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Abstract: Organic- and sulfide-rich sediments have formed in oxygen-depleted environments
throughout Earth’s history. The fact that they are generally enriched in redox-sensitive elements
reflects the sedimentary environment at the time of deposition. Although the modern ocean is well
oxidized, oxygen depletion occurs in certain areas such as restricted basins and high-productivity zones.
We measured bulk chemical compositions (major and trace elements, total organic carbon, and total
sulfur) of organic- and sulfide-rich sediments collected from eight areas having oxygen-depleted
water to discuss relationships between geochemical features and sedimentary environments.
Major elemental compositions generally show mixtures of terrigenous detritus and biogenic carbonate.
Some redox-sensitive elements might be controlled by organic matter content, whereas others could
be contained in sulfide minerals in sediments. In particular, Mo and U show a characteristic trend;
areas with higher Mo and U—at least partially owing to a depositional process called the “particulate
shuttle”—generally correspond to regions influenced by the open ocean. In contrast, areas with
lower Mo and U are more restricted marine environments. This suggests that the degree of Mo and
U enrichment reflects the geography in terms of proximity to the open ocean, or the degree of the
supply of these elements from the open ocean.

Keywords: sediment geochemistry; oxygen-depleted conditions; redox-sensitive elements;
organic-rich sediment; Deep Sea Drilling Project; Ocean Drilling Program; International Ocean
Discovery Program

1. Introduction

Organic-rich and laminated sediments are formed under oxygen-depleted conditions where the
decomposition of organic matter and activity of benthic organisms decrease. In particular, the lithified
form of these deposits is called “black shale”. As a record of a reducing marine environment,
several redox-sensitive and sulfide-forming trace elements such as As, Cu, Mo, Ni, Re, U, V and Zn are
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concentrated in black shale by adsorbing on organic matter or forming sulfides [1–5]. Many researchers
have reconstructed paleoceanographic conditions and their short- and long-term changes from the
geochemical features of these elements in black shale formed in the geologic past [6–17].

For Devonian–Mississippian black shale in central Kentucky (USA), it has been proposed that
the Sunbury Shale (Tournasian, Lower Mississippian) was deposited under anoxic (possibly even
euxinic) conditions, whereas the Ohio New Albany Shale (Fammenian, Upper Devonian) may have
accumulated under a relatively wide range of redox conditions, on the basis of redox-sensitive elements
(especially Mo, V) and trace-element redox indices (especially Ni/Co, V/Cr and V/[V + Ni]) [6,7].
On the other hand, the modeling of the marine Mo inventory suggests trace element drawdown in
late Devonian seawater [8]. For the Permian–Triassic boundary (PTB), iron speciation and authigenic
concentrations and enrichment factors of Mo, V, and U in the Meishan-1 core near the Global Stratotype
Section and Point (GSSP) suggest that the interval corresponding to the end-Permian marine extinction
was deposited under a persistently anoxic water mass with intermittently euxinic bottom water [9].
Regarding the Early Triassic, Grasby et al. [10] concluded that recurrent anoxic to euxinic conditions
developed at Sverdrup Basin near northwest Pangea, on the basis of Mo:Al ratios and pyrite contents.

There have also been extensive discussions concerning redox conditions in pelagic Panthalassa
across the PTB. Reducing bottom water conditions are indicated on the basis of a Ce anomaly change
and Mn depletion [11], Mo, V, U and Cr concentrations [12], and chemical species of Fe and Mo [13].
However, Algeo et al. [14] suggested spatially heterogeneous redox conditions in the Panthalassa at
the PTB: intensified anoxia or euxinia in the oxygen-minimum zone in the upper water column and
oxic to suboxic bottom water. In addition to the oceanic redox conditions, significant depletion of
bioessential elements in seawater has been proposed; for example, Cr, V, and Mo [9,12] as well as
U [15]. For the Cretaceous Ocean Anoxic Event (OAE) 1a, Westermann et al. [16] looked at redox
sensitive elements (e.g., Mo and U), total organic carbon (TOC), and phosphorus accumulation rates,
and they suggested that productivity may have played a key role in the widespread development of
the anoxic conditions in the western Tethys Ocean. Moreover, redox-sensitive elements have been
used to estimate depositional environments, such as the expansion of the oxygen minimum zone at the
Demerara Rise in the tropical Atlantic Ocean during OAE2 [17].

In contrast to these environmental upheavals in the geologic past, the modern ocean is dominated
by oxidative conditions from the surface to the deep, owing to a vigorous overturning circulation
(e.g., [18]). In the modern ocean, therefore, oxidative sediments such as pelagic clay prevail worldwide.
They in turn concentrate other types of elements that are precipitated and preserved in Ca-phosphates or
Fe-Mn oxides under oxic conditions (e.g., rare-earth elements (REE), Mn, or Co; [19–25]). Because such
oxidative conditions in the deep ocean have been maintained since the late Cretaceous [26], some types of
pelagic clay that have accumulated very slowly are reported to contain remarkably high concentrations
of REE [27–31] and characterize the sediments deposited in the modern deep-sea basins as an integration
of the oceanic environmental record for tens of millions of years [22,32–36].

Even in the predominantly oxic modern ocean, however, anoxic water masses develop in a few
types of sea areas, such as restricted basins and high-productivity zones. For example, the Black Sea [37],
Cariaco Basin [38], Saanich Inlet [39] and Framvaren Fjord [40] reportedly have blackish, organic- and/or
sulfide-rich sediments, which reflects the development of oxygen-depleted conditions in the deeper
part of the water column. These sediments should have characteristic chemical compositions reflecting
their depositional environments (e.g., variations in redox conditions of water/sediment columns,
geographical conditions, or differences in lithofacies of hinterlands). Clarifying the geochemical
features of modern sediments, including some of the redox-sensitive elements, can provide new insights
into paleoenvironmental conditions under which the ancient counterparts of the modern organic- and
sulfide-rich sediments were deposited. From this perspective, several researchers have investigated the
geochemistry of such modern organic- and sulfide-rich sediments that were deposited under various
anoxic environments [41–43]. Algeo and Tribovillard (2009) [42] systematically characterized Mo–U



Minerals 2020, 10, 1021 3 of 20

covariations from various modern sea areas and successfully applied these geochemical tracers to
Paleozoic black shales.

In this study, we analyzed the chemical composition of the sediments from eight different
geographical settings, namely the Red Sea, Black Sea, Gulf of California, Cariaco Basin, Saanich Inlet,
Namibian Shelf, Bight of Angola and Baltic Sea. These are known as regions containing blackish
sediments that are potentially enriched in organic matter and/or sulfide minerals being deposited and
preserved under oxygen-depleted conditions. Based on our analytical results, including the behaviors
of redox-sensitive elements, we discuss the relationships between their geochemical features and their
depositional environments.

2. Materials and Methods

2.1. Geological Settings and Samples

We used sediment samples collected at the seafloor under oxygen-depleted conditions by the
Deep Sea Drilling Project (DSDP), Ocean Drilling Program (ODP) and International Ocean Discovery
Program (IODP). We analyzed 163 samples in total, taken from 12 sites in eight sea areas (Figure 1).
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Figure 1. Locations of the Deep Sea Drilling Project (DSDP)/Ocean Drilling Program (ODP)/International
Ocean Discovery Program (IODP) sites that were sources of sediments analyzed in this study.

DSDP Site 225 is at 21◦18.58′ N, 38◦15.11′ E and 1228 m water depth, on the eastern edge of
the axial trough of the Red Sea. This site was drilled to a depth of 230 m below the seafloor (mbsf).
We analyzed 15 samples between the core top and 194.39 m (Lithological Units I to IV; [44]). Unit I,
from core top to 112 mbsf, consists of foraminifer-bearing, micarb-rich, clayey-silt nanno-ooze and
chalk [44] (Figure 2). The sediments show a variety of colors (light to dark gray) and are interpreted to
reflect the Eh of the sediment surface at the time of their deposition [44]. The dark layers are enriched
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in organic matter and pyrite [44]. Unit II (from 112 to 167 mbsf) is characterized by micarb- and
nanno-rich silty claystone [44]. There are alternating light-gray and dark-gray layers, similar to Unit I.
The dark-gray layers are enriched in organic matter and pyrite [44]. Unit III (from 167 to 176 mbsf)
consists of dolomitic silty claystone [44]. Sediment colors are dark gray to black, and some parts
show a slight lamination. Unit IV (from 176 to 230 mbsf) is characterized by anhydrite and halite [44].
Several laminated black-shale layers that are composed of clay, organic matter, and pyrite are contained
in the evaporite facies.

DSDP Site 380 is at 42◦05.94′ N, 29◦36.82′ E and 2107 m water depth, near the Bosporus Strait,
southwest of the Black Sea. Total penetration of the drilling was 1073.5 m. We analyzed 45 samples
between 971.76 and 1074.8 mbsf (Lithological Unit V; [45]). Unit V consists of black shales with zeolitic
sandstones and dolomite [45] (Figure 2). The black shales are greenish black in color, fissile, and consist
of clay and organic matter [45]. The presence of a small benthic foraminifer suggests that the black
shales and associated sediments were deposited in a brackish–marine environment [45].

DSDP Site 476 is at 23◦02.43′ N, 109◦05.35′ W and 2403 m water depth, on the continental slope
about 40 km southeast of the tip of the Baja California Peninsula. This site was drilled to a depth
of 294.5 m. We analyzed 10 samples between the seafloor and 14.25 mbsf (Lithological Unit I; [46]).
From core top to 66 mbsf, Unit I comprises mostly nannofossil ooze, nannofossil–diatom ooze, and
diatomaceous ooze to nannofossil–diatom-bearing mud [46] (Figure 2). Colors of the sediments
vary among grayish olive green, light olive, grayish olive, and dusky yellow green or moderate
olive brown [46].

DSDP Site 477 is at 27◦01.85′ N, 111◦24.02′ W and 2003 m water depth, in the southern rift of the
Guaymas Basin, Gulf of California. We used samples from Hole 477, whose total penetration was
191.0 m. We analyzed five samples between the seafloor and 12.55 mbsf (Lithological Unit I; [46]).
From the seafloor to 58 mbsf, sediments are moderate-olive-brown to grayish-olive diatomaceous
oozes and silty sands and appear quite uniform in texture [46] (Figure 2).

ODP Site 1002 is at 10◦42.368′ N, 65◦10.161′ W and 893.6 m water depth, on the central saddle
of the Cariaco Basin on the northern continental shelf of Venezuela. We used samples from Hole
1002D, which was cored from the sediment surface to 166.8 mbsf. We analyzed 20 samples between
the seafloor and 44.95 mbsf (Lithological Unit I, Subunits IA–ID; [47]). From the seafloor to 5.5 mbsf,
Subunit IA consists of dark olive-gray silty clay with nannofossils and foraminifers [47] (Figure 2).
From 5.5 to 7.4 mbsf, Subunit IB consists of a colorful mixture of fine-grained clay [47]. From 7.4 to
43.79 mbsf, Subunit IC consists of olive-gray to light olive-gray laminated nannofossil silty clay [47].
From 43.79 to 45.20 mbsf, Subunit ID is olive-gray nannofossil silty clay [47].

ODP Site 1033 is at 48◦35.434′ N, 123◦30.200′ W and 226.5 m water depth, in Saanich Inlet, a fjord
on southeastern Vancouver Island, 25 km north of Victoria, British Columbia (Canada). We used
samples from Hole 1033D, whose total penetration was 69.7 m. We analyzed 18 samples between
the seafloor and 52.95 mbsf (Lithological Units I and II; [48]). From the seafloor to 46.66 mbsf, Unit I
comprises olive-gray and gray diatomaceous muds [48] (Figure 2). From 46.66 m to 69.7 m, Unit II is
predominantly composed of rapidly accumulated dense, massive gray to olive-gray terrigenous silty
clay [48].

ODP Site 1078 is at 11◦55.2145′ S, 13◦24.0134′ E and 427.2 m water depth, outside the Bight
of Angola. We used samples from Hole 1078A, whose total penetration was 77.1 m. We analyzed
10 samples between the seafloor and 38.82 mbsf. Sediment is composed predominantly of a moderately
bioturbated, olive-gray and dark olive-gray silty clay with varying amounts of nannofossils and
foraminifers [49] (Figure 2).

ODP Site 1084 is at 25◦30.8345′ S, 13◦1.6668′ E and 1991.9 m water depth, in Lüderitz Bay,
Namibia, and close to the major upwelling centers along southwest Africa. We used samples from Hole
1084A, which was drilled to a depth of 605 mbsf. We analyzed 10 samples between the seafloor and
36.64 mbsf (Lithological Unit I, Subunit IA; [49]). Subunit IA is composed of moderately bioturbated
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olive-gray, very dark grayish-brown, and olive foraminifer- and diatom-bearing nannofossil clay,
and foraminifer-bearing diatom-rich clayey nannofossil ooze [49] (Figure 2).
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IODP Site M0059 is at 55◦0.29′ N, 10◦6.49′ E and 35 m water depth, in the southern Little Belt,
southern Denmark. We used samples from Hole M0059D, which was drilled to a depth of 86.57 m.
We analyzed eight samples between the seafloor and 10.67 mbsf (Lithological Unit I, Subunit Ia; [50]).
From the seafloor to 50.06 mbsf, sediment is composed of black to greenish-black well-sorted
clay [50] (Figure 2).

IODP Site M0061 is at 62◦46.70′ N, 18◦02.95′ E and 86 m water depth, near the mouth of the
Ångermanälven River estuary, eastern Sweden. We used samples from Hole M0061C drilled to a depth
of 23.1 mbsf. We analyzed eight samples between the seafloor and 10.67 mbsf (Lithological Units
I–III; [50]). From the seafloor to 2.44 mbsf (Unit I), the sediment is mainly composed of a greenish-gray
to black clay [50] (Figure 2). From 2.44 to 8.74 mbsf, Unit II consists of dark greenish-gray silty-sandy
organic-rich clay [50]. From 8.74 to 15.20 mbsf, Unit III is dark greenish-gray interlaminated clayey silt
and silt [50].

IODP Site M0063 is at 58◦37.34′ N, 18◦15.25′ E and 451 m water depth, in the central part of
the Landsort Deep, southeast of Sweden. We used samples from Hole M0063A drilled to a depth
of 115.81 mbsf. We analyzed eight samples from the seafloor to 8.50 mbsf (Lithological Unit I,
Subunits Ia–Ic; [50]). From the seafloor to 3.54 mbsf, Subunit Ia consists of very-well-sorted black
organic-rich clay [50] (Figure 2). No primary sedimentary structures were visible because of the high
degree of gas expansion [50]. From 3.54 to 7.89 mbsf, Subunit Ib consists of black clay. From 7.89 to
19.92 mbsf, Subunit Ic is very-well-sorted black organic-rich clay [50].

IODP Site M0065 is at 55◦43.27′ N, 15◦13.59′ E and 87 m water depth, northeast of the island of
Bornholm, between Sweden and Poland. We used samples from Hole M0065A drilled to a depth of
73.90 mbsf. We analyzed eight samples from the seafloor to 10.80 mbsf (Lithological Units I and II; [50]).
From the seafloor to 9.18 mbsf (Unit I), the sediment consists of very-well-sorted dark greenish-gray
organic-rich clay [50] (Figure 2). From 9.18 to 13.85 mbsf (Unit II), the clay is gray to dark gray [50].

2.2. Sample Processing and Analytical Methods

Sediment samples were dried at 40 ◦C and ground to powder with an agate mortar and pestle.
Before each analysis described below, the powdered samples were further dried at 110 ◦C for ~12 h
to remove adsorbed water. Loss on ignition (LOI) was determined on the basis of weight loss
during combustion at 950 ◦C for over 6 h. Major element contents were measured using an X-ray
fluorescence (XRF) spectrometer (Rigaku ZSX Primus II) at the Department of Systems Innovation,
The University of Tokyo. Analytical procedures follow those described by Kato et al. [11,51,52]
and Yasukawa et al. [20]. The XRF analysis was conducted on glass beads made using 0.4 g of the
combusted sample powder mixed well with 4.0 g of Li2B4O7 flux and fused at 1190 ◦C for 7 min in
a Pt crucible. Multiple geochemical reference materials issued by the Geological Survey of Japan,
including igneous rock standards (JB-1b: basalt, JB-2: basalt, JG-2: granite, JR-1: rhyolite, JA-1:
andesite, etc.) and sediment/sedimentary rock standards (JDo-1: dolomite, JSd-3: river sediment, JSl-2:
slate, etc.), were used as calibration standards. The XRF analytical method is modified from Irino [53].

Trace-element abundances were determined using an inductively coupled plasma quadrupole
mass spectrometer (ICP-QMS) (iCAP Q, Thermo Fisher Scientific) installed at the Department of
Systems Innovation, The University of Tokyo. The analytical procedures were based on those described
by Kato et al. [11,51,52] and Yasukawa et al. [20,35]. For analysis, 0.05 g of sample powder was dissolved
in HNO3–HF–HClO4 (2 mL, 4 mL, and 0.8 mL, respectively) in tightly sealed, 10-mL perfluoroalkoxy
alkane (PFA) screw-cap beakers and heated for 2 h on a hot plate set at 130 ◦C. The dissolved samples
were progressively evaporated at 110 ◦C for 12 h, at 160 ◦C for 6 h, and at 190 ◦C until dry. The residues
were then dissolved in 4 mL of aqua regia on a hot plate at 90 ◦C for 6 h. The digested samples were
progressively evaporated at 120 ◦C for 2 h, then at 160 ◦C until dry. The residues were then dissolved
in 10 mL of 2 wt% of mixed acid of HNO3:HCl:HF = 20:5:1 on a hot plate at 90 ◦C for 3 h. The solution
was diluted to 1:10,000 by mass using the same 2 wt% HNO3–HCl–HF mixed acid. Spectral overlaps
from oxides and hydroxides (44Ca16O on 60Ni, 47Ti16O on 63Cu, 50Ti16O on 66Zn, 137Ba16O on 153Eu,



Minerals 2020, 10, 1021 7 of 20

141Pr16O and 140Ce16O1H on 157Gd, 143Nd16O on 159Tb, 147Sm16O and 146Nd16O1H on 163Dy, 149Sm16O
on 165Ho, 150Nd16O and 150Sm16O on 166Er, and 165Ho16O on 181Ta) were corrected following the
method described by Aries et al. [54]. Analyses were generally within 5% (relative percent difference)
of the accepted values of reference materials JB-2, JB-3 [55] and JMS-2 [56] issued by the Geological
Survey of Japan.

Prior to total organic carbon (TOC) analysis, inorganic carbonate was removed following
procedures described by Larson et al. [57]. For this removal, 100–300 mg of samples were put
into centrifuge tubes and treated with 10 mL of 6 N HCl at 60 ◦C for 72 h. Samples were then washed
in Milli-Q water to a neutral pH and dried at 60 ◦C for >24 h. Before the analysis, samples were further
dried at 110 ◦C for 12 h to remove adsorbed water and weighed into tin foil cups. Analyses were
conducted using a CHNS/O elemental analyzer (Flash EA1112, Thermo Fisher Scientific) at the Center
for Advanced Marine Core Research, Kochi University. Sulfanilamide was used as a calibration
standard. The TOC content for bulk samples was calculated using the TOC content of the decarbonated
sample and the total carbon (TC) content from the untreated sample. Total sulfur (TS) analyses were
conducted in the same manner as TOC using untreated samples.

To measure the degree of elemental enrichment, we calculated “enrichment factors” (EFs) relative
to the average upper continental crust (UCC; Rudnick and Gao, [58]) as follows:

XEF = [(X/Al)sample/(X/Al)UCC], (1)

where X and Al stand for the weight concentrations of elements X and Al, respectively.

3. Results and Discussion

3.1. Geochemical Features of the Sediments Suggested by Major Elements

All of the analytical results are presented in Supplementary Table S1. Overall, the samples show
positive correlations for SiO2, TiO2, K2O, and Fe2O3 vs Al2O3 (Figure 3a–d). The data distributions
show linear trends as a whole toward the compositional range of terrigenous detrital materials
potentially relating to the studied samples, including Svecofennian granite, central Sweden [59] for
Baltic Sea, Cariaco Shelf sediment of terrigenous origin [60] for Cariaco Basin, North American shale
composite (NASC) [61] for Gulf of California and Saanich Inlet, and the average UCC. This indicates
that the sediments having relatively high Al2O3, SiO2, TiO2, and K2O contents mainly comprise detrital
materials. Because SiO2:Al2O3 ratios of almost all of the samples fall within those of the reference
terrigenous materials described above (Figure 3a), the studied sediments are not greatly affected by
biogenic silica, which can cause positive SiO2:Al2O3 deviations. On the other hand, the samples
overall show negative correlations in SiO2, TiO2, K2O, and Fe2O3 vs CaO (Figure 3e–h). These trends
suggest that these elemental contents are diluted by CaO. In the samples from the Cariaco Basin and
Namibian Shelf (Site 1084) that have high CaO contents (up to ~42 wt%), foraminifers were identified
before the pulverization. Therefore, these negative correlations reflect a mixture of terrigenous detrital
materials and biogenic carbonate. Baltic Sea samples which have high potassium contents might be
affected by terrigenous materials from Svecofennian granite (Figure 3c,e). As a whole, the fundamental
structure of the major element composition of the studied samples is controlled by the mixture of
various terrigenous detrital materials and biogenic carbonate.

In the Al2O3–Fe2O3 and CaO–Fe2O3 diagrams (Figure 3d,h), a subset of the samples from the
Red Sea deviates from the major linear trends described above and shows Fe-enrichment. These are
probably affected by hydrothermal activity. The MnO contents of the samples, except for the highest
values in three samples from the Baltic Sea (Site M0063), show no more than ~0.4%, and almost all of the
samples have ~0.1% MnO. The very low MnO contents suggest that the sediments in this study were
affected by oxygen-depleted conditions where Mn oxides cannot exist stably. For the samples having
high MnO contents, diagenetic processes might have altered the primary signals after deposition.
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central Sweden [59] and Cariaco Shelf sediment [60].

3.2. Relationships between Concentrations of Trace Elements, Total Organic Carbon, and Total Sulfur

Although the TOC data analyzed in this study are generally consistent with literature values
(e.g., 0.5–2.5% for Site 1033 [48], 1.1–4.1% for Site 1078 [49] and 0.5–2.1% for Site M0061 [50]), the TOC
data for two sites (Sites 225 and 1084) show large differences from comparable ones in previous reports
(i.e., from similar depths and the same lithological units). This is probably because our HCl treatment
could have dissolved excess acid-reactive materials other than carbonates in these samples. Thus,
the TOC data for Sites 225 and 1084 are not included in the following discussion.

Covariations of TOC contents and elemental enrichment factors show different trends depending
on the elements. TOC vs. UEF (Figure 4a) shows a positive correlation overall for the samples.
Although other elemental enrichment factors do not exhibit clearly linear relationships as a whole,
several TOC vs. XEF diagrams depict characteristics for each sea area (Figure 4b,c). For TOC vs.
CuEF (Figure 4b), whereas the Cariaco Basin sediments (Site 1002; yellow circles) show that CuEF is
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less variable against changes in TOC contents (r = 0.36), the Black Sea Unit V sediments (Site 380;
black circles) show a positive correlation (r = 0.75). On the other hand, for TOC vs. NiEF (Figure 4c),
the Cariaco Basin sediments exhibit a positive correlation (r = 0.88), whereas NiEF of the Black Sea
Unit V sediments has a more ambiguous relationship with TOC contents (r = 0.48). These variations
among the sea areas can be attributed to differences in environmental factors such as types of organic
matter, redox conditions of seawater, and amounts of trace-metals in seawater.
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As with the TOC–NiEF covariation, the NiEF of Black Sea Unit V sediments (Site 380; black circles)
also shows a weakly positive correlation with TS contents (r = 0.49) (Figure 4d). This suggests that
the moderate Ni enrichment in the Black Sea could be involved with both organic matter and sulfide
minerals somewhat randomly or independently; for instance, dissolved Ni could be adsorbed on
settling organic matter and/or incorporated into authigenic pyrite in the anoxic water column. On the
other hand, for both TS vs. AsEF and TS vs CuEF (Figure 4e,f), the positive correlations shown by the
Red Sea sediments (Site 225; red circles) indicate that concentrations of these elements are controlled
by sulfides. In contrast, the CuEF of the Namibian shelf sediment (Site 1084; blue crosses) is unrelated
to TS (Figure 4f).

3.3. Characteristics of Enrichment Factors for Redox Sensitive Elements

We prepared scatter diagrams of all pairs of enrichment factors for V, Cr, Co, Ni, Cu, Zn, As,
Mo and U (Supplementary Figure S1). Although there is large variation in the data distribution
for each pair of elements, these elements generally show weakly to strongly positive correlations
(r = 0.24 to 0.84; Supplementary Figure S1) with p < 0.005 for a test of no correlation, suggesting that
their correlations seem to be statistically significant. This suggests that these redox-sensitive elements
commonly accumulate under oxygen-depleted conditions as expected. It should be noted, however,
that Cr alone does not show any clear relationship (r > 0.75) with other elements except for Ni. From this
we infer that the enrichment of Cr in marine sediments is controlled by materials or processes different
than other redox-sensitive elements. In the CrEF–NiEF diagram, the Namibian shelf samples (Site 1084)
show higher Cr and Ni enrichment than those in other sites. The Namib Desert near this site is relatively
rich in heavy minerals such as pyroxene which was transported by the Orange River and shows high
Cr content (without Ni enrichment) [62]. The influence of this terrigenous detrital component may
enhance the CrEF of the bulk sediment of this site and increase the correlation coefficient of CrEF–NiEF

in combination with the high NiEF at this site (see below).
In the NiEF–CuEF covariation (Figure 5), rather than being randomly dispersed, the samples form

clusters by each sea area. Under oxygen-depleted conditions in the presence of sufficient sulfide ions,
both Ni and Cu precipitate as independent sulfide mineral phases or are taken up by Fe-sulfides
(e.g., pyrite) as a solid solution, although they have different speeds of reaction kinetics compared with
Fe2+ [63,64]. Thus, the linear relationship between NiEF and CuEF may indicate that their geochemical
behavior under anoxic conditions is mainly controlled by sulfide mineral precipitation [2,4]. On the
other hand, the clustering of each sea area implies that there are also other factors affecting the
sediment geochemistry. Because Ni and Cu are used for palaeoproductivity markers (e.g., Soua [65]),
primary productivity is likely to be an important factor. If this is the case, then the fact that the highest
enrichment factors for Ni and Cu are in Namibian shelf sediments (Site 1084; blue crosses) could
indicate high productivity owing to the vigorous upwelling of nutrient-rich water [66].
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3.4. Variation of Enrichment Factors for Mo–U (MoEF–UEF) and Geographical Conditions

In comparing enrichment factors for Mo and U (MoEF and UEF, Figure 6a), sediments of the
Cariaco Basin are mainly scattered within the “particulate shuttle” domain as reported by Algeo and
Tribovillard [42], although the drilling sites are different. The particulate shuttle is a process in which
particulate Fe-Mn-oxyhydroxides adsorb specific elements (e.g., Mo) above the redox boundary in the
water column (i.e., chemocline), transport these elements as they settle, and release the elements as they
dissolve below the chemocline or near the seafloor [42,67,68]. Owing to this efficient elemental transport
process, redox-sensitive elements such as Mo adsorbed on Fe-Mn particles can be concentrated in the
sediment of sea areas where the surface water mass is connected to the open ocean and a chemocline
develops in the water column. Our samples from the Cariaco Basin capture the signature of this process.



Minerals 2020, 10, 1021 12 of 20

Minerals 2020, 10, x FOR PEER REVIEW 12 of 20 

 

 
Figure 6. Scatter-diagrams of enrichment factors for U (UEF) versus Mo (MoEF). Dashed lines denote 
0.1, 0.3, 1 and 3 times the Mo:U weight-ratio in modern seawater [42,69]. (a) Data for the Cariaco Basin 
sediments in this study. Brown area shows the “particulate shuttle” domain reported by Algeo and 
Tribovillard [42]. (b) Data for the Black Sea sediments in this study. Green and light-blue domains 
show the data distribution corresponding to basin-margin and abyssal-plain sediments, respectively, 
in the Black Sea [42]. The dark-blue arrow represents the trend of relative depletion of Mo to U 
inferred from the sediments in the deep Black Sea. (c) All data from this study. The pink band 
represents the inferred pathway of redox variation [69]. Dashed ellipses represent the data clusters 
corresponding to each site. 

According to Algeo and Tribovillard [42], MoEF and UEF in Black Sea sediments (Figure 6b) show 
“evolution of water-mass chemistry” or a decreasing trend of the aqueous Mo:U ratio from surface 
water to deep water below the chemocline. In contrast to the Cariaco Basin, the depletion of Mo from 
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collected from near the Bosporus Strait on the basin apron at a water depth of 2107 m (Figure 1), 
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Figure 6. Scatter-diagrams of enrichment factors for U (UEF) versus Mo (MoEF). Dashed lines denote
0.1, 0.3, 1 and 3 times the Mo:U weight-ratio in modern seawater [42,69]. (a) Data for the Cariaco Basin
sediments in this study. Brown area shows the “particulate shuttle” domain reported by Algeo and
Tribovillard [42]. (b) Data for the Black Sea sediments in this study. Green and light-blue domains show
the data distribution corresponding to basin-margin and abyssal-plain sediments, respectively, in the
Black Sea [42]. The dark-blue arrow represents the trend of relative depletion of Mo to U inferred from
the sediments in the deep Black Sea. (c) All data from this study. The pink band represents the inferred
pathway of redox variation [69]. Dashed ellipses represent the data clusters corresponding to each site.

According to Algeo and Tribovillard [42], MoEF and UEF in Black Sea sediments (Figure 6b) show
“evolution of water-mass chemistry” or a decreasing trend of the aqueous Mo:U ratio from surface
water to deep water below the chemocline. In contrast to the Cariaco Basin, the depletion of Mo
from seawater below the chemocline results in the lower Mo:U ratios of the Black Sea sediments
compared to that of normal seawater (blue arrow in Figure 6b). The Black Sea samples in this study
were collected from near the Bosporus Strait on the basin apron at a water depth of 2107 m (Figure 1),
within the deep-basin setting [45]. However, in the MoEF–UEF diagram (Figure 6b), they are plotted
around the domains of the basin-margin and abyssal-plain sediments of the Black Sea (the green
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domain and the leftmost of the blue domains in Figure 6b, respectively), showing relatively low
authigenic enrichment of Mo and U (generally MoEF <10 and UEF <2). These sediments do not show
the higher authigenic enrichment of these elements (MoEF >10 and UEF >10) reported by Algeo and
Tribovillard [42] (rightmost of the blue domains in Figure 6b). Our Black Sea samples (Site 380 Unit
V) were interpreted as having been deposited under a brackish–marine environment, on the basis of
microfossil assemblages [45]. Therefore, the absence of sediments clearly recording any evolution of
water-mass chemistry (i.e., samples enriched in authigenic Mo and U with low Mo:U ratios) could
be attributed to 1) a composition of seawater different from the modern one, and/or 2) a water depth
shallower than the chemocline at the time of deposition of this lithological unit. Considering that
palynological analyses suggested the age near the bottom of Unit V as the late Miocene [45], the possible
change in sea level and/or the depth of the chemocline might be related to the Messinian Salinity Crisis
(MSC; [70–72]), although a recent age model suggests that the deposition of Site 380 Unit V preceded
the MSC [73].

A plot of MoEF vs. UEF for all samples in this study (Figure 6c) shows an overall positive
correlation. Most samples have an MoEF of 1–200, whereas a few samples from the Red Sea have values
over 200. For UEF, most samples range from 1 to 20. The Mo:U values for our samples range from a low
of about 0.3 times the Mo:U ratio of modern seawater (plotted on the dashed line labeled “0.3 × SW” in
Figure 6) to a high of more than 3 times the ratio of modern seawater (the domain above the dashed
line “3 × SW” in Figure 6), with increasing enrichment factors of both Mo and U. Mo and U start to
concentrate at different redox potentials. Uptake of authigenic U by marine sediments begins at the
Fe(II)–Fe(III) redox boundary that corresponds to suboxic conditions [74]. This process occurs under
less anoxic conditions than the formation of authigenic Mo that requires the presence of hydrogen
sulfide (H2S) in the water column (i.e., euxinic conditions) [3,75,76]. This difference in solubility due to
redox conditions might result in variations of sediment Mo:U ratios—low Mo:U ratios under suboxic
conditions and high Mo:U ratios under more anoxic condition [42]. In this context, if samples with
high MoEF reflect a shift of seawater redox condition to more anoxic or euxinic condition, the samples
should be scattered across the lines of seawater Mo:U ratios. However, the samples showing relatively
high MoEF values (MoEF > 20 in Figure 6c; the major portion of Saanich Inlet (Site 1033), Cariaco Basin
(Site 1002), and Namibian Shelf (Site 1084)) are scattered parallel to the trend denoting the seawater
Mo:U ratio (i.e., dashed lines of 3 × SW or 1 × SW in Figure 6). This suggests that the Mo:U ratios of
these sediments are relatively constant and thus the redox condition does not change significantly at
these sites. In other words, the concomitant increase of MoEF and UEF in these high MoEF sediments is
not simply attributable to a shift of seawater redox conditions and it is necessary to consider factors
other than changes in the redox condition to increase MoEF and UEF.

The samples from each sea area constitute clusters in the MoEF vs. UEF diagram (Figure 6c) as
well as in the NiEF vs. CuEF diagram (Figure 5). This feature is also evident in a boxplot showing
the data for each sea area (Figure 7). The Red Sea samples are divided into two groups, and thus the
boxes covering the 1st to 3rd quantiles are wider than those for the other areas. One group of Red Sea
samples that are enriched in authigenic Mo and U minerals corresponds to the Fe-enriched samples
that deviate from the major trends for the relationships between Al2O3 and Fe2O3 and between CaO
and Fe2O3 (Section 3.1), whereas the others have low authigenic Mo and U due to dilution with detrital
components and carbonate.
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Figure 7. Box-plots of (a) MoEF and (b) UEF for each sea area. The thick black line (white for Site
380) in each box denotes the median. The top and bottom of each box correspond to the 3rd quantile
(Q3/4) and 1st quantile (Q1/4), respectively. The whiskers extend to the most extreme data point which
is no more than 1.5 times the interquartile range (IQR) from the box, corresponding to an interval
[Q1/4 − 1.5 × IQR, Q3/4 + 1.5 × IQR] where IQR = Q3/4 − Q1/4. Hollow circles are outlier samples
deviating from this interval.
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Focusing on all characteristics of the data clusters, the sea areas with higher Mo and U enrichment
generally correspond to regions influenced by open-ocean water masses, whereas the areas with lower
Mo and U enrichment are more restricted marine environments (Figures 1 and 7). Both Mo and U are
elements abundant in seawater compared with other redox-sensitive and sulfide-forming trace elements,
despite their low contents in the upper continental crust [58]. Algeo and Lyons [41] suggested that
sedimentary Mo concentrations are controlled mainly by the degree of water-mass restriction in modern
anoxic silled basins. This is because the dissolved Mo in the deep water-mass becomes depleted as the
degree of restriction increases. Considering the positive correlations between MoEF and UEF (Figure 6c)
and the geographical trend in Mo and U enrichment in the sediment (Figure 7), U has properties similar
to Mo under oxygen-depleted conditions. This is consistent with previous works on modern estuarine
sediments [77] and organic-rich shales from the modern to Precambrian [78], both of which indicate
that U concentrations in the sediments reflect dissolved U concentrations in oxygen-depleted water.
Therefore, significant Mo and U enrichment could be attributed to the contribution of open-ocean
seawater. In such a system, after the removal of Mo and U from the water column through precipitation
under oxygen-depleted conditions, these elements could be replenished from adjacent open-ocean
areas, thus maintaining high concentrations in the sediments. As mentioned above, the MoEF–UEF

diagram suggests that the particulate shuttle contributes to elemental precipitation in the Cariaco
Basin [42] and probably in Saanich Inlet (Figure 6a,c). The particulate shuttle works in stratified
water columns with oxic surface and anoxic deep water layers [42,67,68], which is consistent with the
supply of oxic open-ocean water. Hence, the degree of Mo and U enrichment may reflect geographical
conditions in terms of proximity to the open ocean.

4. Conclusions

We examined the bulk geochemistry of modern sediments from eight oxygen-depleted
environments. The samples are considered to be a mixture of terrigenous detrital materials and biogenic
carbonate on the basis of their contents of major elements. Some redox-sensitive and sulfide-forming
elements in these sediments might be controlled by organic matter content (e.g., U), whereas others
could be contained as sulfide minerals (e.g., As). The strikingly sharp linear relationship between
NiEF and CuEF may reflect the similarity of their geochemical behaviors under oxygen-depleted
conditions. NiEF and CuEF coincidently showed their highest values at the Namibian Shelf site,
which is characterized by high primary productivity. The covariation of MoEF and UEF, and difference
in values of MoEF and UEF among sea areas suggest that the degree of Mo and U enrichment
may reflect geographical conditions in terms of proximity to the open ocean, or the degree of the
supply of these elements from the open ocean. Our results suggest that paleoenvironmental and
paleoceanographic reconstruction based on the concentration of redox sensitive elements requires
comprehensive consideration of the chemical composition and redox potential of seawater, as well as
paleogeographical conditions.
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Major, trace and rare-earth elements, total organic carbon and total sulfur data for all the sediment samples
analyzed in this study.
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