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ARTICLE INFO ABSTRACT

Keywords: Trace metal abundances in marine sediments have been used extensively to interpret periods of elevated primary
Redox productivity and ancient ocean redox conditions. However, sediment reworking that results in post-depositional
Productivity oxidation, such as bio-irrigation or lateral sediment transport through oxic water, can modify the primary
8;32‘;;;1:'“7 geochemical signal of the sediment, which in turn may impact paleo-redox and/or -productivity interpretations.

In the case of sediments on the Namibian Continental Margin (NCM), lateral transport and redeposition con-
tribute to the accumulation of organic matter on the margin slope. To better constrain the geochemical effects of
lateral transport on the NCM, we examined the trace metal signature (including solid-phase Fe, Mo, V, Ni, Cu and
Ag, and pore-water Fe, Mo, and V) in surface sediments (up to 25 cmbsf) along a transect from shelf to slope
through the primary (shelf) and secondary (upper slope) depositional zones of the margin. Despite varying
bottom water redox conditions ranging from seasonally anoxic (upper shelf), suboxic (shelf break), and oxic
(upper slope), each site has elevated total organic carbon contents (average TOC content of 9.1, 3.2 and 6.8 wt%,
respectively), due to high surface water primary productivity and lateral transport of organic-rich material from
the shelf to the upper slope. Our results show that the solid-phase contents of the productivity proxies Ni, Cu, and
Ag parallel the organic carbon accumulations largely irrespective of the local redox conditions. In contrast, the
solid-phase contents of V, Mo, and Fe respond to the local bottom water redox conditions at each site, being
enriched under strongly reducing conditions and less-enriched under oxic bottom waters despite enhanced TOC
at all three investigated sites. Thus, the enrichment of trace metal and TOC at each site on the NCM can not only
be used to reconstruct primary depositional bottom water redox conditions but also to identify zones of sediment
redeposition. Using an offshore transect allows for the identification of intense lateral transport and redeposition
of organic-rich sediments that are occurring along the margin. The relative concentrations of both redox-sen-
sitive and productivity-related trace metals suggest that the decoupling of trace metals and organic carbon
enrichments occasionally observed in the geological record could be explained by the process of lateral transport
and redeposition.

Trace metals
Organic-rich

1. Introduction

Trace metals have been well-established as redox and/or pro-
ductivity proxies in sediments and sedimentary rock (Calvert and
Pedersen, 1993; Morford and Emerson, 1999; Lipinski et al., 2003;
Algeo and Maynard, 2004; Cruse and Lyons, 2004; Borchers et al.,
2005; Brumsack, 2006; Piper and Calvert, 2009; Algeo and Rowe, 2012;
Owens et al., 2016, 2017) due to the processes responsible for the in-
corporation of trace metals into sediments and, ultimately, the sedi-
mentary record. Trace metals have three major pathways into the
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sediment: 1) the precipitation of seawater sourced metals related to
redox conditions (Calvert and Pedersen, 1993; Crusius et al., 1996;
Nameroff, 1996; Morford and Emerson, 1999), 2) biologically sourced
metals delivered to sediment within organic matter (Algeo and
Maynard, 2004; Brumsack, 2006; Piper and Calvert, 2009; Boning et al.,
2015), and 3) delivery of metals contained within detrital materials
from continental weathering (Emerson and Huested, 1991; Borchers
et al., 2005; Tribovillard et al., 2006; Scott et al., 2017) with an im-
portant caveat that biologically- and seawater-sourced metals may be
difficult to decouple. Trace metals may also be enriched in the sediment
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through the exhalation, transport, and oxidation of hydrothermally
derived dissolved metals from mid-ocean ridges (e.g., Resing et al.,
2015). The variations in total organic carbon (TOC) content and trace
metal abundances in the sedimentary record reflect water column
productivity and/or the redox state of the bottom water conditions
during deposition (Boning et al., 2004, 2005; Borchers et al., 2005;
Algeo and Lyons, 2006; Tribovillard et al., 2006; Boning et al., 2015;
Little et al., 2015). Thus, variations in trace metal accumulations have
been considered relatively reliable proxies that are useful in de-
termining depositional redox and surface water productivity conditions
using the concentrations of these elements above detrital background
concentrations. Geochemical proxies, however, have some environ-
mental limits on accumulation and may be subject to post-depositional
and early/late diagenetic alteration. For example, limited aqueous trace
metal supply, which can be due to restricted basin circulation (Algeo
and Maynard, 2004; Algeo and Lyons, 2006; Formolo et al., 2014; Zhu
et al., 2018), or drawdown of the watermass trace metal inventory due
to global redox conditions (Gill et al., 2011; Reinhard et al., 2013;
Owens et al., 2016; Sahoo et al., 2016), can mask the geochemical
redox signal. Likewise, bioturbation (Aller, 1994; Zheng et al., 2000;
Volkenborn et al., 2007) and sediment resuspension (Kowalski et al.,
2013) can introduce oxygen into previously anoxic sediments.

1.1. Redox-Sensitive Metals

Redox-sensitive trace metals, such as molybdenum (Mo), iron (Fe),
and vanadium (V), are often enriched in organic-rich (> 3 wt% organic
carbon) sediment (e.g., Goldschmidt, 1954; Brumsack, 2006 and re-
ferences therein) and are used in determining modern and ancient de-
positional redox conditions (e.g. Emerson and Huested, 1991; Calvert
and Pedersen, 1993; Algeo and Maynard, 2004; Cruse and Lyons, 2004;
Brumsack, 2006; Tribovillard et al., 2006; Lyons et al., 2009; Piper and
Calvert, 2009; Algeo and Rowe, 2012; Owens et al., 2016, 2017). Redox
conditions such as anoxic, suboxic (dysoxic), and oxic are operationally
defined here as having 0.0, 0.0-2.0, > 2.0 mL O, L.~ ! H,0, respectively
(e.g. Tyson and Pearson, 1991). The relative abundance of specific trace
metals can assist in differentiating between redox conditions on a local
and/or global scale (e.g. Algeo and Maynard, 2004; Tribovillard et al.,
2004, 2005; Lyons et al., 2009; Owens et al., 2016; Sahoo et al., 2016).
The use of Mo as a redox proxy is based on its distinctive geochemical
behavior in both oxic and sulfidic environments (Emerson and Huested,
1991; Algeo and Lyons, 2006). In average shale, approximating typical
weathered upper continental crust, Mo is found in very low con-
centrations (2.6 ppm, Turekian and Wedepohl, 1961; Table A1). On the
other hand, Mo is the most abundant transition metal in oxic seawater
(Collier, 1985) with the dominant species Mo(VI) in the form of mo-
lybdate (M0O,4~2). In modern oceans, removal of Mo from oxic sea-
water occurs via adsorption to Fe- and Mn- (oxyhydr)oxides (Shaw
et al.,, 1990) and the adsorbing particles sink to the seafloor. Under
reducing conditions, Fe- and Mn-(oxyhydr)oxide minerals are reduced
which releases the adsorbed Mo to the surrounding solution (Shaw
et al., 1990; Crusius et al., 1996; Morford and Emerson, 1999). Under
sulfidic conditions (available dissolved sulfide), molybdate is fixed as
particle-reactive thiomolybdate (M0S4_x0,27) (Crusius et al., 1996;
Helz et al., 1996; Erickson and Helz, 2000; Helz et al., 2011). Sulfidic
conditions are favorable for enrichments of Mo to be recorded into the
sediment as Mo(IV) (Helz et al., 1996; Erickson and Helz, 2000; Zheng
et al., 2000; Poulson Brucker et al., 2009; Helz et al., 2011; Scott and
Lyons, 2012). Consequently, Mo accumulations in sediment (> 25 ppm,
Scott and Lyons, 2012) have been used in many studies to identify local
euxinic (dissolved O, = 0 mL L™! H,0, plus dissolved sulfide in the
water column) environmental conditions with an abundance of dis-
solved Mo (Helz et al., 1996; Nameroff et al., 2002; Lipinski et al., 2003;
Cruse and Lyons, 2004; Borchers et al., 2005; Algeo and Lyons, 2006;
Scott and Lyons, 2012).

Vanadium is typically enriched in suboxic and anoxic sediments
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(Shaw et al., 1990; Emerson and Huested, 1991). In oxygenated sea-
water, V exists as V(V), in the form of the vanadate oxyanion and can
easily adsorb onto Fe- and Mn-(oxyhydr)oxides (Calvert and Piper,
1984; Wehrli and Stumm, 1989; Emerson and Huested, 1991). Under
weakly reducing conditions, V(V) is reduced to particle-reactive V(IV)
(McBride, 1979; Wanty and Goldhaber, 1992) and forms vanadyl ions,
hydroxyl species, and insoluble hydroxides (Van der Sloot et al., 1985).
In the presence of dissolved sulfide under strongly reducing conditions,
V(V) is further reduced to V(III) and precipitated as insoluble oxy-
hydroxides (Breit and Wanty, 1991; Emerson and Huested, 1991;
Wanty and Goldhaber, 1992). Because of the two-step reduction process
necessary for V fixation in the sediment, V concentrations, when com-
bined with Mo concentrations, are used to identify anoxic and euxinic
environments at local and, potentially, global scales (Algeo and
Maynard, 2004; Owens et al., 2016).

In oxic seawater, Fe and Mn precipitate as Fe and Mn oxyhydr-
oxides, thus dissolved Fe and Mn are often found in concentrations
below 1 nM (Bruland and Lohan, 2006, and references therein). How-
ever, hydrothermally-derived dissolved Fe an Mn concentrations can be
higher near hydrothermal systems (Saito et al., 2013; Resing et al.,
2015). Due to the behavior of Fe under various redox conditions, the
presence of dissolved Fe in pore-waters, solid-phase total Fe content,
and the Fe/Al ratio, which records reactive Fe enrichment (Werne et al.,
2002; Lyons et al., 2003; Little et al., 2015; Raiswell et al., 2018), are
commonly used as redox indicators in marine environments (Raiswell
and Berner, 1985; Lyons et al., 2003; Cruse and Lyons, 2004; Lyons and
Severmann, 2006; Raiswell et al., 2018). Sediments with Fe/Al ratios
above the threshold value of 0.66 are considered to be enriched over
oxic marine sediments, which contain Fe/Al ratios of approximately
0.55 (Raiswell et al., 2018), reflecting deposition in an anoxic and/or
sulfidic environment, such as the Black Sea (Lyons and Severmann,
2006).

Some Fe may be mobilized from suboxic to anoxic sediments,
transported, and sequestered during Fe sulfide precipitation in a euxinic
water column as pyrite. Based on this process, transport of reactive Fe
from the shelf downslope has been observed in the Black Sea
(Severmann et al., 2008) and the Peruvian continental margin (Scholz,
2018). Surface sediments within an OMZ are subject to diffusive loss of
Fe (Scholz et al., 2011), and Peruvian margin sediments within the
OMZ show Fe depletion. Some of the dissolved Fe (and Mn) are then re-
precipitated at the boundaries of the OMZ (Scholz et al., 2011; Scholz
et al., 2014).

1.2. Productivity-related trace metals

Productivity-related trace metals accumulate in sediments deposited
under upwelling waters due to a high flux of organic matter with en-
hanced organic carbon preservation at depth (e.g. Boning et al., 2004).
Metals such as nickel (Ni), copper (Cu), and silver (Ag) are generally
associated with biocycling processes and bioproductivity (Bruland,
1983; Borchers et al., 2005) and are primarily delivered to marine se-
diments directly within, or adsorbed to (post-mortem), sinking biode-
tritus (e.g. Brongersma-Sanders et al., 1980; Boning et al., 2015).

Under oxic conditions, Ni is primarily preserved as soluble
Ni-carbonate (NiCOs) or adsorbed to humic and fulvic acids, however,
Ni may also be present as soluble Ni2* cations or NiCl* ions (Calvert
and Pedersen, 1993; Whitfield, 2002; Algeo and Maynard, 2004).
Copper is typically present in oxic settings as organometallic ligands
and, to a lesser degree, as soluble CuCl* ions (Calvert and Pedersen,
1993; Whitfield, 2002; Algeo and Maynard, 2004). The productivity-
related trace metals incorporated into sediments of upwelling margin
settings, such as the Chilean and Peruvian margins, are primarily pre-
concentrated in, or adsorbed onto, biodetritus and delivered to the se-
diments by settling through an oxygen minimum zone (OMZ; Boning
et al., 2004, 2005). As organic matter degrades, incorporated metals,
such as Ni and Cu, are released into pore-waters (Moore et al., 1988).
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Under sulfidic conditions, pore-water Ni and Cu may be incorporated
into sediment as insoluble sulfides (Moore et al., 1988; Huerta-Diaz and
Morse, 1990, 1992; Morse and Luther, 1999), and remain in the sedi-
ment.

While present understanding of the marine geochemical cycling of
Ag is relatively limited, when compared to some other trace metals,
several studies have demonstrated that elevated Ag content in sediment
can be used as a reliable indicator of ocean surface productivity
(Crusius and Thomson, 2003; Friedl and Pedersen, 1998, 2001; Hendy
and Pedersen, 2005; McKay and Pedersen, 2008; Wagner et al., 2013;
Chang et al., 2015). Similar to Ni and Cu, Ag is taken up in the bodies of
micro-organisms in surface waters (Fisher and Wente, 1993) or ad-
sorbed to organic matter from seawater and delivered to the seafloor
along with the sinking biodetritus (Friedl and Pedersen, 1998; Boning
et al., 2004). In the East Atlantic Ocean waters, dissolved Ag correlates
with silica (Flegal et al., 1995) and increases with water depth (Martin
et al., 1983). A study by Morford et al. (2008) demonstrated a similar
increase in dissolved Ag with water depth, despite carbon flux being
greatest at locations under a shallow water column. This increase of Ag
in sediments under deeper water columns has been observed in sedi-
ments from the Western Canadian, Mexican, Peruvian (McKay and
Pedersen, 2008), and Chilean (Boning et al., 2005; McKay and
Pedersen, 2008) continental margins. These observations are similar to
barium (Ba) as a productivity indicator, where Ba is scavenged within
the water column requiring certain water column depths to appro-
priately represent organic carbon accumulation in the sediments (e.g.
Dymond et al., 1992; Von Breymann et al., 1992; Klump et al., 2000;
Nameroff et al., 2002; McKay and Pedersen, 2008; Horner et al., 2015).
Due to the nutrient-type distribution of Ba and Ag in the water column
(Bruland and Lohan, 2006, and references therein), concentrations are
greater in deeper waters. Thus, the amount of Ag scavenged by sinking
particulate organic matter is related to the availability of Ag with in-
creasing water depth, as well as particle travel time through the water
column. Additionally, in highly-reducing conditions, Ag can form Ag,S,
which is an extremely insoluble sulfide (Dyrssen and Kremling, 1990;
Friedl and Pedersen, 2001) and is found enriched in sulfidic sediment
through this reduction pathway. To determine the effects of redeposi-
tion on a suite of redox-sensitive and productivity-related trace metal
signals, we present with this study the solid-phase and pore-water trace
metal (TMpw) geochemistry of sediments on the NCM. A combined
approach of redox-sensitive and productivity-related trace metal ana-
lysis and total organic carbon content measurements can provide useful
insights to aid in paleoenvironmental reconstructions of organic-rich
depositional systems to identify ancient environments that may have
experienced sediment redeposition.

2. Methods
2.1. Study area

Along the Namibian Continental Margin (NCM), southeasterly trade
winds induce upwelling of nutrient-rich deep waters (e.g. Shannon and
Nelson, 1996), which are delivered to the photic zone. The perennial
upwelling along the NCM induces strong primary production
(Mollenhauer et al., 2002), which is estimated at a rate of 0.37 Gt
carbon per year (Carr, 2001). The highest productivity is located in
waters above the shelf with additional high productivity in filaments of
nutrient-rich water that extends seaward above the continental slope
(Carr, 2001, Mollenhauer et al., 2002). The degradation of a large
quantity of sinking biodetritus creates extreme water column oxygen
depletion and periodic sulfidic bottom water (Borchers et al., 2005).
The resulting OMZ stretches from the shelf, across the upper continental
margin and beyond the shelf break (Chapman and Shannon, 1985).
Within the OMZ, oxygen-deficient conditions augment the preservation
of large quantities of organic carbon in the sediment (van der Weijden
et al., 1999). The core of the OMZ offshore Namibia is at ~200 m water
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depth (e.g. Briichert et al., 2003; Inthorn et al., 2006a), however, sea-
sonal variability in the upwelling cells responsible for the high primary
productivity in NCM waters results in the OMZ layer becoming less-
pronounced during the austral winter/spring (Monteiro et al., 2006;
Boning et al., 2020). Likewise, the OMZ expands during the highly-
productive summer months (Briichert et al., 2003; Monteiro et al.,
2006; Boning et al., 2020). The strong coastal upwelling and high pri-
mary productivity have been occurring in this region since at least the
early Pleistocene (Berger and Wefer, 2002).

The phytoplankton that thrives in the coastal waters above the
Namibian shelf is dominated by diatoms, dinoflagellates, and radi-
olarians (Summerhayes et al., 1995) resulting in shelf sediments con-
sisting primarily of organic carbon-rich diatomaceous ooze (Bremner,
1983; Summerhayes et al., 1995; Mollenhauer et al., 2002). Waters
above the shelf break and upper slope contain an abundance of coc-
colithophores and foraminifera (Giraudeau et al., 1993) delivering a
small, but not negligible, amount of carbonate and organic material to
the sediments below (McPhee-Shaw et al., 2004; Inthorn et al., 2006b).
Previous studies have used optical measurements (Inthorn et al., 2006a)
and “C dating of suspended organic carbon (Inthorn et al., 2006b) to
monitor the movement and transport of sediments along the NCM. The
Inthorn et al. (2006a, 2006b) studies revealed that the downslope
trends in organic carbon accumulation, lability, and *C ages are ex-
plained by the extensive particle transport occurring along the NCM in
nepheloid layers, which are discrete layers of water with enhanced
particle content relative to surrounding waters. In the NCM, organic-
rich particles from sediments below the highly productive shelf waters
are transported offshore in nepheloid layers. This lateral transport and
redistribution of particles create a secondary area of intense organic
carbon accumulation on the upper slope (Inthorn et al., 2006a, 2006b;
Mollenhauer et al., 2007). The shelf and upper slope are separated by
the shelf break where radiocarbon dating (Mollenhauer et al., 2002;
Inthorn et al., 2006b) and parasound sediment echosounder profiles
(Mollenhauer et al., 2007) revealed an erosive regime, which exposes
significantly older sediments compared to the shelf. Erosion along the
shelf break is also mirrored in the increased intensity of the bottom
nepheloid layer near the shelf break, with estimated suspended parti-
culate concentrations up to 2.1 mg L™ ! based on beam attenuation and
light scattering (Inthorn et al., 2006a). The intermediate nepheloid
layer which extends across the upper slope, where it diminishes in in-
tensity, is indicative of sediment resuspension and transport to the
upper slope depocenter (Inthorn et al., 2006a; Mollenhauer et al.,
2007). Furthermore, Inthorn et al. (2006b) found that the **C ages of
suspended material collected from bottom nepheloid layers (within
0.3 m of the seafloor) along three offshore transects is very similar in
age to nearby core-top sediments which are progressively older off-
shore; around 0.125 kyr. on the shelf (Mollenhauer et al., 2002), 2.94
kyr. on the shelf break, and 3.11 kyr on the upper slope (Mollenhauer
et al., 2007). The overall modern sedimentation rates on the NCM are
high with estimates from =100 cm kyr-1 on the shelf, mainly due to the
high primary productivity in surface waters (Bremner and Willis, 1993;
Mollenhauer et al., 2002), to 5-17 cm kyr~' on the upper slope
(Mollenhauer et al., 2002), where sediments are primarily composed of
resuspended material (Mollenhauer et al., 2007).

A previous study by Abshire et al. (2020) examined the shelf, shelf
break, and upper slope sediments of the NCM and found a pronounced
decoupling of the redox-sensitive trace metal uranium (U) and TOC in
redeposited sediments on the upper slope. It was concluded that the loss
of U from the organic-rich sediments occurred during offshore transport
and redeposition. Uranium isotope evidence confirmed that the sedi-
ments were initially deposited under anoxic conditions and were sub-
jected to post-depositional oxidation, which led to a loss of U from the
organic-rich sediments. The erosion, lateral transport, and redeposition
of sediments on the NCM make this the ideal area to investigate the
impact of dynamic depositional conditions in organic-rich sediments on
the trace metal inventory.
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Fig. 1. Map of the study area showing the areas of intense organic carbon
preservation (warmer colors) in the sediments (modified after Mollenhauer

et al., 2002). Sample sites25020 (shelf), GC 4 (shelf break), and GC 5 (upper
slope) are labeled as white circles.

2.2. Sampling

Sediment cores were collected for geochemical analyses from the
NCM offshore southwestern Africa (Fig. 1) onboard the research vessel
RV MIRABILIS as part of the May 2015 Regional Graduate Network in
Oceanography (RGNO) program. Cores 25020, GeoChemistry_4 (GC 4),
and GeoChemistry 5 (GC 5) were collected from the outer shelf, shelf
break, and upper slope, respectively. Surface sediment cores were re-
trieved from the three sample sites using a multi-corer (MUC) device
(Table 1). Bottom water was immediately extracted from the top of the
core using a syringe and cores were immediately sliced onboard the
ship into 1-2 cm intervals. Sediments were transferred into centrifuge
tubes, and the headspace was purged with nitrogen gas. Pore-waters
were then extracted from each tube containing sediments via clean
Rhizons (Seeberg-Elverfeldt et al., 2005), which were soaked in milliQ
water prior insertion, connected to a 30 mL syringe through an airtight
and pre-drilled hole in the top of each centrifuge tube. The first mL of
extracted liquid was discarded to prevent oxidation and dilution. All
extracted water samples were acidified with concentrated trace metal
grade (TMG) nitric acid at a concentration of 20 uL/mL of sample and
were stored at 4 °C.

2.3. Aqueous phase Analysis

Measurements of ocean water temperature, salinity, and bottom
water oxygen levels were obtained from the research vessel using a
Conductivity Temperature Depth (CTD) device with an oxygen sensor
that had a detection limit of 0.05 mL O, L™ ! H,O.

Table 1
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Bottom and pore-water samples were analyzed for trace metal
concentrations using an inductively-coupled plasma-mass spectrometer
(ICP-MS, ThermoFisher Scientificc iCAP Qc) at Oklahoma State
University. Sample aliquots were diluted 25-fold with 2% supra-pure
nitric acid prior analysis. A standard reference material NIST 1643f was
analyzed with each set of samples for quality control. The standard
deviation for all elements was better than 5%. All generated pore-water
data are summarized in Table A2.

2.4. Solid-phase analysis

Total organic carbon (TOC) content of the NCM sediment was
measured using an Elemental Analyzer (EA, Costech) at Oklahoma State
University (OSU). Standard reference material USGS-40 was run
alongside samples with an error of less than 1%. The TOC data used in
this study and details of the methods have been previously published in
Abshire et al. (2020).

Samples for analyses of Al, Mn, Fe, V, Mo, Ni and Cu from all cores
were completely digested using a CEM Mars 6 microwave with 5 mL of
~9 M trace metal grade (TMG) nitric acid to remove organic matter
followed by concentrated TMG hydrochloric, nitric, and hydrofluoric
acids (e.g. Them et al., 2017). Sample preparation and analyses on a
Thermo Element II ICP-MS were carried out in the Geochemistry group
at the National High Magnetic Field Laboratory at Florida State Uni-
versity. A set of standard reference materials (NIST 2702, USGS SDO-1,
and USGS SCO-1) were digested and analyzed with each set of samples
and, in all cases, reported elemental concentrations were within the
published analytical error. Duplicate analyses of NIST 2702 had relative
standard deviations < 2%, with the exception of Al (RSD =8%) and Mo
(RSD =3.5%).

Samples analyzed for Ag content from all cores underwent a mod-
ified temperature and pressure digestion protocol using a PicoTrace
digestion system (after after Steinmann et al., 2020) with concentrated
TMG nitric, hydrofluoric, and perchloric acids in PTFE vials. Samples
were heated to 170 °C until fully dissolved and then evaporated until
dry. Residues were dissolved in 5% TMG nitric acid. The Ag content was
measured on a ThermoScientific iCAP Qc ICP-MS at OSU. Standard
reference material NIST SRM 2702 was digested and analyzed alongside
samples with less than 3% error and 1.4% RSD between duplicate
standards.

Since Al can be used as an indicator of the aluminosilicate fraction
of a sedimentary deposit, indicating the extent of input from con-
tinental weathering (e.g. Brumsack, 1989; Calvert and Pedersen, 1993;
Morford and Emerson, 1999; Piper and Perkins, 2004), Trace metal/Al
(TM/Al) ratios will be reported alongside trace metal data. Ad-
ditionally, enrichment factors (EF) for each solid-phase element were
calculated based on the average enrichment at each site, relative to
average shale composition as defined by Turekian and Wedepohl (1961
Table A1) (e.g. Borchers et al., 2005; Brumsack, 2006; Bennett and
Canfield, 2020). The calculation for EFs is as follows:

EFmm = (TM/Al)sample/(TM/Al)shale (@D)]

All generated solid-phase data are summarized in Table A3 (TOC
and CaCO3) and Table A4 (solid-phase trace metals).

Location, water depth, bottom water oxygen concentration, and depositional redox environment for sites 25020 (shelf), GC 4 (shelf break) and GC 5 (slope).

Core name Latitude Longitude Water depth (m) Bottom water oxygen (mL L™ ') Depositional Environment
25020 25°00.00’S 14°28.20°E 116 < 0.05" Anoxic outer shelf

GC 4 25°20.66'S 13°46.48'E 302 1.11 Suboxic shelf break

GC5 25°30.00’S 13°27.00'E 795 3.36 Oxic upper slope

Samples were collected in May 2015. Anoxic, suboxic, and oxic conditions in the bottom waters (< 1 m above sea floor) of the NCM have been previously defined in

Abshire et al. (2020).
# CTD detection limit is 0.05 mL L™
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Fig. 2. Aqueous (aq) concentration of iron (Fe), molybdenum (Mo) and vana-
dium (V) from sediment cores collected from the A. anoxic shelf (site 25020), B.
suboxic shelf break (site GC 4), and C. oxic upper slope (site GC 5). Pore-water
Ni and Cu were measured and were below detection limit in all sampled pore-
waters. Samples at 0 cmbsf are bottom water samples.

3. Results
3.1. Aqueous phase

All pore and bottom water trace metal data from sites 25020 (shelf),
GC 4 (shelf break), and GC 5 (slope) are listed in the appendix, Table
A2, and are shown in Fig. 2. At all three study sites, bottom and pore
water Ni and Cu were below detection limits of 0.08 ppb and 0.22 ppb,
respectively. In the bottom water (0O cmbsf) at the shelf site (25020) the
concentration of dissolved Fe is < 1 uM and increases to ~11 uM by a
depth of 3 cmbsf, followed by a decrease downcore to <1 uM at 25
cmbsf. The concentration of Mo is 107-114 nM in the bottom water,
with a slight increase of Mopy to ~120 nM at 0.5 cmbsf then decreases
into the sediments to 1 nM by 13 cmbsf. At 17 cmbsf the concentration
of Mopw begins to increase to 151 nM by 21 cmbsf. At 25 cmbsf the
concentration of Mopyw is 107 nM. The dissolved V concentration in the
bottom water is < 20 nM increasing to 117 nM into the core top pore
waters. At a depth of 3 cmbsf the concentration of Vpy drops to 38 nM,
followed by fluctuations between 17 and 65 nM downcore. At the core
bottom, the Vpy concentration spikes to 664 nM (Fig. 2A).

At the shelf break (site GC 4) Fepy concentration fluctuates between
3 and 9 uM down to 13 cmbsf, followed by an increase downcore to
16 uM at 19 cmbsf. At the core bottom Fepy decreases to =1 uM. The
concentration of Mo in the bottom water of core GC 4 is 106-111.5 nM,
and increases in the sediment pore-waters to 292 nM by 5 cm core
depth. From 7 to 9 cmbsf the Mopy concentration decreases to 145 nM,
before increasing sharply to 2208 nM by the core bottom. Dissolved V
concentrations are ~40 nM in the bottom water, increase to 54 nM at

Marine Geology 429 (2020) 106316

1.5 cmbsf, then decrease to 22 nM by a depth of 3 cmbsf, followed by an
increase to 58 nM by a depth of 5 cmbsf, and a decrease to 44 nM by 9
cmbsf (Fig. 2B). From 13 to 19 cmbsf the Vpyy concentration increases to
127 nM before decreasing to 103 nM by the core bottom (Fig. 2B).

The concentration of Fe is < 1 uM in the bottom water of site GC 5
(upper slope), increasing to 5 uM at 3 cm, before spiking to 16 uM at 7
cmbsf. The Fepy concentration decreases with depth to O uM at 19
cmbsf. Dissolved Mo in the bottom water is 103-124 nM and Mopy
increases rapidly to 354 nM in the core top to 693 nM by a depth of
1.5 cmbsf, followed by a drop to 385 nM at 5 cmbsf. The Mopy con-
centration increases again reaching 3033 nM at 21 cmbsf. The con-
centration of V in the bottom water is 44-47 nM and increases in the
pore-water to 77 nM at 1.5 cmbsf, followed by a decrease to 38 nM at
5 cmbsf. From 7 to 9 cmbsf the concentration of Vpy fluctuates before
increasing to 83 nM by 19 cmbsf and decreases again to 78 nM at the
core bottom.

3.2. Solid-phase

The sediments from the outer shelf (site 25020) are finely-laminated
and green to black in color with a strong sulfur odor. Sediments on the
shelf break are brown to black colored with no visible laminations, and
upper slope sediments are non-laminated and green to black in color.

3.2.1. Organic and inorganic carbon

All organic carbon (TOC) data included in this manuscript were
previously reported by Abshire et al. (2020). Carbonate (CaCO3) data
are new to this study and are presented in the appendix in Table A3.
The upper 10 cm of shelf sediments have TOC content of 7.2-8.8 wt%
which increases to 11.5 wt% TOC at 25 cmbsf. The CaCO5 content at
this site ranges between 7.1 and 17.1 wt% with shell fragments ob-
served in the bottom half of the core (Fig. 3A). Sediments from the shelf
break have an average of 3.2 wt% TOC and CaCO3; amounts range from
22.7-36.1 wt% (Fig. 3B). Upper slope sediments contain 5.8-7.8 wt%
TOC, with CaCO3 contents ranging from 34.7-63.0 wt% with shell
fragments observed throughout the core (Table A3, Fig. 3C).

3.2.2. Al, Mo, V, Mn and Fe

The contents of solid-phase metals from cores 25020, GC 4 and GC 5
(Table A4) are each plotted against Al (Fig. 3) to normalize the data
against the lithogenic background (e.g. Calvert and Pedersen, 1993). All
sediments from the shelf (site 25020) generally have increasing metal
content with depth. The Al contents of the shelf sediment range from
0.7 wt% to 2.3 wt%. Mo content is lowest (14.9 ppm) at the core top
and increases to 38.2 ppm at a depth of 25 cmbsf. Solid-phase V content
is 38.5 ppm at the core top, decreases slightly to 28.9 ppm (at 3 cmbsf)
then increases again to 55.1 ppm (9 cmbsf). Beyond 9 cmbsf, V content
decreases again to 48 ppm before increasing significantly to 124.3 ppm
at the core bottom. The Mn and Fe content of the shelf sediment gen-
erally increase down core from 38 ppm Mn and 0.5 wt% Fe at the core
top to 160 ppm Mn and 1.8 wt% Fe at the core bottom.

Sediments at site GC 4 on the shelf break has Al content ranging
from 1 wt% to 1.4 wt% and Mo content between 3 and 8 ppm that
increases slightly with depth in the sediment. Like Mo, V generally
increases with depth from 31 ppm to 33 ppm with minor decreases at
1.5 and 7 cmbsf. The Mn content fluctuates between 65.1 ppm and
92.5 ppm and the Fe content varies between 1.2 and 1.7 wt%.

In the sediments at the upper slope site (GC 5), the Al content varies
between 1.4 and 1.7 wt%. The Mo content is lowest at the core top
(1-2 ppm) and increases downcore to 7.3-7.5 ppm at the core bottom.
The V content at this site increases from 26 ppm at the top of the core to
33.7 ppm at 13 cmbsf, then decreases to 26.8 ppm at 23 cmbsf. At site
GC 5, Mn content ranges between 61.5 ppm and 78.5 ppm and Fe
content ranges between 1.0 and 1.4 wt%.
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3.2.3. Ni, Cu and Ag

Solid-phase productivity-related trace metal data for sites 25020,
GC 4, and GC 5 are shown in Fig. 4, and data are provided in the Ap-
pendix, Table A4. In the sediments from the shelf (site 25020), Ni
contents are lowest (27.2 ppm) at the core top and increase with se-
diment depth to 99.5 ppm at 25 cmbsf with a slight peak to 43 ppm at
1.5 cm. The Cu content of the sediment from site 25020 shows a similar
enrichment profile to Ni that increases downcore. Cu content at the top
of the core is 18 ppm and reaches 57 ppm at 25 cmbsf. Like Ni, there is a
minor increase in Cu content at 1.5 cmbsf. The Ag content at this site is
0.24 ppm in the uppermost sediment and increases slightly to 0.38 ppm
at 1.5 cmbsf. Ag content decreases to 0.25 ppm at 7 cmbsf and increases
steadily to 25 cmbsf where Ag content reaches 0.89 ppm.

At the shelf break (site GC 4), Ni content ranges between 51.9 ppm
and 59 ppm, decreasing to 44.4 ppm at 1.5 cmbsf. Similarly, Cu content
ranges between 22.3 ppm and 28.4 ppm with the lowest content
(22.3 ppm) measured at 1.5 cmbsf. Ag content of shelf-break sediment
is consistently between 0.17 ppm and 0.19 ppm throughout the core.

Sediment at the upper slope site (GC 5) contains between 78 and
80 ppm Ni in the upper 5 cm. Ni content increases to 85.4 ppm at 7
cmbsf then abruptly decreases to 35.2 ppm at 19 cmbsf. Ni content
increases again to 74.4 ppm at 23 cmbsf. The Cu content of the up-
permost 3 cm is between 54 ppm and 55 ppm and increases to 63.8 ppm
at 5 cmbsf. Cu content then decreases to 54.8 ppm at 9 cmbsf and in-
creases again to 74.3 ppm at 13 cmbsf. Cu content decreases once more
to 54.4 ppm by 23 cmbsf. The Ag content of the upper slope sediment is
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0.83 ppm at the top of the core and decreases slightly to 0.79 ppm. The
Ag content increases to 0.97 ppm at 23 cmbsf.

4. Discussion
4.1. Shelf site 25020

Terrestrial input to the study area is low due to the absence of
nearby perennial rivers in the area (Shannon and Nelson, 1996;
Borchers et al., 2005) and measured Al contents of the shelf sediments
are below 2.3 wt%. (as low as 0.7 wt%), thus trace metal enrichments
are interpreted as having negligible detrital components. The sediments
display geochemical charecteristics of a reducing to highly-reducing
environment. The low pore-water Fe (Fepy) concentration at the sedi-
ment-water interface (SWI) and slight (~0.09 uM) increase in bottom
water Fe are explained by the upward diffusion of reduced Fe (Canfield,
1989a; Severmann et al., 2010; Scholz et al., 2011), likely sourced from
the apparent release of Fe from the solid-phase as a result of the re-
ductive dissolution of Fe (oxyhydr)oxide minerals (e.g., Froelich et al.,
1979; Canfield, 1989a) which appears to be occurring at a depth of 3
cmbsf and is indicated by increased Fepy at 3cmbsf (Fig. 2A). The ob-
served downcore decrease in Fepy, along with the increase in solid-
phase Mo, V, and Fe in the same interval suggests the presence of dis-
solved sulfide in the pore-waters (Berner, 1970; Raiswell and Canfield,
2012) and the likely subsequent formation of Fe sulfide minerals (e.g.,
pyrite) below 3 cmbsf. While there are no sulfide data available for this
study, the sediments had a strong sulfide odor (see also Briichert et al.,
2003). A parallel core (GeoB-12,806, Goldhammer et al., 2011) mea-
sured dissolved sulfide in shelf sediment at 0-1 cmbsf. Furthermore, the
dissolved sulfide concentration below 3 cm sediment depth must be
greater than the threshold required for Mo to be scavenged from the
pore-water as thiomolybdate (Helz et al., 1996; Erickson and Helz,
2000; Zheng et al., 2000; Poulson Brucker et al., 2009; Helz et al.,
2011) and, consequently, to accumulate in the solid-phase (Fig. 3A,
Table A4).

High productivity in surface waters above the shelf (Mollenhauer
et al., 2002) is mirrored in the elevated concentration of organic carbon
at this site (up to 11.6 wt%). The TOC, Ni, Cu, and Ag content all in-
crease with depth indicating potentially periods of elevated pro-
ductivity in the past. The Al content also increases with depth in the
shelf sediments suggesting that the continental weathering, which
contributed the Al, may have also delivered an increased amount of
nutrients to the oceans, stimulating higher productivity (e.g. Jenkyns,
2010). Alternatively, the lower TOC and Al content in the upper portion
of the core may be due to dilution by biosiliceous material (e.g.
Borchers et al., 2005).

Previous studies have demonstrated, in modern shelf sediments,
that the dominant source for trace metal accumulation is biogenic (Ni,
Cu, and Ag) or related to seawater input (U and Mo) (Borchers et al.,
2005). Since productivity-related metals are often incorporated into
organic matter in the water column either by bioassimilation or ad-
sorption (Brongersma-Sanders et al., 1980; Boning et al., 2015), and the
redox-sensitive metals are enriched in the sediment, geochemical sig-
nals of the offshore Namibia shelf suggest a strong correlation between
the accumulation of the organic material and the reducing conditions
during deposition (Borchers et al., 2005).

4.2. Shelf break site GC 4

On the shelf break (site GC 4) suboxic bottom water (bottom water
0, concentration of 1.11 mL L~! H,0, Table 1, Abshire et al., 2020),
high surface water productivity (Mollenhauer et al., 2002), and net
erosion due to bottom currents (Mollenhauer et al., 2007) create a
dynamic and unusual depositional environment. Erosion is the domi-
nant control on organic matter deposition and outpaces accumulation
at the shelf break site, resulting in the exposure of relatively old organic
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carbon at the sediment surface (Mollenhauer et al., 2007; Abshire et al.,
2020). The increased CaCOs3 content in the shelf break sediments, re-
lative to the shelf sediments, is attributed to the observed shell frag-
ments present in the core (Fig. 3B). Pore-waters contain a variable
amount of Fe that fluctuates significantly with depth (Fig. 2B), in-
dicating possible disturbances by burrowing organisms that were ob-
served during core retrieval at the shelf break site (Fig. 3B). The benthic
organisms are likely introducing slightly oxygenated bottom water
(1.11 mL O, L™ 1, Abshire et al., 2020) into the sediments through bio-
irrigation (Aller, 1994; Kristensen, 2000), thus oxidizing the sediments,
precipitating some Fe, and releasing V and Mo into the pore-water
(Aller, 1994; Canfield, 1994).

Productivity proxy contents of Ni, Cu, and Ag, as well as TOC
contents, are all comparatively lower in the shelf break sediments,
versus the shelf site, and concentrations of these metals remain con-
sistent throughout the sediment column (Fig. 4B). The lower pro-
ductivity-related metal content may be related to the known significant
erosion, but may also indicate an overall smaller contribution of or-
ganic matter from surface productivity in this location through time.
Solid-phase redox-sensitive TMs Mo and V both show slight enrich-
ments in the shelf break sediments and the highest Fe contents of all
three locations; further evidence of the introduction of oxygenated
waters into the sediments, allowing for the precipitation of Fe (Canfield,
1994). The Mo data are consistent with a previous study that reported
high U content (39-50 ppm), relative to TOC, in the shelf break sedi-
ment (Abshire et al., 2020), documenting a range of uranium isotope
(334U/?%8U) values in NCM shelf break sediment that approached se-
cular equilibrium. This implies that the shelf break sediment is sig-
nificantly older than sediment from the outer shelf and upper slope of
the NCM - a result of the erosional regime that dominates the shelf
break (Mollenhauer et al., 2007) and the subsequent exposure of re-
calcitrant organic material to suboxic conditions. The erosional regime
under low-oxygen conditions may also be responsible for Mo enrich-
ment, relative to TOC content, in the shelf break sediments. While re-
cent work has found a generally strong correlation between TOC and
major redox-sensitive trace metals in many shales (Algeo and Liu,
2020), the decoupling of TOC and redox-sensitive trace metals (such as
Mo and U) has been observed in the geologic record (e.g., Liining and
Kolonic, 2003; Scott et al., 2017). The erosional exposure of recalcitrant
organic matter that is occurring on the NCM shelf break may provide an
alternative explanation to late diagenetic or catagenetic carbon loss in
shales with pronounced decoupling of redox-sensitive TMs and TOC.

4.3. Upper slope site GC 5

In sediments at site GC 5 on the upper slope, the absence of lami-
nations and the direct CTD measurements of dissolved oxygen in the
bottom water (O, concentration of 3.36 mL L™ ! H,0, Table 1, Abshire
et al., 2020) place the depositional conditions under oxic conditions.
The upper slope sediments show relatively high CaCOs3; content
(40-63 wt%, Table A3) relative to the shelf and shelf break, which is
attributed to the shell fragments within the sediments (Fig. 3C). Low
solid- phase Mo and V content (Fig. 3C, Table A4), as well as the lowest
EFs of all of the studied sites (Mo EF < 14, and V EF =1, Table A5)
represent diagenetic pathways that include oxic respiration. Interest-
ingly, TOC contents are high (up to 7.7 wt%), considering organic
carbon is assumed to not usually be well-preserved under oxic condi-
tions (Demaison and Moore, 1980; Tyson, 1987; Canfield, 1989b; Piper
and Calvert, 2009). Reducing conditions below the SWI are indicated
by an increase in Fepy (up to 16 pM), likely due to the reduction of Fe-
oxides (Fig. 2C). The followed observed decrease in Fepy may be re-
lated to the presence of dissolved sulfides at depth which, however,
likely did not exceed concentrations needed for Mo(IV) precipitation
(Helz et al., 1996; Erickson and Helz, 2000; Poulson Brucker et al.,
2009; Helz et al., 2011) as solid-phase Mo enrichments are very minor
(Fig. 3C). Dissolved sulfide in nearby sediments did not contain
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dissolved sulfide above 50 cmbsf (core GeoB-12,802, Goldhammer
et al., 2011). While the solid-phase Mo content in the upper slope se-
diments is low, dissolved Mo accumulates in the pore-water with Mopw
reaching concentrations up to nearly 3000 nM (Fig. 2C). The Mopw
profile indicates upward diffusion of Mo with a source in the deeper
sediments. Such a deep Mo source could suggest higher Mo accumu-
lation in the past when, during the last glacial maximum (LGM), the
upwelling cells offshore Namibia moved further offshore and TOC ac-
cumulation on the slope was 84% higher than it is today (Mollenhauer
et al., 2002). However, based on core-top ages of nearby cores and local
sedimentation rates, it is unlikely that the LGM is recorded in the sur-
face sediments sampled for this study.

Elevated quantities of productivity proxy elements Ni, Cu, and Ag at
the upper slope site (Fig. 4C) suggest that the high TOC content of the
upper slope sediments is related to high productivity in the water
column. However, it has been previously shown that the source of the
bulk of the organic carbon on the upper slope is the NCM shelf, and that
direct input from surface waters does not contribute significantly to the
particle flux at depth (Giraudeau et al., 2000). The increased con-
centrations of productivity-related metals in the sediments at the upper
slope site do not positively correspond to enrichments of redox-sensi-
tive trace metals as seen on the shelf. Lateral transport of organic-rich
sediment from the anoxic shelf on the NCM (Inthorn et al., 2006a,
2006b; Mollenhauer et al., 2007) is likely responsible for enrichments
of Ni, Cu, and Ag in the upper slope sediments (average EFs =5, 7, and
62, respectively, Table A5). In contrast to the shelf and shelf break sites
in this study, Cu does not behave similarly to Ni at the upper slope site.
Instead, Cu and also Ag show larger enrichments than Ni, relative to the
shelf site, suggesting that some Ni may be lost during the partial re-
mineralization of the organic matter (e.g. Moore et al., 1988), during
vertical transport through oxic water below the OMZ. Alternatively, Cu
and Ag might be more efficiently scavenged from the water column by
particulate organics and/or Fe—Mn (oxyhydr)oxides during transport
(e.g. Little et al., 2015). The Ag content of the NCM upper slope sedi-
ment is exceptionally high, with Ag reaching up to 0.97 ppm (Fig. 4C)
when compared to the average shale Ag content of ~0.07 ppm
(Turekian and Wedepohl, 1961; Table A1). Our data suggest that ob-
servations of NCM sediments are similar to those from the North-
western United States Continental Margin (Morford et al., 2008), Per-
uvian Margin (Boning et al., 2004), Central Chilean Margin, and
Western Canadian Margin (McKay and Pedersen, 2008) where Ag is
scavenged by sinking particles, especially within OMZs, resulting in a
greater flux of solid-phase Ag to the sediment under a deeper water
column (Boning et al., 2004; McKay and Pedersen, 2008; Morford et al.,
2008).

4.4. Effects of redeposition on geochemical signals

Offshore sediment transport along the NCM results in the release of
some redox-sensitive trace metals as sediments are settling through an
oxygenated water column; a process that is reflected in the preserved
geochemical properties of the redepositional zone (Fig. 5). Upon re-
deposition on the upper slope, the partially-remineralized organic
matter remains, retaining the productivity-related trace metal signal
(Ni, Cu, and Ag) despite oxic conditions. Redox-sensitive elements Mo
and V are highly influenced by water column conditions and thus de-
viations in their abundance occur through redeposition. Because en-
richments of Ni, Cu, and Ag are primarily controlled by their associa-
tion with organic matter in the absence of dissolved sulfides (Ni and Cu,
Tribovillard et al., 2006; Ag, McKay and Pedersen, 2008), the enrich-
ments of productivity-related TM in the upper slope sediment suggest
(a) resistance of these metals to dissolution during offshore transport,
and (b) the addition of a smaller amount of fresh organic matter from
the productive water column above the upper slope. All of the geo-
chemical and sedimentological signals observed in the NCM upper slope
sediments — bioturbation, high organic carbon contents, enrichments in
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productivity proxy metals, and depletion in the redox-sensitive metals
(when compared to the average shale, Turekian and Wedepohl, 1961) —
characterize the sediments of the redepositional site. Such a distinct
geochemical signature, when found in ancient rock, could be used to
identify a paleo-redepositional setting from beneath an upwelling OMZ
especially when considering the global location of the setting (i.e.
eastern margins of the ocean basin).

5. Summary and conclusions

Lateral transport of organic-rich sediments resulted in highly varied
geochemical signals along the NCM. Through these observations, we
can define the geochemical and sedimentary properties of a redeposi-
tional zone, which will be significant for paleoceanographic studies.
The redepositional area at the upper slope on the NCM is characterized
by bioturbated, organic-rich (> 5 wt%) sediments with relatively low
Mo contents compared to the shelf and shelf break, no significant en-
richments of Fe and V, substantial enrichments of Ni, Cu, and especially
high Ag content (Fig. 5).

While Ag is a useful paleoproductivity proxy, it is coupled to the
water column depth. Similar to Ba, Ag is best applied to sediments
deposited at great water depths. Moreover, Ag scavenging seems to be
dependent on the amount of Ag available in the water column (e.g.,
Flegal et al., 1995), which may vary with different ocean settings (and
thus likely with overall water column mixing). Unlike Barium, which is
subject to remobilization from marine sediments during diagenesis
(e.g., McManus et al., 1994; Torres et al., 1996; Riedinger et al., 2006),
the consistent Ag concentration throughout the NCM sediment columns
suggests that Ag may be more resistant to diagenetic alteration. We
thereby postulate that Ag can provide, in addition to its application to
paleoproductivity reconstruction, information about water depth and
water mixing properties, when applied in combination with other paleo
proxies.

While not all ocean upwelling systems undergo intense lateral re-
deposition processes to the extent of the modern NCM, and the single
offshore transect from shelf to slope represents a small cross-section of a
large upwelling area, this study provides a step toward a more complete
understanding of the sedimentary controls on geochemical signals in
organic carbon-rich sediments. Our data suggest that the distinct multi-
proxy geochemical signatures observed in the offshore transect around
25°S could be a tool for identifying redepositional environments below
ancient OMZs. This observation could potentially help constrain some
of the difficulties interpreting organic-rich shales that display evidence
of benthic life, such as the Jurassic Kimmeridge Clay (e.g. Wignall and
Myers, 1988) and the Jurassic Posidonia Shale (e.g. Rohl et al., 2001)
and may have various redox conditions throughout the basin both
spatially and through time. Due to the expansion of OMZs in the past
several decades, and predictions of continued ocean deoxygenation
(Stramma et al., 2008; Schmidtko et al., 2017), understanding how
proxy metals are incorporated into sediment under a variety of de-
positional conditions is critical to the interpretation of past OAEs and
predictions of future changes to ocean oxygenation.
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Appendix A
Table Al
The average shale content of selected elements from Turekian and
Wedepohl (1961).
Element Avg. Shale Content (ppm)
Aluminum (Al) 80,000
Manganese (Mn) 850
Vanadium (V) 130
Iron (Fe) 47,200
Nickel (Ni) 68
Copper (Cu) 45
Molybdenum (Mo) 2.6
Silver (Ag) 0.07
Table A2
Bottom water (BW) and pore-water concentrations of Fe, Mo and V from the shelf (25020), shelf break (GC 4), and upper slope (GC 5).
Sample Depth \Y Fe Mo Mn
Name cm nM uM nM uM
25020-BW-51 0 19.84 0.15 114.03 0.00
25020-BW-52 0 16.18 0.25 107.69 0.00
25020-1-53 0.5 117.30 0.16 119.52 0.01
25020-3-54 1.5 39.11 3.40 39.56 0.06
25020-5-55 3 38.29 10.48 22.29 0.13

(continued on next page)
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Table A2 (continued)

Sample Depth v Fe Mo Mn
Name cm nM uM nM UM
25020-7-56 5 50.97 2.53 25.19 0.15
25020-9-57 7 24.99 0.23 20.74 0.01
25020-11-58 9 16.55 0.23 13.25 0.04
25020-13-59 13 35.34 1.44 0.91 0.10
25020-15-60 17 25.25 0.63 5.04 0.05
25020-19-61 21 64.59 0.38 150.59 0.05
25020-21-62 25 664.25 0.20 106.43 0.02
GeoChe4-BW-63 0 39.93 0.22 106.32 0.00
GeoChe4-BW-64 0 38.25 0.15 111.52 0.00
GeoChe4-1-65 0.5 49.78 4.24 157.49 0.01
GeoChe4-3-66 1.5 53.73 8.49 189.91 0.01
GeoChe4-5-67 3 22.05 6.12 194.51 0.03
GeoChe4-7-68 5 57.77 2.31 291.68 0.03
GeoChe4-9-69 7 53.99 4.64 246.35 0.02
GeoChe4-11-70 9 44.31 8.83 144.83 0.14
GeoChe4-15-71 13 72.37 5.85 408.90 0.09
GeoChe4-19-72 19 127.21 15.87 1883.61 0.58
GeoChe4-21-73 21 102.85 0.17 2208.17 0.01
GeoChe5-BW-74 0 47.43 0.00 123.45 0.00
GeoChe5-BW-75 0 44.31 0.00 103.80 0.00
GeoChe5-1-76 0.5 44.74 4.51 345.18 0.05
GeoChe5-3-77 1.5 76.85 3.96 692.99 0.02
GeoChe5-5-78 3 64.90 5.65 441.91 0.06
GeoChe5-7-79 5 37.94 15.28 384.78 0.11
GeoChe5-9-80 7 47.43 16.13 562.34 0.21
GeoChe5-11-81 9 25.41 6.20 800.55 0.15
GeoChe5-15-82 13 72.06 0.04 1560.65 0.06
GeoChe5-19-83 19 83.18 0.00 2236.06 0.05
GeoChe5-21-84 21 77.94 0.00 3033.26 0.03
NIST 1643f 661.0 0.78 1134.0 0.62
Table A3
Measured TOC* and CaCO3 content of sediments from the shelf (25020), shelf break (GC 4), and upper slope
(GC 5).
Sample Depth TOC* CaCO3
Name cm wt% wt%
25020-11 0.5 7.8 17.1
25020-12 1.5 8.7 13.2
25020-13 3 7.2 17.4
25020-14 5 8.8 10.8
25020-15 7 8.8 7.2
25020-16 9 8.5 9.2
25020-17 13 10.4 11.0
25020-18 - - -
25020-19 21 10.3 10.5
25020-20 25 11.6 11.1
GC 4-21 0.5 3.3 26.4
GC 4-22 1.5 3.4 35.2
GC 4-23 3 3.2 36.1
GC 4-24 5 3.8 28.1
GC 4-25 7 3.1 33.1
GC 4-26 9 3.3 35.2
GC 4-27 13 3.1 22.8
GC 4-28 19 3.1 28.6
GC 4-29 23 2.5 30.0
GC 5-30 0.5 5.8 50.5
GC 5-31 1.5 6.4 49.5
GC 5-32 3 6.0 40.8
GC 5-33 5 7.0 54.2
GC 5-34 7 6.9 50.6
GC 5-35 9 6.8 -
GC 5-36 13 7.7 34.8
GC 5-37 19 7.4 63.0
GC 5-38 23 7.1 43.1

— Indicates no measurement collected
*TOC data from sites 25020, GC 4 and GC 5 were previously reported in Abshire et al. (2020).
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Table A4
Solid-phase major and trace element content of sediments from the shelf (25020), shelf break (GC 4), and upper slope (GC 5).

Sample Depth Al \Y Mn Fe Ni Cu Mo Ag
Name cm wt% ppm ppm wt% ppm ppm ppm ppm
25020-11 0.5 0.72 38.55 38.03 0.53 27.17 18.03 14.85 0.24
25020-12 1.5 1.22 35.00 56.46 0.83 42.93 27.76 17.29 0.38
25020-13 3 0.96 28.93 61.41 0.70 36.84 23.32 11.94 0.35
25020-14 5 1.09 34.22 62.59 0.86 45.21 27.08 17.58 0.38
25020-15 7 - - 60.84 - - - - 0.25
25020-16 9 1.32 55.12 - 1.02 49.57 30.47 22.46 0.44
25020-17 13 1.76 48.11 86.52 1.30 65.36 40.40 22.01 0.66
25020-18 17 1.97 50.02 - 1.56 78.56 47.08 28.69 0.72
25020-19 21 2.20 59.50 93.40 1.74 93.63 55.54 32.70 0.81
25020-20 25 2.29 124.34 159.74 1.82 99.49 57.41 38.24 0.89
GC4-21 0.5 1.38 30.78 82.47 1.44 53.03 27.54 3.43 0.17
GC4-22 1.5 1.04 25.63 65.10 1.22 44.40 22.29 2.96 0.19
GC4-23 3 1.25 32.58 88.07 1.50 54.45 27.33 3.84 0.17
GC4-24 5 1.29 33.58 92.49 1.66 52.87 24.52 5.00 0.18
GC4-25 7 1.00 29.88 72.63 1.44 51.94 24.02 5.22 0.18
GC4-26 9 1.23 31.65 82.75 1.53 53.02 25.26 4.97 0.17
GC4-27 13 1.05 31.26 76.78 1.37 59.03 28.38 6.45 0.17
GC4-28 19 1.24 32.95 80.33 1.57 53.51 25.18 6.92 0.17
GC4-29 23 1.25 32.10 81.81 1.46 56.43 27.95 8.14 0.17
GC5-30 0.5 1.68 26.61 66.13 1.06 79.23 54.47 1.28 0.83
GC5-31 1.5 1.66 26.16 65.82 1.04 77.97 54.35 1.48 0.83
GC5-32 3 1.60 27.58 67.41 1.07 79.03 54.98 2.11 0.81
GC5-33 5 1.67 27.04 68.70 1.10 79.92 63.79 1.16 0.79
GC5-34 7 1.43 28.55 72.78 1.20 85.40 58.21 2.72 0.86
GC5-35 9 1.62 26.70 67.95 1.11 81.80 54.78 4.74 0.86
GC5-36 13 1.70 33.70 78.50 1.40 47.00 74.30 6.20 0.90
GC5-37 19 1.40 31.60 66.80 1.20 35.20 64.30 7.50 0.95
GC5-38 23 1.60 26.75 61.52 1.01 74.44 51.41 7.33 0.97
NIST 2702 7.92 331.85 1737.75 7.31 69.81 102.76 10.04 0.68
SCO-1 6.83 125.77 390.89 3.47 25.00 25.86 0.85 -
SDO-1 6.20 146.47 308.33 6.02 89.82 50.33 158.27 -

- Indicates no measurement collected.

Table A5
Calculated enrichment factors (EFs) for all sample locations.

Sample Mo A% Fe Ni Cu Ag
Name EF EF EF EF EF EF
25020-11 64 3 1 4 4 38
25020-12 44 2 1 4 4 35
25020-13 38 2 1 4 4 41
25020-14 50 2 1 5 4 40
25020-15 - - - - - -

25020-16 52 3 1 4 4 38
25020-17 39 2 1 4 4 43
25020-18 45 2 1 5 4 42
25020-19 46 2 1 5 4 42
25020-20 51 3 1 5 4 44
GC 4-21 8 1 2 5 4 14
GC 4-22 9 2 2 5 4 20
GC 4-23 9 2 2 5 4 16
GC 4-24 12 2 2 5 3 16
GC 4-25 16 2 2 6 4 20
GC 4-26 12 2 2 5 4 16
GC 4-27 19 2 2 7 5 18
GC 4-28 17 2 2 5 4 16
GC 4-29 20 2 2 5 4 16
GC 5-30 2 1 1 6 6 57
GC 5-31 3 1 1 6 6 57
GC 5-32 4 1 1 6 6 57
GC 5-33 2 1 1 6 7 54
GC 5-34 6 1 1 7 7 69
GC 5-35 9 1 1 6 6 61
GC 5-36 11 1 1 3 8 61
GC 5-37 16 1 1 3 8 77
GC 5-38 14 1 1 5 6 69

— Indicates EF not calculated.
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