.18
1298 99 97 98 0.019 0.302 1.307 0.397 0.079 2.105 6.030 0.35 0.04 0.18
1300 114 112 113 0.021 0.264 1.233 0.360 0.085 1.963 5.670 0.35 0.04 0.18
1301 120 116 118 0.028 0.320 1.050 0.279 0.225 1.902 6.800 0.28 0.12 0.29
1303 128 124 126 0.050 0.349 0.749 0.200 0.269 1.617 4.730 0.34 0.17 0.38
1304 132 128 130 0.039 0.343 0.736 0.194 1.311 4.860 0.27 0.26
1305 136 132 134 0.027 0.299 0.806 0.225 0.275 1.633 4.890 0.33 0.17 0.35
1306 140 136 138 0.031 0.323 0.716 0.201 0.378 1.649 5.780 0.29 0.23 0.43
1310 151 154 152.5 0.037 0.379 0.649 0.187 0.541 1.793 6.040 0.30 0.30 0.51
1311 157 154 155.5 0.033 0.376 0.587 0.172 0.618 1.787 4.690 0.38 0.35 0.56
1313 164 160 162 0.041 0.355 0.562 0.171 0.452 1.583 4.460 0.35 0.29 0.51
1315 174 172 173 0.026 0.333 0.958 0.242 0.302 1.861 5.480 0.34 0.16 0.34
1316 179 177 178 0.028 0.291 1.022 0.301 0.164 1.806 5.070 0.36 0.09 0.25
1317 189 187 188 0.043 0.315 1.202 0.361 0.064 1.985 5.200 0.38 0.03 0.19
1318 219 217 218 0.046 0.312 1.213 0.405 0.119 2.095 5.770 0.36 0.06 0.21

* Corrected Fepy/Ferr = Fe(lll)Hcr + Fepy
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Table A1 List of all chemical data measured in the study

9509 Bulk sediment samples.

Sample#  Top depth
(cm)
1341 5
1342 40
1207 57
1343 80
1298 97
1299 107
1300 112
1301 116
1302 120
1303 124
1304 128
1305 132
1306 136
1307 140
1308 145
1309 148
1310 151
1311 154
1312 157
1313 160
1314 164
1315 172
1316 177
1317 187
1318 217
1344 230
1345 260
1346 270
1347 310

(cm)

136

143

9509 <63pm sediment fraction

Sample#  Top depth
(cm)
1301b 116
13026 120
13036 124
1304b 128
13056 132
1306b 136
1307b 140
1308b 145
13096 148
13106 151
1311 154
13126 157
13136 160

9501 Bulk sediment samples.

Sample#  Top depth
(cm)
1256 64
1257 68
1258 70
1259 75
1260 80
1261 85
1262 88
1263 %0
1264 94
1265 106

(cm)
120
124
128
132

(cm)

Base depth Mean depth

(cm)

]

138

1415
146.5
1495
152.5
156.5
158.5

Base depth Mean depth

(cm)
18
122
126
130

Base depth Mean depth

(cm)

Toc
(wt%)

062
057
058
1.00
097
113
099
066
069
090
1.58
108

132
125
129
118
063
055
052
051

TOC
%)

047
053
059
055
034
022
0.18
018

Major Elements

332

253
311
338
346
383
386
378
a7
387
321
264
400

S0,

(wts%)
384
38.3
37.2
367
38.3
33.1
335
36.9
38.0
370

£
307

sio,

(wtgs)
272
280
273
247
267
299
208
300
303
307
271

A0

(wtsh)
147
15.0
1.1
149
14.5
14.2
142
14.4
135
16
122
125
119
1.9
127
125
127
9.1
14
15
1.3
124
124
121
134
15.2
11.0
72
127

A0
(wsh)
156
15.4
14.8
145
15.0
129
128
14.4
15.1
145
14.1
13.9
16

ALO;
(wtss)
86
88

74
93
89
88
85
86
85
75

Al
(wt%)
778
7.96
5.87
791
769
751
7.53
781
717
6.16
6.46
6.59
6.29
6.31
6.73
6.59
6.70
4.81
6.05
6.08
6.00
6.56
6.57
6.41
7.07
8.04
5.84
3.81
6.72

Al

(wt%)
825
815
7.85
765
7.94
6.80
678
783
7.97
7.70
747
7.35
6.16

Al
(wto%)
453
468
453
394
492
an
468
450
457
452
39

Fe,03

(wts%)
90
88
6.8
91
86
8.1
81
97
95
6.8
70
70
83
68
88
86

67
78
64
75
79
73
74
83

69
45
80

Fe0;
(wts%)
84
87
82
77
79
6.9
72
78
8.1
76
76
76
6.2

Fe,0;
(wtss)
52
53

50
57
56
56
54
52
50
44

(wtsh)
6.28
6.17
472
6.39
6.03
5.69
567

6.65
473
4.86
4.89
578
475
6.16
6.02

469
542
446
525
548
507
520
577
6.12
482
314
558

(wtss)
366
371
359
351
398
393
389
37
365
352
310

Tio,
(wt%)
120
1.16
0.74
111
1.03
0.97
0.97
1.35
121
078
0.83
0.86
114
0.83
121
115
1.10
091
1.04
0.77
0.77
0.90
0.92
0.94
112
1.08
0.93
073
1.18

Tio,
(wto%)
057
057
056
049
047
054
053
056
058
060
053

Ti
(wts%)
073
0.70
0.45
0.67
0.62
0.59
0.59

073
048
050
052
069
050
073
070

055
063
047
047
055
056
057
068

056
044
072

T
(wtss)
034
035

030
028
032
032
034
035
037
032

a0
(wtsh)
75
71
171
7.1
87
9.1
97
10.4
11.8
18
134
131
149
147
133
13
126
10.5
145
15.5
14.1
120
11.0
8.0
94
74
95
220
77

(wtss)
23
253

210
203
205
206
223
223
218
19.9

Mgo
(wt%)
29
30
42
30
29
28
28
32
30
27
30
31
30
31
30
30
31
25
29
33
32
35
35
33
36
30
28
23
30

Mgo
(wto%)
36
36

29
29
33
32
35
37

34

K0
(wts%)
16
16
18
15
16
16
16
17
16
14
14
15
16
15
16
16
17
13
17
16
16
17
17
18
19
16
15
12
18

(wts%)
13
13
13
13
15
12
12
14
14
14
14
14
12

(wtgs)
11
12
11
10
11
12
13
13
13
14
12

50
(wtsh)

07
07
06
16
31
29
27
25
27
22
26
28

26
39
29
39
27
13
09
09
07

(wtsh)
(X4
17
18
18
14
13
13
17
18
16
22
18
16

(wtss)

07
14
13
16
1.0

026
029
025

122
114
1.09
101
109
090
103
113
122
1.04
157
118
157
108
052
034
038
028

(wt%)
0.27
0.70
0.72
072
0.57
0.53
0.52
0.67
0.72
0.66

073
066

(wto%)

027
055
051
063
038

Trace Elements

As
(ppm)

(ppm)
173
168

152

175

318

<0.1

<01

02
06
0.2
02

(ppm)
&«

(ppm)

112
12

Rb
(ppm)

SRERERBRYKEY

(ppm)
07
1.1
08

11
17
22
26
25
11
10

(ppm

(ppm

(ppm)

3.0

(ppm)

112

(ppm)

(ppm)
7

(ppm)



