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PREFACE
This PhD project was conducted in the framework of the JPI Oceans (Joint Programming
Initiative Healthy and Productive Seas and Oceans) pilot action “Ecological Aspects of
Deep-Sea Mining (MiningImpact)”. The project was funded by the German Federal Ministry
of Education and Research (BMBF) and received further funding from the Helmholtz
Association at the Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research.
It was supervised by Prof. Dr. Sabine Kasten (AWI) and the outcome is submitted as cumulative
doctoral thesis.
The dissertation opens with the motivation and objectives of the study and gives a scientific
background (Chapter I). Hereafter, first authorship publications are presented, which are
published (Chapter II) and under review (Chapter IV and V) in (ISI) peer-reviewed journals.
The second authorship contribution to a publication pulished by project partners is presented in
Chapter III. The dissertation closes with the main findings, conclusions and perspectives
(Chapter VI).
All publications presented in this cumulative doctoral thesis are based on samples and data
collected during RV SONNE cruise SO239 in 2015 in the framework of the JPI Oceans pilot
action “Ecological Aspects of Deep-Sea Mining (MiningImpact)”. Most analyses were
performed in the laboratories of the Alfred Wegener Institute Helmholtz Centre for Polar and
Marine Research in Bremerhaven and at the Jacobs University Bremen in close collaboration
with the MiningImpact project partners.
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THESIS SUMMARY

THESIS SUMMARY
The economic interest in deep-sea mineral resources has grown in recent years mostly due to
the increasing demand of metals and rare earth elements used in the high-tech industry.
Deep-sea mineral resources of interest include polymetallic nodules, seafloor massive sulfides
and cobalt-rich crust. One of the most extensive deposits of polymetallic nodules is found in
the NE Pacific Ocean, namely the Clarion-Clipperton Zone (CCZ). In light of recent
technological advances in mining equipment and metallurgical processes, the CCZ represents
a prospective area for commercial deep-sea mining. In order to establish environmental
regulations for the exploration, and ultimately, industrial exploitation of polymetallic nodules
in the CCZ, baseline studies on the deep-sea ecosystem and the environmental impacts of
deep-sea mining are essential.
Compared to other marine settings, the vast deep-sea environment remains insufficiently
studied. In contrast to first suggestions that the deep seafloor is characterized by abyssal plains
with mostly homogenous sedimentation, several studies have demonstrated that the seafloor
within the CCZ is covered by numerous large seamounts, which highly influence the
depositional conditions. It has been shown that distorted bottom-water currents in proximity to
the seamounts cause variations in sediment composition and accumulation rates on the seafloor
over several kilometers. These spatial variations in depositional conditions are expected to have
strong implications for biogeochemical processes, redox zonation in the sediments of the CCZ
and element fluxes across the sediment-water interface. In order to assess the impact of deep-sea
mining on the sediment geochemistry in the CCZ, baseline studies are required addressing the
natural spatial variations of depositional conditions as well as sediment biogeochemical
processes, redox zonation and element fluxes across the sediment-water interface.
In the framework of this cumulative PhD thesis, surface sediments as well as long sediment
cores of up to 10 m length from different areas within the CCZ were studied. The investigated
areas include four different European contract areas for the exploration of polymetallic nodules
in the CCZ and one of the protected Areas of Particular Environmental Interest (APEI)
designated by the International Seabed Authority (ISA). Comprehensive pore-water and
solid-phase analyses were performed on undisturbed sediments from the German BGR area
(Bundesanstalt für Geowissenschaften und Rohstoffe), the Polish IOM area (InterOceanMetal),
the Belgian GSR area (Global Sea Mineral Resources NV), the French IFREMER area (Institut
Français de Recherche pour l'Exploitation de la Mer) and the APEI3 located north of the CCZ.
In addition, disturbance tracks of small-scale experiments for the simulation of deep-sea mining
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were investigated, which were created between 1 day and 37 years before sediment sampling
in the different European contract areas. The acquired pore-water and solid-phase data of
undisturbed and disturbed sediments were implemented in numerical transport-reaction models
for the determination of the rates of biogeochemical processes and element fluxes as well as the
evaluation of temporal changes in redox conditions in the sediments of the CCZ. Furthermore,
transport-reaction modelling was performed in order to determine what time is required for the
geochemical re-equilibration in the sediments after deep-sea mining experiments in the CCZ.
As a consequence of low surface water productivity in the NE Pacific Ocean, the seafloor within
the CCZ receives small amounts of organic matter. Transport-reaction modelling performed as
part of this PhD project revealed that aerobic respiration represents the dominant
biogeochemical processes in the sediments while denitrification and manganese(IV) reduction
only consume a fraction of the organic matter delivered to the seafloor. Oxygen usually
penetrates several meters into the sediments of the CCZ while denitrification and
manganese(IV) reduction usually coexist in the suboxic zone below. The oxidation of
pore-water manganese at depth has been observed at several investigated sites, indicating that
upward diffusing oxygen from the basaltic basement associated with low-temperature
hydrothermal seawater circulation through crustal outcrops is a widespread phenomenon within
the CCZ. Small- and large-scale natural spatial variations in redox conditions are associated
with a lateral gradient in the flux of organic matter to the seafloor as well as regional differences
in sediment composition and accumulation rates caused by bottom-water currents. The spatial
variability in sediment composition is also reflected in the depth distribution of rare earth
elements in the sediments, which are mostly bound to calcium phosphates. Due to significantly
lower organic carbon burial rates in the sediments of the protected APEI3 area, the geochemical
conditions do not represent the conditions found in the studied European contract areas.
Solid-phase manganese maxima have been observed in the surface sediments at most of the
sites investigated in this PhD project. Transport-reaction modelling showed that postulated
lower bottom-water oxygen concentrations during the last glacial period could have caused a
much more condensed redox zonation than observed today during which diagenetically
mobilized manganese precipitated at a shallow oxic-suboxic redox boundary at the sediment
surface. The solid-phase manganese peak was continuously mixed into subsequently depositing
Holocene sediments by bioturbation causing the observed manganese enrichment in the surface
sediments. As the solid-phase manganese maximum was not observed in the sediments of the
APEI3 area, the redox zonation was most likely not as compressed during the last glacial period
in the APEI3 area due to considerably lower carbon burial rates. This provides further evidence
II

THESIS SUMMARY
that the APEI3 area does not represent the geochemical conditions found in the European
contract areas.
The investigation of surface sediments from disturbance tracks of small-scale deep-sea mining
experiments confirmed the findings of an earlier study, suggesting that the depth distribution of
solid-phase manganese provides a reliable tool for monitoring the disturbance depth. As the
labile fraction of organic matter driving early diagenetic processes in the sediments is restricted
to the surface sediment layer, it is mostly removed by the disturbance. As a consequence, the
upper oxic zone extends up to tenfold deeper into the sediments with significantly reduced
fluxes of oxygen into the sediments while denitrification and manganese(IV) reduction are
inhibited. While bioturbation is crucial for the establishment of a new geochemical equilibrium,
the disturbance depth as well as the burial rate of organic carbon ultimately determine the
recovery of the geochemical system in the sediments. Due to slow sediment accumulation rates
and low fluxes of organic matter to the seafloor within the CCZ, the new geochemical
equilibrium in the sediments is expected to be established 10,000 to 100,000 years after
deep-sea mining activities.
This PhD thesis advances the understanding of small- and large-scale heterogeneities of
depositional conditions, biogeochemical processes and redox zonation in deep-sea sediments.
Furthermore, temporal changes in the sediment redox zonation associated with
climatically-induced changes in bottom-water conditions provide new insights for
paleoceanographic aspects of the Pacific Ocean. The assessment of the impact of deep-sea
mining on the geochemical system in the sediments contribute data crucial for further deep-sea
impact assessment studies. They may be used for the establishment of environmental
regulations for the exploration, and ultimately, exploitation of polymetallic nodules in the CCZ.
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Steigende Rohstoffpreise durch die wachsende Nachfrage nach Metallen und Seltenen Erden
stärken seit einigen Jahren das Interesse an kommerziellen Tiefseebergbau. Mineralische
Vorkommen aus der Tiefsee, die für zukünftigen kommerziellen Tiefseebergbau in Frage
kommen, umfassen Manganknollen, Massivsulfide und Kobaltkrusten. Die Clarion-Clipperton
Zone (CCZ) im NE Pazifik wird als „Manganknollen-Gürtel“ bezeichnet und ist durch eines
der größten Vorkommen an Manganknollen auf dem Meeresboden gekennzeichnet. Neueste
technologische Fortschritte könnten den großskaligen, kommerziellen Abbau von
Manganknollen in der CCZ in naher Zukunft ermöglichen. Für die Erstellung von Richtlinien,
die die Erkundung und den Abbau von Manganknollen in der CCZ regulieren, sind
Grundlagenstudien des Tiefsee-Ökosystems und der potentiellen ökologischen Auswirkungen
von Tiefseebergbau nötig.
Im Gegensatz zu anderen Regionen der Meere ist die Tiefsee bis heute weitesgehend
unerforscht. Entgegen der Annahme, dass der Meeresboden in der Tiefsee von flachen
Tiefsee-Ebenen dominiert ist, haben neuere Studien gezeigt, dass der Meeresboden in der CCZ
zahlreiche große Tiefseeberge aufweist. Diese stellen ein natürliches Hindernis für
Bodenwasser-Strömungen dar und lenken diese ab, was zur Folge hat, dass die
Zusammensetzung und Ablagerungsrate der Sedimente über mehrere Kilometer variiren kann.
Diese lateralen Unterschiede in den Ablagerungsbedingungen beeinflussen biogeochemische
Prozesse und Redoxbedingungen in den Sedimenten, sowie die Stoffflüsse über die
Sediment/Wasser-Grenzfläche.

Um

mögliche

Folgen

von

Tiefseebergbau

auf

das

geochemische Milieu der Sedimente zu untersuchen, sind Grundlagenstudien nötig, welche die
natürlichen lateralen Unterschiede in den Ablagerungsbedingungen, biogeochemischen
Prozessen, Redoxbedingungen und Stoffflüssen aufzeigen.
Im Rahmen dieser kumulativen Dissertation wurden Oberflächensedimente und lange
Sedimentkerne mit einer Länge von maximal 10 m aus der CCZ untersucht. Diese Sedimente
stammen aus vier europäischen Erkundungsgebieten für Manganknollen in der CCZ und einem
der Schutzgebiete (APEI), die von der Internationalen Meeresbodenbehörde (ISA) designiert
wurden. Im Rahmen dieser Studie wurden umfangreiche Porenwasser- und Festphase-Analysen
an ungestörten Sedimenten aus dem deutschen BGR (Bundesanstalt für Geowissenschaften und
Rohstoffe) Gebiet, dem polnischen IOM (InterOceanMetal) Gebiet, dem belgischen GSR
(Global Sea Mineral Resources NV) Gebiet, dem französischen IFREMER (Institut Français
de Recherche pour l'Exploitation de la Mer) Gebiet und dem Schutzgebiet APEI3 nördlich der
IV
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CCZ durchgeführt. Zudem wurden bis zu 37 Jahre alte Störungsspuren von verschiedenen
Störungsexperimenten in den Erkundungsgebieten der CCZ untersucht. Die gewonnenen
Porenwasser- und Festphase-Daten von ungestörten und gestörten Sedimenten wurden in
Transport-Reaktionsmodelle implementiert, um biogeochemische Prozesse und Stoffflüsse zu
quantifizieren, sowie zeitliche Variationen in Redoxbedingungen in den Sedimenten der CCZ
zu untersuchen. Des Weiteren wurde ein Transport-Reaktionsmodell angewendet, um zu
bestimmen, wie lange es dauert, bis ein neues geochemisches Gleichgewicht nach den
Störungsexperimenten in den Sedimenten der CCZ hergestellt ist.
Aufgrund der geringen Produktivität im Oberflächenwasser des NE Pazifiks erreichen nur
geringe

Mengen

an

organischem

Material

den

Meeresboden

in

der

CCZ.

Transport-Reaktionsmodellierungen, die im Rahmen dieser Arbeit durchgeführt wurden,
zeigten, dass aerobische Respiration als biogeochemischer Prozess dominiert, während
Denitrifikation und Mangan(IV)-Reduktion nur einen Bruchteil des organischen Materials
verbraucht. Sauerstoff diffundiert meist mehrere Meter in die Sedimente, während
Denitrifikation und Mangan(IV)-Reduktion gleichzeitig in der darunterliegenden suboxischen
Zone auftreten. An einigen Stationen wird Porenwasser-Mangan in der Tiefe durch Sauerstoff,
welches von der basaltischen Kruste ins Sediment diffundiert, aufgebraucht. Diese
Beobachtung zeigte, dass die Zirkulation von Seewasser durch die ozeanische Kruste ein
weitverbreitetes Phänomen in der CCZ ist. Klein- und großskalige laterale Unterschiede in den
Redoxbedingungen

der

Sedimente

hängen

weiterhin

mit

dem

lateralen

Produktivitäts-Gradienten und regionalen Unterschieden in Sediment-Zusammensetzung und
Sedimentationsrate durch den Einfluss von Bodenwasser-Strömungen zusammen. Die laterale
Variabilität in der Zusammensetzung der Sedimente zeigte sich auch anhand der
Tiefenverteilung von Seltenen Erden, die hauptsächlich in Calciumphosphat-Mineralen
gebunden sind. Im APEI3-Schutzgebiet treten deutlich geringere Ablagerungsraten von
organischen Material auf, sodass die geochemischen Bedingungen in den Sedimenten nicht
denen der vier europäischen Erkundungsgebieten für Manganknollen in der CCZ entsprechen.
Die Oberflächensedimente an fast allen untersuchten Stationen zeigten eine Anreicherung von
Mangan(IV) in der Festphase. Die Transport-Reaktionsmodellierung ergab, dass postulierte
geringere Sauerstoff-Gehalte im Bodenwasser des Pazifiks während des letzten Glazials eine
komprimierte Redoxzonierung in den Sedimenten der CCZ verursacht haben könnte. Dadurch
konnte mobilisiertes Mangan im Porenwasser bis zur Sedimentoberfläche diffundieren, wo es
als Mangan(IV) an der oxisch-suboxischen Redoxgrenze ausgefällt wurde. Anschließend
wurde die Mangan(IV)-Anreicherung durch Bioturbation in Sedimente der Holozäns vermengt.
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Die Mangan(IV)-Anreicherung trat nicht in den Sedimenten des APEI3-Schutzgebiets auf, was
weiterhin impliziert, dass das APEI3 nicht repräsentativ für die untersuchten vier europäischen
Erkundungsgebiete ist.
Die geochemischen Untersuchungen an Sedimenten der Störungsspuren in der CCZ bestätigten
eine vorherige Studie, die zeigte, dass die Gehalte von Mangan in der Festphase für die
Bestimmung der Störungstiefe im Sediment geeignet sind. Die Verfügbarkeit von labilen
organischen Komponenten, welche die frühdiagenetischen Prozesse im Sediment antreiben,
beschränkt sich auf die obere Sedimentschicht. Da dieses labile organische Material durch
Störungen überwiegend entfernt wird, dehnt sich die obere oxische Zone nach unten aus,
während die Sauerstoff-Flüsse ins Sediment nach der Störung deutlich abnehmen und
Denitrifikation und Mangan(IV)-Reduktion inhibiert sind. Die Wiederherstellung eines neuen
geochemischen Gleichgewichts in den Sedimenten der CCZ nach Störungsexperimenten ist
hauptsächlich von der Störungstiefe und der Ablagerungsrate von organischem Material in den
Sedimenten abhängig. Aufgrund der geringen Sedimentationsraten und Flüsse von
organischem Material zum Meeresboden, ist ein neues geochemisches Gleichgewicht in den
Sediments der CCZ nach 10.000–100.000 Jahren erreicht.
Diese kumulative Dissertation erweitert das Verständnis von klein- und großskaligen
Unterschieden in Ablagerungsbedingungen, biogeochemischen Prozessen und Redoxzonierung
in Tiefsee-Sedimenten. Änderungen der Redoxzonierung in den Sedimenten der CCZ können
durch klimatisch-bedingte geringere Sauerstoffkonzentrationen im Bodenwasser verursacht
worden sein, was neue Erkenntnisse bezüglich paleozeanografischer Aspekte im Pazifik liefert.
Weiterhin liefert diese Studie wichtige Daten zur Beurteilung der Auswirkungen von
Tiefseebergbau und zur Erstellung von Regularien für potentiellen Tiefseebergbau in der CCZ.
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CHAPTER I: Introduction
Figure 1: Schematic graph of the geochemical zonation with the classification of the redox
zones after Froelich et al. (1979) and Berner (1981) as well as zones of mineral dissolution and
authigenic mineral precipitation in marine sediments (Kasten et al., 2003).
Figure 2: World map showing the occurrence of the main marine minerals: polymetallic
nodules (blue), seafloor massive sulfides (orange) and cobalt-rich ferromanganese crusts
(yellow) (Miller et al., 2018). The DISCOL area is located in the Peru Basin, where the
Disturbance and Recolonization experiment (DISCOL) has been carried out in 1989 (Thiel and
Schriever, 1989).
Figure 3: (A) Typical discoidal shape of a polymetallic nodule with a smooth texture on the
upper surface and a rough, coarse-grained surface at the bottom. (B) Vertical section of a typical
polymetallic nodule showing the layered growth structure around a nucleus (Kuhn et
al., 2017a). Both figures: © BGR
Figure 4: Bathymetric map showing the seafloor of the CCZ in the NE Pacific Ocean.
Figure 5: Schematic illustration of the geochemical zonation in the sediments of the CCZ and
conceptual model of ridge-flank low hydrothermal circulation facilitated by seamount after
Wheat and Fisher (2008) and Versteegh et al. (in prep.). Inset figure shows the hydrogenetic
and oxic-diagenetic accretion of metals onto the surface of polymetallic nodules (modified after
Kuhn et al., 2017b), which currently dominate the nodule growth in the CCZ.
Figure 6: Contract areas for the exploration of polymetallic nodules granted by the
International Seabed Authority (ISA) within the CCZ (white areas) surrounded by nine Areas
of Particular Environmental Interest (APEIs, green shaded squares), which are excluded from
any mining activities (Geographical data provided by the International Seabed Authority).
Figure 7: (A) Concept of deep-sea mining with the (1) mining platform, (2) lift pipe, (3) nodule
collector and (4) discharge system (e.g., Oebius et al., 2001). Figure modified after Gollner et
al. (2017). (B) Small-scale deep-sea mining experiments performed in the area of the CCZ
(Jones et al., 2017).
CHAPTER II: Natural spatial variability of depositional conditions, biogeochemical
processes and element fluxes in sediments of the eastern Clarion-Clipperton Zone, Pacific
Ocean
Figure 1: Maps of the study area during RV SONNE cruise SO239 showing (a) the four
investigated exploration areas in the CCZ, the APEI3 and the sampling stations (white circles).
The background colors indicate the estimated upper limit in POC flux [mg Corg m-2 d-1] to the
seafloor by Lutz et al. (2007) (modified after Vanreusel et al., 2016). Detailed hydroacoustic
maps created with the multibeam system EM122 (Martínez Arbizu and Haeckel, 2015;
Greinert, 2016) show the locations of the sampling stations with b: IOM; c: BGR; d: IFREMER;
e: GSR; f: APEI3. The maps were produced with GMT5 (Wessel et al., 2013).
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GSR, IOM and BGR sites. The inset plot for the IFRE-1 site show oxygen (black dots) and
dissolved Mn(II) concentrations (open circles) on separate axes (upper axis: oxygen; lower axis:
Mn(II)) between 2.5 and 7.5 m sediment depth. Bottom-water oxygen concentrations measured
by CTD are indicated (grey crosses).
Figure 3: Solid-phase profiles of TOC of the APEI3, IFREMER, GSR, IOM and BGR sites.
Figure 4: 230Th/231Pa-derived sedimentation rates for the uppermost 50 cm of the sediments of
the APEI3, IFREMER, GSR and IOM sites.
Figure 5: Model results for all sites including the biogeochemical processes of aerobic
respiration, Mn(IV) reduction, denitrification, Mn2+ oxidation, nitrification and Mn-annamox
(R1–R6).
Figure 6: Comparison of the TOC contents of surface sediments (upper 30 cm) within the
different contract areas CCZ. The data for the BGR sites A1-1-MN, A1-2-NN, A5-2-SN,
A5-1-BN from cruise SO205 are taken from Mewes et al. (2014). The range of TOC contents
comprises the lowest to highest measured contents throughout MUC cores taken at the
individual sites. The highest TOC content at each site was determined at the sediment surface,
i.e. in the uppermost centimeter of the sediment.
Figure 7: Correlation between the oxygen penetration depth (OPD) and the POC fluxes used
as boundary conditions for the diagenetic model. Based on interpolation of the oxygen profile
at the APEI3 site, oxygen may be consumed at 11.5 m. The linear regression through the BGR
(blue), IOM (yellow), *IFRE-1 (red), +IFRE-2 (red) and APEI3 (grey) sites shows a coefficient
of determination of r2 = 0.85.
CHAPTER III: Calcium phosphate control of REY patterns of siliceous-ooze-rich
deep-sea sediments from the central equatorial Pacific
Figure 1: REYSN patterns of fish debris, fossil fish teeth, marine phosphorite, hydrogenetic
Fe-Mn crust, and seawater (PAAS from Taylor and McLennan, 1985, except Dy from
McLennan, 1989). (See above-mentioned references for further information.)
Figure 2: Core sampling locations of 87GC and 165GC in the CCZ and of 194GC north of the
Clarion Fracture Zone. The map was created using GeoMapApp.
Figure 3: Top: Depth profiles of selected major elements and three representative REY
(Ce, Nd, Yb). Yb concentrations were multiplied by 10 to fit the scale of the figure. Core
pictures depict that the sediment gets darker with depth in all cores and has thin dark layers
throughout. Oxygen data from Volz et al. (2018). Bottom: Depth profiles of REY parameters
HREE/LREE, MREE/MREE*, Ce/Ce*, and Y/Ho for bulk sediment, the sequential extraction
solutions (Na-dithionite only for HREE/LREE and MREE/MREE* for 194GC-561 cm), and
pore water (Y/Ho only for 194GC-511 cm).
HREE/LREE=(Ho+Er+Tm+Yb+Lu)/(La+Ce+Pr+Nd).
MREE/MREE*=(Sm+Eu+Gd+Tb+Dy)/((La+Ce+Pr+Nd+Ho+Er+Tm+Yb+Lu)*2).
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study (PAAS from Taylor and McLennan, 1985, except for Dy from McLennan, 1989). All
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a negative CeSN anomaly.
Figure 5: Increase of negative CeSN anomaly with depth and with increasing P concentration.
See equation (1) in chapter 2.3 for the calculation of the CeSN anomaly.
Figure 6: Left: REYSN patterns of pore waters from 194GC (PAAS from Taylor and
McLennan, 1985, except Dy from McLennan, 1989). All patterns show an enrichment of the
MREY and a pronounced negative CeSN anomaly. Right: Bulk sediment and Ca phosphate
phase normalized to pore water.
Figure 7: REYSN patterns of sequential leaching solutions of selected sediment layers from the
three cores (PAAS from Taylor and McLennan, 1985, except Dy from McLennan, 1989). From
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are missing for the Na-dithionite and NH4-oxalate patterns due to concentrations below the
LOQ.
Figure 8: Scanning electron microscopy (SEM) images of particles rich in phosphorus and
calcium; examples from layers 165GC-792 cm (left and middle) and 165GC-812 cm (right).
Figure 9: Left: P vs. Ca plot. Right: P vs. Nd plot. Nd represents the REY. Linear regression
lines for the cores in both graphs and Pearson R correlation coefficients in the legend. All cores
show positive correlations of P and Ca and P and Nd. The deepest layers in 165GC (792–
912 cm) and 194GC (521–561 cm) deviate from the linear regression due to a lower Nd/P ratio
(for further discussion see text).
Figure 10: Nd/P ratio of bulk sediment at different depths for cores 87GC, 165GC and 194GC.
Nd represents the REY. Similar values with depth suggest that the ratio of REY to P stays the
same except in the deep layers (165GC 792–912 cm and 194GC 521–561 cm) where lower
Nd/P values suggest that P is more enriched than the REY. The relative uncertainty of Nd/P
based on NIST-2702 digestions (n = 12 for P and n = 10 for Nd) and measurements is 6.27%.
Figure 11: Ce/Ce* values for each layer. Ce/Ce* was calculated according to equation (1) in
the text. Yellow star symbols denote no CeSN anomaly. Values decrease with depth in all three
cores, starting with different Ce/Ce* values at the top of the sediment cores.
CHAPTER IV: Post-depositional manganese mobilization during the last glacial period
in sediments of the eastern Clarion-Clipperton Zone, Pacific Ocean
Figure 1: Map of the investigated sampling sites (open circles, star and triangle) in the different
European contract areas for the exploration of polymetallic nodules and in the APEI3. The
IFRE-1 and IFRE-2 sites are both located in the IFREMER area (open circle). The BGR area
includes the BGR-RA (open circle), BGR-PA (open star) and SO205-65 (open triangle;
Rühlemann et al., 2010; Mewes et al., 2016) sites. Background colors indicate the maximum
POC flux [mg Corg m-2 d-1] to the seafloor estimated by Lutz et al. (2007). Map is modified after
Volz et al. (2018).
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Figure 2: Method test of the leaching protocols after (A) Koschinsky et al. (2001) and
(B) Poulton and Canfield (2005) separately applied on sediment samples from MUC core
SO205-65 (Fig. 1; Table 1). Sequentially leached percentages of Mn and Fe oxides after the
protocol by Koschinsky et al. (2001) (Mncarb, Fecarb; Mnmobil, Femobil; Mnox, Feox) and Poulton
and Canfield (2005) (Mncarb, Fecarb; Mnox1, Feox1; Mnox2, Feox2; Mnmag, Femag) are shown with
respect to bulk sediment contents of Mn and Fe (Mntotal; Fetotal).
Figure 3: Bulk sediment contents of Mn and Fe (Mntotal; Fetotal), total leachable contents of Mn
and Fe (Mnleachable; Feleachable) using the combined leaching protocol (Table 2) and Mntotal/Altotal
and Fetotal/Altotal ratios (black dots) for all investigated sites. Average values for the upper
continental crust (diamond) and mid-ocean ridge basalts (circle) are taken from Rudnick and
Gao (2004) and Klein (2004), respectively.
Figure 4: Total leachable contents of Mn and Fe (Mnleachable; Feleachable) and contents of
sequentially leached Mn oxides (Mnmobil, Mnox1) and Fe oxides (Feox1 (including Femobil); Feox2;
Femag) using the combined leaching protocol (Table 2) for all investigated sites. Black arrows
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Figure 5: Model results for the BGR-RA site (A), the IFRE-2 site (B) and the APEI3 site (C)
including the steady state transport-reaction simulations (left) and the transient
transport-reaction simulations (right). Concentrations of oxygen (grey dots) and Mn2+ (black
dots) for 10-m-long GC cores were taken from Volz et al. (2018). Left: Simulations were
performed for bottom-water oxygen concentrations (O2bw) of 120 µM for the BGR-RA site
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indicated (black dots).
Figure 6: Conceptual model for the depth distribution of authigenic Mn(IV) (Mnmobil) since the
last glacial maximum (LGM) 21 kyr before present (BP) and under current geochemical
conditions in the sediments of the CCZ. During the last glacial termination (LGT) between 14–
15 kyr BP, bottom-water oxygen concentrations O2bw increase from 35 µM to ~ 150 µM within
1000 years.
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CHAPTER I:
Introduction
1.1

Motivation and objectives
The resource potential of the deep sea was discovered during the first global marine

research voyage conducted by the HMS Challenger in the 1870s. During the Challenger
expedition, numerous unknown marine species of flora and fauna were collected as well as
deep-sea mineral deposits, such as polymetallic nodules (Murray and Renard, 1891). Based on
considerable metal quantities concentrated within these nodules, their potential use as an
economic resource was first raised in the 1960s, via the extension of terrestrial and
shallow-water mining activities into the deep (Mero, 1965). At time of writing this thesis, there
has been no commercial exploitation of polymetallic nodules and other deep-sea mineral
resources. However, mineral prices for some of the high-tech metals found in these deep-sea
mineral resources have been increasing within the past years due to recent technological
advances and the growing demand for modern electronics. Thus, deep-sea mining may be
economically viable in the near future (e.g., Halfar and Fujita, 2002; Wedding et al., 2015).
The commercial interest in polymetallic nodules from one of the most extensive deposits
located in the Clarion-Clipperton Zone (CCZ) in the NE Pacific Ocean has led to
comprehensive resource exploration campaigns and environmental baseline studies in the CCZ
since the 1970s. Several states have temporal contracts with the International Seabed Authority
(ISA) since the 2000s, which stipulate that the contractors explore polymetallic nodules in
designated contract areas within the CCZ, test mining equipment and assess potential
environmental impacts of deep-sea mining activities. These baseline studies are pivotal for the
development of a regulative environmental framework for potential future deep-sea mining
activities in the CCZ (Lodge et al., 2014; Madureira et al., 2016). In 2015, the Joint
Programming Initiative Healthy and Productive Seas and Oceans (JPI Oceans) launched the
European project “Ecological Aspects of Deep-Sea Mining (MiningImpact)” during which a
multidisciplinary European scientific community studied the impacts of deep-sea mining
activities on deep-sea ecosystems. The presented cumulative PhD thesis was carried out in the
framework of this European JPI Oceans project.
The first aim of the PhD project was to investigate the natural spatial and temporal varability
of biogeochemical processes and redox conditions in the sediments as well as element fluxes
across the sediment-water interface in different European contract areas for the exploration of
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polymetallic nodules within the CCZ and one of the protected Areas of Particular Enviromental
of Interest (APEI). The investigated European contract areas include the German BGR area
(Bundesanstalt für Geowissenschaften und Rohstoffe), the Polish IOM area (InterOceanMetal),
the Belgian GSR area (Global Sea Mineral Resources NV) and the French IFREMER area
(Institut Français de Recherche pour l'Exploitation de la Mer). These baseline data are crucial
in order to assess the potential impact of deep-sea mining on the sediment geochemical system.
The second aim of this PhD project was to assess the impact of deep-sea mining on the
geochemical system of the sediments within the CCZ. As there has been no deep-sea mining
trails on a commercial scale until today, the impact assessment of small-scale disturbances for
the simulation of deep-sea mining provide the only approximation to the environmental
consequences of potential future large-scale deep-sea mining activities.
The following section will give a scientific background for biogeochemical processes in
deep-sea sediments, present the formation processes and the occurrence of polymetallic nodules
and introduce the study area within the CCZ. In addition, mining trials and disturbance
experiments carried out in the CCZ as well as the resource management in the area by the ISA
are outlined.
1.2

Deep-sea sediments
The seafloor in the ocean basins is covered by sediments of different types, origin and

thickness (e.g., Berger, 1974; Davies and Gorsline, 1976). Pelagic sediments accumulate on the
seafloor of the open ocean, far from the coast as a result of particle settling. These particles
consist mostly of a mixture of microscopic calcareous or siliceous shells as well as terrigenous
clay-size siliciclastic particles, which were transported from land to the open ocean mostly by
air, i.e. aeolian transport (e.g., Blank et al., 1985; Rea, 1994; Fütterer, 2006). Traces of meteoric
dust and different concentrations of volcanic debris are also found in pelagic sediments
(e.g., Müller et al., 1988; Uścinowicz, 2012). Pelagic sediments, which consist of at least 30%
calcareous or siliceous shell detritus are classified as calcareous and siliceous biogenic oozes,
respectively (e.g., Berger, 1974). Calcareous oozes dominate the world ocean’s floor and
generally accumulate above the carbonate compensation depth (CCD) at 4–5 km water depth,
at sedimentation rates of roughly a few centimeters per thousand years (e.g., Berger, 1974;
Fütterer, 2006). Siliceous oozes commonly precipitate below the CCD at slower rates of just a
few millimeters per thousand years.
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1.3

(Bio)geochemical processes in deep-sea sediments
Produced in the zone of primary production in the surface ocean, organic matter is

sinking down through the water column to the seafloor and subsequently incorporated into
seafloor sediments. Froelich et al. (1979) and Berner (1981) were amongst the first to describe
early diagenetic processes in marine sediments as a vertical succession of microbially utilized
electron acceptors during the degradation of organic matter, resulting in the development of a
distinct geochemical redox zonation in the sediments (Fig. 1). The redox zonation in marine
sediments is determined by the flux of organic matter to the seafloor, the sedimentation rate and
the availability of thermodynamically favorable electron acceptors (e.g., Froelich et al., 1979;
Berner, 1981). The general sequence of terminal electron acceptors includes dissolved oxygen
(O2) and nitrate (NO3-), solid-phase manganese(IV) (oxyhydr)oxides (MnO2) and iron(III)
(oxyhydr)oxides, such as ferrihydrite (Fe(OH)3), lepidocrocite (FeOOH), hematite (Fe2O3) and
magnetite (Fe3O4) as well as dissolved sulfate (SO42-). The last step during the degradation of
organic matter is the fermentation of methane (CH4). This general succession of electron
acceptors is determined by the yield of free energy gained by microorganisms during the
respective redox reaction (e.g., Froelich et al., 1979; Jørgensen, 2006). The oxidation of organic
matter is associated with the release of reduced pore-water species such as manganese (Mn2+),
iron (Fe2+) and hydrogen sulfide (H2S). The availability of pore-water Mn2+, Fe2+ as well as
H2S and methane (CH4) define the suboxic and sulfidic/anoxic redox zones in the sediments,
respectively (Fig. 1; Froelich et al., 1979; Berner, 1981). Once released into the pore water, the
constituents diffuse up- and downwards until they are consumed during aerobic or anaerobic
(i.e. absence of oxygen) oxidation processes and precipitate as secondary authigenic mineral
phases at redox boundaries (Fig. 1). The dissolution of solid-phase components during the
oxidation of organic matter and the formation of authigenic minerals alters the primary
sediment composition and properties, such as magnetic susceptibility (Fig. 1; e.g., Riedinger et
al., 2005). Dissolved Mn2+, for example, is released during the dissimilatory reduction of MnO2
and precipitates as authigenic MnO2 at the oxic-suboxic redox boundary during the reaction
with O2 (e.g., Lynn and Bonatti, 1965; Froelich et al., 1979; Burdige and Gieskes, 1983).
Pore-water profiles of reactants (O2, NO3-, SO42-) and products (NH4+, Mn2+, Fe2+, H2S) during
organic matter degradation can be used to infer dominant (bio)geochemical processes in the
sediments and to assess the present depth of reaction fronts (e.g., oxic-suboxic boundary).
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Figure 1: Schematic graph of the geochemical zonation with the classification of the redox
zones after Froelich et al. (1979) and Berner (1981) as well as zones of mineral dissolution and
authigenic mineral precipitation in marine sediments (Kasten et al., 2003).
Oxygen is usually rapidly consumed during aerobic respiration in the uppermost centimeters of
the sediments underlying productive surface waters, particularly in areas of coastal upwelling
(e.g., Glud et al., 1994; Holby and Riess, 1996). In contrast, sediments underlying
carbon-starved surface waters, such as oceanic gyre systems are characterized by meter-scale
oxygen penetration depths (OPD; Fischer et al., 2009; Ziebis et al., 2012; Røy et al., 2012). For
example, the sediments in the Peru Basin in the SE Pacific Ocean are characterized by organic
matter inputs from the southern border of the equatorial Pacific high-productivity belt as well
as the Peruvian coastal upwelling system (e.g., Weber et al., 2000). In these sediments, oxygen
is consumed in the upper 5–25 cm of the sediments, while denitrification and dissimilatory
Mn(IV) reduction takes place at greater depths (Haeckel et al., 2001; Paul et al., 2018). In
pelagic sediments in the central Pacific Ocean, oxygen penetrates several meters into the
sediments, mostly as a consequence of the low fluxes of organic matter to the seafloor
(e.g., Røy et al., 2012; Ziebis et al, 2012; Mewes et al., 2014). The redox zonation of the study
area investigated in the framework of this PhD thesis project will be discussed in more detail in
section 1.6 The Clarion-Clipperton Zone.
It should be noted that the idealized succession of (bio)geochemical processes by Froelich et
al. (1979) and Berner (1981) can be more complex in natural settings once secondary
autotrophic redox reactions become significant for microbial metabolic processes. For example,
studies have suggested that the nitrogen (N) and Mn cycles may be coupled in Mn-rich sediment
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deposits (> 0.05 wt%), such as pelagic sediments of the Pacific Ocean (Mogollón et al., 2016).
The N-Mn coupling occurs in the suboxic zone of the sediments by (1) the oxidation of porewater Mn2+ by nitrate and (2) the oxidation of pore-water ammonia generated during organic
matter degradation by MnO2 (Mn-annamox; Luther et al., 1997). Furthermore, studies on
sediments from the Peru Basin have reported that Fe(II) bound in the clay mineral crystal lattice
is oxidized to Fe(III) in the presence of pore-water nitrate in the suboxic zone, which is
associated with a color transition from green to brown in the sediments (e.g., Lyle, 1983; Drodt
et al., 1997).
(Bio)geochemical processes in the sediments occur under steady state or non-steady state
conditions (e.g., Kasten et al., 2003; Schulz, 2006). Steady state conditions are defined by a
constant composition of the depositing sediment, as well as fixed sedimentation rates and fluxes
of organic matter and dissolved constituents into/from the sediments. Changes in depositional
and/or bottom-water conditions induce non-steady state conditions during which pore-water
constituents adjust by the migration of diagenetic reaction fronts. The classification of
depositional settings into steady state or non-steady state diagenetic conditions is highly
dependent on the time scale considered. Although steady state diagenetic conditions may not
actually persist, the assumption of steady state diagenetic conditions in slowly accumulating
depositional settings, such as the deep sea allows the application of simplified numerical models
in order to quantify (bio)geochemical processes in marine sediments (e.g., Boudreau, 1997).
1.4

Deep-sea mineral resources
Most marine mineral deposits throughout the world ocean occur on the seabed beyond

the borders of the national jurisdiction of littoral states (Fig. 2). Each state adjacent to the sea
owns sovereign rights over natural resources in its exclusive economic zone (EEZ), which
extends 200 nautical miles from the state’s coast into the sea. Economically viable deep-sea
mineral resources include seafloor massive sulfides (SMS) associated with hydrothermal vents
(e.g.,

Boschen

et

al.,

2013),

cobalt-rich

ferromanganese

crusts

at

seamounts

(e.g., Hein et al., 2009) and polymetallic nodules (e.g., Hein et al., 2013). During the last few
years, the Canadian company Nautilus Minerals Inc. has been actively exploring SMS in the
EEZ of Papua New Guinea with the goal of commencing commercial mining operations at the
mining site Solwara 1 in 2019 (Fig. 2; Nautilus Minerals, 2017). Besides concerns over the
potential

severe

long-term

environmental

consequences

of

mining

operations

(e.g., Steiner, 2009), financial and technical issues have caused a recent “fall back” in the
progress of the Solwara 1 project (Nautilus Minerals, 2018a; 2018b; 2019). Compared to these
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SMS deposits found at water depths of less than 2000 m, cobalt-rich ferromanganese crusts and
polymetallic nodules have received less attention due to (1) usually greater water depth of up
to 5000 m, (2) relatively low metal prices and (3) less advanced mining and metallurgical
processing technologies (e.g., Randhawa et al., 2016).

Figure 2: World map showing the occurrence of the main marine minerals: polymetallic nodules
(blue), seafloor massive sulfides (orange) and cobalt-rich ferromanganese crusts (yellow)
(Miller et al., 2018). The DISCOL area is located in the Peru Basin, where the Disturbance and
Recolonization experiment (DISCOL) has been carried out in 1989 (Thiel and Schriever, 1989).
Polymetallic nodules were initially attractive economically, due to their relatively high base
metal contents, such as Fe, Al, Ni, Cu, Co (e.g., Mero, 1965; McKelvey et al., 1983; Halbach
et al., 1988). Recent studies have shown that the nodules also host large quantities of other
critical metals, such as as Mo, Zr, Li, Y and rare earth elements (REEs), needed for high-tech
and green-tech energy applications (Hein et al., 2013). Polymetallic nodules are found
throughout the world ocean at water depths between 3500–6500 m (e.g., Kuhn et al., 2017a;
Miller et al., 2018). The occurrence of polymetallic nodules on the seafloor depends on various
environmental factors, such as the location of the CCD in the water column, water depth,
primary productivity in the surface water and subsequent transport pathways to the deep ocean,
sedimentation rates, sediment type, benthic activity, seafloor topography and bottom-water
currents (e.g., Halbach et al., 1988; Kuhn et al., 2017a). The most extensive deposits occur in
the Pacific Ocean, notably the Clarion-Clipperton Zone (CCZ), the Peru Basin and the
Penrhyn-Samoa Basin (Fig. 2; Glasby, 1976; Reyss et al., 1985; von Stackelberg and
Beiersdorf, 1987). Average nodule abundances of 15 kg m-2 and 10 kg m-2 have been estimated
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for the CCZ and the Peru Basin, respectively (Hein et al., 2013) while surface sediment nodule
abundances of 30 kg m-2 have been reported for the Penrhyn Basin (Cronan et al., 2010).
1.5

Formation of polymetallic nodules
Deep-sea polymetallic nodules have been known to science for more than 150 years,

following their discovery during the global Challenger expedition (Murray and Renard, 1891).
Ever since, numerous investigations have been conducted to better understand the origin of
polymetallic nodules, and to evaluate their resource potential (e.g., Cronan, 1980;
McKelvey, 1983). Polymetallic nodules are mineral concretions, which form on the seafloor
from hydrothermal fluids (e.g., Moorby et al., 1984) or during hydrogenetic, diagenetic
(e.g., Halbach et al., 1988) and microbial-mediated accretion (e.g., Blöthe et al., 2015).
The formation of these polymetallic nodules requires nuclei, i.e. growth cores, which can be
fragments of sediments, rocks or biogenic material such as shark’s teeth or clam shell pieces
(Fig. 3; e.g., Burns and Burns, 1975; Sorem and Fewkes, 1979; Halbach et al., 1988). Under
normal seawater Eh and pH conditions (Eh > 0.5 V; pH ~ 8), dissolved Mn2+ and Fe2+ tend to
oxidize to Mn(IV) and Fe(III)(oxyhydr)oxide phases, which are insoluble under oxic conditions
(Kuhn et al., 2017a). Amphoteric properties of hydrolyzed (oxyhydr)oxide phases cause a
pH-dependent surface charge with strongly negative charged MnO2 and a slightly positive
charged δ-FeOOH. As a consequence, dissolved cations, such as Co2+, Ni2+, Zn2+, Tl+ and
anionic complexes such as carbonates (REE(CO3)2-), hydroxides (Hf(OH)5-) and oxyanion
(MoO42-) adsorb onto the MnO2 and δ-FeOOH surfaces, respectively (Koschinsky and Halbach,
1995; Koschinsky and Hein, 2003; Hein et al., 2013; Blöthe et al., 2015; Kuhn et al., 2017a).
Dissolved components accumulate onto the growing nodule either from the overlying seawater,
i.e. hydrogenetic, or from the interstitial pore water in the underlying sediment, i.e. diagenetic
(e.g., Halbach and Özkara, 1979; von Stackelberg and Marchig, 1987). Hydrogenetic nodules
grow about 2 mm Myr-1 and have a predominantly spheroidal shape while diagenetic nodules
grow at rates between 10 and 250 mm Myr-1 and usually display a cauliflower shape
(e.g., Koschinsky and Hein, 2003 and references therein; von Stackelberg, 2000; Glasby, 2006;
Kuhn et al., 2017a). The accretion of dissolved constituents onto the nodule surface results in
the formation of concentric bands around the growth core (e.g., Halbach et al., 1988;
Wegorzewski and Kuhn, 2014; Wegorzwski et al., 2015). The majority of nodules are
discoidal-shaped and consist of irregular bands of differing composition, which are associated
with the alternation of hydrogenetic and diagenetic accretion (Fig. 3; e.g., Dymond et al., 1984;
Wegorzewski and Kuhn, 2014; Kuhn et al., 2017a). Hydrogenetically grown layers have Mn/Fe
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ratios ≤ 5 and are dominated by the mineral vernadite (δ-MnO2) whereas concentric layers of
diagenetic origin have Mn/Fe ratios > 5 and mainly consist of todorokite (10 Â manganate) and
birnessite (7 Â manganate) (e.g., Burns and Burns 1978a, 1978b; Halbach et al., 1981; Halbach
et al., 1988). The diagenetic nodule growth processes can be divided into the oxic-diagenetic
and suboxic-diagenetic pathways (e.g., Halbach and Özkara, 1979; Dymond et al., 1984; Reyss
et al., 1985; Halbach et al., 1988). During the oxic-diagenetic formation, dissolved constituents
accumulate from oxic pore water during the degradation of organic matter at the sediment
surface, while the suboxic-diagenetic accretion requires the upward diffusion of pore-water
Mn2+ from deeper sediments towards the sediment surface.

Figure 3: (A) Typical discoidal shape of a polymetallic nodule with a smooth texture on the
upper surface and a rough, coarse-grained surface at the bottom. (B) Vertical section of a typical
polymetallic nodule showing the layered growth structure around a nucleus (Kuhn et
al., 2017a). Both figures: © BGR
1.6

The Clarion-Clipperton Zone
The Clarion-Clipperton Zone (CCZ) comprises a seabed area of about 6 million km2 at

water depths of 4000–5000 m in the NE Pacific Ocean (Fig. 4). The CCZ is defined by two
major transform faults, the Clarion Fracture Zone in the north and the Clipperton Fracture Zone
in the south. Both fracture zones have been formed at the East Pacific Rise (EPR) and stretch
perpendicular to the mid-ocean ridge. The vast seafloor within the CCZ is characterized by
numerous seamounts as well as NNE-SSW oriented horst and graben structures, which are
relics of the oceanic crust formation at the EPR about 20 Myr ago (e.g., Macdonald et al., 1996;
Barckhausen et al., 2013; Mewes et al., 2016; Kuhn et al., 2017b).
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Figure 4: Bathymetric map showing the seafloor of the CCZ in the NE Pacific Ocean.
The CCZ is located north of the equatorial Pacific high-productivity belt, where the upwelling
of cold, nutrient-rich waters in the eastern boundary current and along the equator fuels the
surface water productivity (e.g., Barber and Chavez, 1991). In the surface waters overlying the
CCZ, the productivity is lower when compared to the equatorial Pacific high-productivity belt
due to warm, nutrient-poor surface waters (e.g., Murray et al., 1989). As a function of surface
water productivity, there is an east-to-west and south-to-north gradient in the POC fluxes to the
seafloor in the CCZ, within the range of 1–2 mg Corg m-2 d-1 (e.g., Lutz et al., 2007; Vanreusel
et al., 2016). As the abyssal seafloor within the CCZ is mostly situated below the modern CCD
at 4–5 km, the pelagic sediments are dominated by siliceous oozes (e.g., Berger et al., 1974;
Pälike et al., 2012).
The widespread occurrence of polymetallic nodules at the seafloor is mostly facilitated by low
sedimentation rates of less than 1 cm kyr-1 throughout the CCZ (Müller and Mangini, 1980;
Mewes et al., 2014). The distribution of nodules at the seafloor varies strongly throughout the
CCZ, mostly associated with spatial variations in sediment composition and accumulation rate
(e.g., Halbach et al., 1988; Peukert et al., 2018). Both environmental factors, sediment
composition and accumulation rate, are greatly influenced by the POC flux to the seafloor,
benthic biological activity in the sediment, i.e. bioturbation, as well as seafloor topography and
bottom-water currents (e.g., Mewes et al., 2014; Kuhn et al., 2017a). The complex system of
bottom-water currents in the CCZ is tidally influenced, controlled by latitudinal and seasonal
variations and locally diverse (e.g., Juan et al., 2018). Moreover, abundant large seamounts are
found within the CCZ, which rise up to 3000 m from the abyssal seafloor and can affect
bottom-water currents (e.g., Gould et al., 1981; Rühlemann et al., 2011; Xu and Lavelle, 2017).
In the proximity of seamounts, bottom-water currents can be intensified, attenuated and
9
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deflected, causing variations in sediment composition and accumulation rates on the seafloor
over several kilometers (Turnewitsch et al., 2004; Mewes et al., 2014; Turnewitsch et al., 2015).
Well oxygenated bottom waters, low POC fluxes to the seafloor and low sedimentation rates in
the CCZ are associated with a broad upper oxic zone of more than 1 m in the sediments (Fig. 5;
Røy et al., 2012; Mewes et al., 2014; 2016; Kuhn et al., 2017b). Due to this meter-scale oxygen
penetration depth (OPD) in the sediments, the nodule growth in the CCZ is currently dominated
by hydrogenetic, oxic-diagenetic and microbial-mediated accretion (Fig. 5; Mewes et al., 2014;
Wegorzewski et al., 2014; Blöthe et al., 2015; Heller et al., 2018; Menendez et al., 2018).
Aerobic respiration is the dominant biogeochemical process in the sediments of the CCZ, which
consumes most of the organic matter delivered to the seafloor (Müller et al., 1988; Mewes et
al., 2016; Mogollón et al., 2016). Below the oxic zone, denitrification and the dissimilatory
reduction of Mn(IV) co-occur in the suboxic zone, where oxygen and sulfide are absent (Fig. 5;
e.g., Mewes et al., 2014; Mogollón et al., 2016; Kuhn et al., 2017b). Depending on the
concentration of pore-water Mn2+ in the suboxic zone, the N-Mn redox cycling is linked via
Mn2+ oxidation by nitrate and Mn-annamox (Luther et al., 1997; Mogollón et al., 2016).

Figure 5: Schematic illustration of the geochemical zonation in the sediments of the CCZ and
conceptual model of ridge-flank low hydrothermal circulation facilitated by seamount after
Wheat and Fisher (2008) and Versteegh et al. (in prep.). Inset figure shows the hydrogenetic
and oxic-diagenetic accretion of metals onto the surface of polymetallic nodules (modified after
Kuhn et al., 2017b), which currently dominate the nodule growth in the CCZ.
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Based on downward increasing oxygen concentrations and/or the oxidation of pore-water Mn2+
in the sediments at several sites within the CCZ at depth, studies have suggested that upward
diffusing oxygen is supplied from the basaltic basement below (Fig. 5; Mewes et al., 2016;
Kuhn et al., 2017b; Versteegh, in prep.). The supply of oxygen from the basaltic basement has
been demonstrated to be associated with the existence of low-temperature hydrothermal
seawater circulation through crustal outcrops, extracting a significant fraction of heat from the
oceanic lithosphere (Fig. 5; e.g., Wheat and Fisher, 2008; Kuhn et al., 2017b). The
hydrothermal circulation of seawater through the basaltic basement is mainly driven by small
pressure gradients (ρfluid) on the ridge flanks (Fig. 5; e.g., Wheat and Fisher, 2008). The
permeability of the basaltic crust determines the rate at which the seawater recharges at a
seamount, flows laterally through the basement, ascends and discharges at another seamount
(Fig. 5; e.g., Wheat and Fisher, 2008). As marine sediments have much lower permeability than
the basaltic crust (e.g., Spinelli et al., 2004), only a small fraction of the lateral fluid flow in the
basement diffuses vertically into the overlying sediments (e.g., Wheat and Fisher, 2008). The
“reversed” redox zonation resulting from upward diffusing oxygen from the basaltic crust has
been reported for several sites within the CCZ and may be a large-scale phenomenon (Mewes
et al., 2016; Kuhn et al., 2017b; Versteegh, in prep.).
1.7

Resource management in the Clarion-Clipperton Zone
Since the concept of deep-sea mining was first introduced by Mero (1965), the global

interest in deep-sea mining thrived in the 1970s. In 1967, the need for international
environmental protection regulations was urged by Malta’s Ambassador Arvid Pardo in a
speech to the First Committee of United Nations General Assembly, where the Ambassador
referred to deep-sea mineral deposits as the “common heritage of mankind”. Under the United
Nations convention on the Law of the Sea (UNCLOS) in 1982, the International Seabed
Authority (ISA) was established as an autonomous organization responsible for the protection
and conservation of marine mineral resources in the area beyond the EEZs (Article 145
UNCLOS; Fig. 2). The ISA has granted contract areas in the central Pacific Ocean to sixteen
national governments and consortia of states for the exploration of polymetallic nodules,
including technology tests and the assessment of the environmental impacts of mining activities
(Lodge et al., 2014; Madureira et al., 2016). In 2012, the ISA approved an Environmental
Management Plan (EMP) for the central Pacific Ocean, which represents the first regulatory
framework for the exploitation and the environmental management of deep-sea mining
(ISA, 2011). The EMP includes assigned contract areas for the exploration of polymetallic
nodules with a network of nine protected areas, namely Areas of Particular Interest (APEIs),
11

CHAPTER I: Introduction
which surround the contract areas (Fig. 6). These APEIs each cover an area of 400 x 400 km2
and are excluded from any mining activities (ISA, 2011). For the ongoing development of the
EMP, the ISA is depending on all contract holders to conduct and report on environmental
studies (Lodge et al., 2014).

Figure 6: Contract areas for the exploration of polymetallic nodules granted by the International
Seabed Authority (ISA) within the CCZ (white areas) surrounded by nine Areas of Particular
Environmental Interest (APEIs, green shaded squares), which are excluded from any mining
activities (Geographical data provided by the International Seabed Authority).
1.8

Polymetallic nodule mining and potential environmental impacts
The recent rise in prices for some of the high-tech metals found within polymetallic

nodules has made deep-sea mining attractive again and with the high resource potential of
polymetallic nodules in the NE Pacific Ocean, future commercial deep-sea mining will
probably target the CCZ (e.g., Halbach et al., 1988; Hein et al., 2013; Kuhn et al., 2017a).
Despite recent significant advances in deep-sea mining technology, a clear consensus on the
most suitable mining technique at great water depths is still lacking (e.g., Oebius et al., 2001;
Jones et al., 2017; Gollner et al., 2017). Several concepts have been proposed and prototypes
have been built, which generally consist of four components (Fig. 7): (1) the mining platform
as operational control and pre-processing plant for the nodules, (2) the lift pipe for conveying
the nodules, (3) the nodule collector at the seafloor and (4) the discharge system for waste water
containing nodules, re-suspended sediment and particles after pre-processing the nodules on the
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platform (e.g., Oebius et at., 2001). Nodule collectors are proposed to plough tens of centimeters
into the sediments, from which the nodules are mechanically or hydraulically removed from
the seafloor (Fig. 7; e.g., Gollner et al., 2017).

Figure 7: (A) Concept of deep-sea mining with the (1) mining platform, (2) lift pipe, (3) nodule
collector and (4) discharge system (e.g., Oebius et al., 2001). Figure modified after Gollner et
al. (2017). (B) Small-scale deep-sea mining experiments performed in the area of the CCZ
(Jones et al., 2017).
Several mining tests have been performed in the area of the CCZ (Fig. 7). Furthermore,
small-scale deep-sea mining simulations have been conducted using different devices in order
to assess the potential environmental consequences in the CCZ and in the Peru Basin
(Figs. 2 and 7; e.g., Jones et al., 2017). The first nodule mining attempt in the CCZ was carried
out in 1976 by the Ocean Mining Associates (OMA) consortium, which was followed by three
further tests in 1978. These mining trials were undertaken by Ocean Management Inc. (OMI),
Deepsea Ventures Inc. for OMA and by a consortium of several U.S. industry groups merged
as the Ocean Minerals Company (OMCO). The environmental impacts of the mining tests were
studied during the comprehensive Deep Ocean Mining Environmental Study (DOMES; Burns,
1980) project. During the Nautile and Nodinaut cruises in 1988 and 2004 lead by the French
institute IFREMER, the disturbance tracks created during the mining trials by OMCO in 1978
were re-visited (e.g., Khripounoff et al., 2006). With focus on the environmental impact
assessment of small-scale deep-sea mining simulations, the Japan Deep Sea Impact Experiment
(JET; Fukushima, 1995) was conducted in 1994. The Benthic Impact Experiment (BIE) was
performed in two phases between 1993 (BIE-II) and 1995 (IOM-BIE) (e.g., Trueblood and
Ozturgut, 1997; Radziejewska, 2002). In the framework of environmental protection activities,
the German Disturbance and Recolonization Experiment (DISCOL) was conducted in 1989 in
Peru Basin (Fig. 2; Thiel and Schriever, 1989; Thiel et al., 2001). The DISCOL area was
re-visited several years after the disturbance during the ATESEPP (Impacts of potential
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technical interventions on the deep-sea ecosystem in the southeast Pacific) project (Schriever
et al., 1997; Thiel et al., 2001). As part of the EU-funded MIDAS partnership (Managing
Impacts of Deep-Sea resources exploitation), the recovery of benthic habitats and communities
at the OMCO site in the CCZ was studied 26 years after the initial disturbance (Fig. 7;
e.g., Miljutin et al., 2011). In 2015, the JPI Oceans (Joint Programming Initiative Healthy and
Productive Seas and Oceans) pilot action “Ecological Aspects of Deep-Sea Mining
(MiningImpact)“ was launched during which the disturbance tracks of several mining trials and
small-scale deep-sea mining simulations were re-visited in the CCZ (OMCO and IOM-BIE;
Fig 7; Martínez Arbizu and Haeckel, 2015). In addition, several new small-scale deep-sea
mining simulations were performed in different European contract areas in the CCZ (Martínez
Arbizu and Haeckel, 2015). The DISCOL area in the Peru Basin was also re-visited in the
framework of the JPIO pilot action “Ecological Aspects of Deep-Sea Mining (MiningImpact)“
in order to assess the recovery state 26 years after the initial deep-sea mining experiment
(Boetius, 2015; Greinert, 2015).
The environmental consequences of deep-sea mining activities include the removal of nodules
and sediments as well as the development of a re-suspended particle plume in the water column
due to sediment stirring (Fig. 7; Oebius et al., 2001; Jankowski and Zielke, 2001; Thiel et
al., 2001; Cuvelier et al., 2018; Gillard et al., 2019). Depending on the nodule collector,
sediments may also be mixed and compacted due to the weight of the operating nodule collector
(e.g., Paul et al., 2018; Cuvelier et al., 2018; Hauquier et al., 2019). Further potential
environmental impacts of deep-sea mining activities on the deep-sea ecosystem include (1) the
loss of sessile and mobile fauna (e.g., Purser et al., 2016; Jones et al., 2017), (2) the destruction
of seafloor habitats (e.g., Gollner et al., 2017), (3) the alteration of (bio)geochemical processes
and redox zonation (e.g., König et al., 2001), (4) the release of possibly toxic metals from the
pore water into the overlying bottom water (e.g., Koschinsky et al., 2003) and (5) sediment
blanketing due to re-settling particles from the re-suspended particle plume on a kilometer-scale
around the disturbed area (e.g., Fukushima, 1995; Gillard et al., 2019). The recolonization of
the benthic fauna after deep-sea mining activities is expected to take several centuries, while
pre-mining benthic communities may never be restored due to the removal of seafloor habitats
(e.g., Miljutin et al., 2011; Vanreusel et al., 2016; Gollner et al., 2017).
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Abstract
The manganese nodule belt within the Clarion and Clipperton Fracture Zones (CCZ) in the
abyssal NE Pacific Ocean is characterized by numerous seamounts, low organic matter (OM)
depositional fluxes and meter-scale oxygen penetration depths (OPD) into the sediment. The
region hosts contract areas for the exploration of polymetallic nodules and Areas of Particular
Environmental Interest (APEI) as protected areas. In order to assess the impact of potential
mining on these deep-sea sediments and ecosystems, a thorough determination of the natural
spatial variability of depositional and geochemical conditions as well as biogeochemical
processes and element fluxes in the different exploration areas is required. Here, we present a
comparative study on (1) sedimentation rates and bioturbation depths, (2) redox zonation of the
sediments and element fluxes as well as (3) rates and pathways of biogeochemical reactions at
six sites in the eastern CCZ. The sites are located in four European contract areas and in the
APEI3. Our results demonstrate that the natural spatial variability of depositional and
(bio)geochemical conditions in this deep-sea sedimentary environment is much larger than
previously thought. We found that the OPD varies between 1 and 4.5 m, while the sediments at
two sites are oxic throughout the sampled interval (7.5 m depth). Below the OPD, manganese
and nitrate reduction occur concurrently in the suboxic zone with pore-water Mn2+
concentrations of up to 25 μM. The thickness of the suboxic zone extends over depth intervals
of less than 3 m to more than 8 m. Our data and the applied transport-reaction model suggest
that the extension of the oxic and suboxic zones is ultimately determined by the (1) low flux of
particulate organic carbon (POC) of 1–2 mg Corg m-2 d-1 to the seafloor, (2) low sedimentation
rates between 0.2 and 1.15 cm kyr−1 and (3) oxidation of pore-water Mn2+ at depth. The
diagenetic model reveals that aerobic respiration is the main biogeochemical process driving
OM degradation. Due to very low POC fluxes of 1 mg Corg m-2 d-1 to the seafloor at the site
investigated in the protected APEI3 area, respiration rates are twofold lower than at the other
study sites. Thus, the APEI3 site does not represent the (bio)geochemical conditions that prevail
in the other investigated sites located in the European contract areas. Lateral variations in
surface water productivity are generally reflected in the POC fluxes to the seafloor across the
various areas but deviate from this trend at two of the study sites. We suggest that the observed
spatial variations in depositional and (bio)geochemical conditions result from differences in the
degree of degradation of OM in the water column and heterogeneous sedimentation patterns
caused by the interaction of bottom water currents with seafloor topography.
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1.

Introduction
Vast deep-sea regions of the open Pacific Ocean are characterized by low fluxes of

organic carbon to the seafloor (Lutz et al., 2007). The discovery of high abundances of
polymetallic nodules in these carbon-starved environments in the equatorial Pacific Ocean
during the HMS Challenger expedition (Murray and Renard, 1891) has driven the global
economic interest in deep-sea mining (Mero, 1965) and has triggered several comprehensive
studies in the area of the Clarion-Clipperton Zone (CCZ) (e.g., Chun, 1908; Bischoff and Piper,
1979; Bender, 1983; von Stackelberg and Beiersdorf, 1987; Lodge et al., 2014). Most
geochemical studies on CCZ sediments have focused on polymetallic manganese nodules, more
precisely their chemical and mineralogical composition as well as pathways of formation
(e.g., Calvert and Price, 1977; Jeong et al., 1994; Wegorzewski and Kuhn, 2014). Only a few
studies that combine pore-water and sediment geochemistry have been performed on sediments
of the CCZ (e.g., Bischoff and Piper, 1979; Jahnke et al., 1982; Müller et al., 1988; Mewes et
al., 2014; Mogollón et al., 2016). The upper few centimeters of the sediments in the CCZ are
generally characterized by organic carbon (OC) contents of < 0.5 wt% (e.g., Arrhenius, 1952;
Heath et al., 1977; Khripounoff et al., 2006). Below 30 cm, a residual OC fraction of ~ 0.1 wt%
remains in the deeply buried sediments (Müller and Mangini, 1980; Müller et al., 1988; Mewes
et al., 2014; Mogollón et al., 2016). Müller and Mangini (1980) have reported a sedimentation
rate of 0.15–0.4 cm kyr-1 for the western CCZ. Slightly higher rates between 0.35 and
0.6 cm kyr-1 were determined by Mewes et al. (2014) for the eastern CCZ. In the framework of
the MANOP (Manganese Nodule Project) study, sediments and associated pore water
underlying the Pacific equatorial upwelling area between 0° and 10°N were analyzed
(e.g., Emerson et al., 1980; Klinkhammer, 1980). The relatively high POC flux to the seafloor
in this area (Lutz et al., 2007) causes a compressed redox zonation in the sediments with the
occurrence of Mn2+ in the absence of oxygen and sulfide in the pore water after nitrate is
consumed below 10 cm (Emerson et al., 1980; Klinkhammer, 1980; Jahnke et al., 1982). The
study by Røy et al. (2012) was performed along a sampling transect at 0°N in the eastern Pacific
Ocean and shows that the oxygen penetration depth (OPD) is generally 10 cm. Oxygen
depletion in combination with the absence of sulfate reduction allows manganese reduction to
extend over sediment intervals of up to 100 m (D’Hondt et al., 2004). Studies performed by
Mewes et al. (2014) and Mogollón et al. (2016) in the German contract area “East” for the
exploration of polymetallic nodules show that oxygen typically penetrates 1.8–3 m into the
sediments between 11°–12°N and 117°–120°W. Below the oxic zone, manganese and nitrate
reduction occur concurrently over depth intervals between 6 m to more than 12 m depth. In
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contrast, sediments underlying the carbon-starved waters of the North Pacific Gyre (NPG) are
deeply oxygenated at least 30 m below the seafloor due to low respiration rates (Røy et
al., 2012).
Considering that abyssal benthic communities are limited by low carbon export from the
euphotic zone (e.g., Smith et al., 2008), biodiversity in the CCZ is surprisingly high
(e.g., Glover et al., 2002). Vanreusel et al. (2016) have recently performed a comparative study
of benthic faunal composition and densities in five areas in the CCZ over a distance of
approximately 1300 km. This biological study revealed (1) lowest densities of both sessile and
mobile fauna in the area with lowest POC fluxes to the seafloor, (2) a strong dependency of
local biodiversity on manganese nodule abundance and (3) a reduction of the mobile fauna by
at least 50% in areas where controlled anthropogenic disturbances were created 37 and 20 years
ago. As these simulated deep-sea mining experiments cause the removal or alteration of top
sediment layers, and the formation of large sediment plumes in the water column, the recovery
of benthic communities after anthropogenic impacts is expected to be very slow (e.g., Miljutin
et al., 2011; Jones et al., 2017; Boetius and Haeckel, 2018).
Due to the economic interest in the exploitation of deep-sea manganese nodules, the
International Seabed Authority (ISA) has adopted an Environmental Management Plan (EMP)
for the CCZ, which includes temporal contracts for the exploration of manganese nodules
(ISA, 2010; Lodge et al., 2014; Madureira et al., 2016). In addition to this, nine areas have been
designated for the conservation of natural resources, which are excluded from any mining
activities and declared as “Areas of Particular Environmental Interest” (APEI). For the further
development of an efficient EMP, Lodge et al. (2014) emphasize the necessity of environmental
baseline studies including the determination of chemical parameters before and after
anthropogenic disturbances.
In order to assess the natural spatial variability of geochemical conditions, biogeochemical
processes, and element fluxes in the CCZ as needed for such baseline studies, we present a
comparative study on (1) sedimentation rates and bioturbation depths, (2) redox zonation of
sediments and oxygen fluxes, and (3) rates and pathways of biogeochemical reactions driving
the degradation of organic matter in these deep-sea deposits. We have studied sediments of four
European contract areas including the German BGR area “East” (Bundesanstalt für
Geowissenschaften und Rohstoffe), the area of the eastern European consortium IOM
(InterOceanMetal), the Belgian GSR area (Global Sea Mineral Resources NV), the French
IFREMER area (Institut Français de Recherche pour l'Exploitation de la Mer) and one of the
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nine APEIs which is located north of the CCZ and referred to as the APEI3. Our work includes
ex situ oxygen measurements, comprehensive pore-water and solid-phase analyses on the upper
10 m of sediment and the application of a one-dimensional steady-state reaction transport
model.
2.

Geological and oceanographic setting
The CCZ comprises an area of about 6 million km2 in the equatorial Pacific Ocean

defined by two major transform faults, the Clarion Fracture Zone in the north and the Clipperton
Fracture Zone in the south (Halbach et al., 1988). The fracture zones are formed at the East
Pacific Rise, stretch perpendicular to the spreading center, and enclose a vast seafloor covered
by numerous seamounts and NNE-SSW oriented horst and graben structures (Johnson, 1972;
ISA, 2010). The abyssal deep-sea pelagic sediments at 4–5 km water depth between 116°–
155°W and 5°–15°N are dominated by biogenic sediments, notably siliceous oozes (Berger,
1974). The CCZ sedimentary records commonly have hiatuses caused by (1) erosion and
redeposition of sediment elsewhere or (2) nondeposition (Johnson, 1972; Craig, 1979; von
Stackelberg and Beiersdorf, 1991; Mewes et al., 2014). Average deep-water flow velocities of
< 10 cm s-1 refute significant contemporary erosion, but distinct hiatuses in the Eocence to
Quaternary sediments may have resulted from relatively higher current velocities (Craig, 1979;
Theyer et al., 1985; von Stackelberg and Beiersdorf, 1987).
Average particulate organic carbon (POC) fluxes to the seafloor in the eastern CCZ are 1.5–
1.8 mg Corg m-2 d-1 between 10° and 15°N and decline to 1.3 mg Corg m-2 d-1 north of 15°N
(Lutz et al., 2007; Fig. 1a). As a consequence of microbial respiration in the water column and
weak ocean ventilation, a pronounced oxygen minimum zone (OMZ) persists in the eastern
equatorial Pacific (e.g., Wishner et al., 1995; Kalvelage et al., 2015). Oxygen measurements
throughout the water column in the CCZ show a well-oxygenated upper mixed layer with a
sharp oxycline particularly in the BGR and IOM areas (Martínez Arbizu and Haeckel, 2015).
Below the oxycline, the OMZ extends over 100–1000 m and 100–800 m, respectively, with
concentrations below 3 μM. The GSR and IFREMER areas show similar extents of the OMZ,
however, lowest oxygen concentrations range between 3 and 16 μM. In the APEI3, the OMZ
is located at 300–900 m water depth with minimum oxygen concentrations of 6–16 μM
(Martínez Arbizu and Haeckel, 2015).
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3.

Material and methods
As part of the BMBF-EU JPI Oceans pilot action “Ecological Aspects of Deep-Sea

Mining (MiningImpact)” sediment cores were taken at five sites in the CCZ during RV SONNE
cruise SO239 in March/April 2015 (Fig. 1; Martínez Arbizu and Haeckel, 2015). For the
recovery of sediment cores, two different sampling devices were deployed in all investigated
areas. A multiple corer (MUC) equipped with twelve 60 cm long tubes with an inner diameter
of 9.4 cm was used for the retrieval of undisturbed surface sediments. For the recovery of long
sediment cores of up to 10 m length a gravity corer (GC) with a 12 cm wide plastic liner was
deployed (Table 1).
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Figure 1: Maps of the study area during RV SONNE cruise SO239 showing (a) the four
investigated exploration areas in the CCZ, the APEI3 and the sampling stations (white circles).
The background colors indicate the estimated upper limit in POC flux [mg Corg m-2 d-1] to the
seafloor by Lutz et al. (2007) (modified after Vanreusel et al., 2016). Detailed hydroacoustic
maps created with the multibeam system EM122 (Martínez Arbizu and Haeckel, 2015;
Greinert, 2016) show the locations of the sampling stations with b: IOM; c: BGR; d: IFREMER;
e: GSR; f: APEI3. The maps were produced with GMT5 (Wessel et al., 2013).
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Table 1: MUC and GC cores investigated in this study including information on geographic
position, water depth and core length. Nodule coverage shows the density and size of nodules
recovered from the sediment surface at the box corer (BC) station nearest to MUC and GC
locations. Nodule sampling area is 0.25 m², the length of scale (
) corresponds to 10 cm.

3.1

Area

Station
SO239-

Device

Latitude
[N]

Longitude
[W]

Water
depth
[m]

Core
length
[cm]

BGR

60

BC

11°48.46’

117°33.02’

4324.5

BGR

62

GC

11°49.12'

117°33.22'

4312.2

900

BGR

66

MUC

11°49.13'

117°33.13'

4314.8

36

IOM
IOM
IOM

84
87
89

MUC
GC
BC

11°4.73’
11°4.54’
11°4.55’

119°39.48’
119°39.83’
119°39.65’

4430.8
4436
4436.5

43
930

GSR

121

MUC

13°51.25’

123°15.3’

4517.7

30

GSR

122

GC

13°51.23’

123°15.29’

4517.7

740

GSR

128

BC

13°51.10’

123°15.12’

4510.7

IFRE-1

165

GC

14°2.63’

130°8.39’

4922.7

927

IFRE-1

167

MUC

14°2.62’

130°8.32’

4918.8

29

IFRE-1

180

BC

14°2.50’

130°8.18’

4936.4

IFRE-2
IFRE-2

174
175

GC
MUC

14°2.44’
14°2.45’

130°5.1’
130°5.11’

5008
5005.5

734
36

APEI3

194

GC

18°47.54’

128°22.33’

4815.5

576

APEI3

195

BC

18°47.75’

128°21.73’

4833.4

APEI3

199

MUC

18°47.46’

128°22.42’

4816.6

Nodule coverage

no nodules
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Pore-water and sediment sampling
Immediately after core recovery, sediment cores were transferred into the cold room of

the RV SONNE at a temperature of ~ 4 °C. Two MUC cores were separately used for
(1) oxygen measurements and subsequent solid-phase sampling and (2) the retrieval of bottom

32

CHAPTER II: Natural spatial variability of depositional and geochemical conditions
water and pore water by means of rhizons with an average pore size of 0.1 μm
(Seeberg-Elverfeldt et al., 2005). Pore water was sampled at intervals of 1 cm in the upper
10 cm and at 2 cm below. For solid-phase investigations the sample interval for the MUC cores
was 1 cm.
The GCs were cut into 1 m segments on deck and stored in the cold room for at least 12 h in
order to allow temperature equilibration of the sediments before oxygen measurements were
performed. After the oxygen measurements, the segments were split into two halves from which
the 'working half' was used for pore-water and sediment sampling while the other half was kept
undisturbed and archived. Pore-water and sediment from the GCs were sampled every 20 cm.
During the pore-water sampling by rhizons, the first mL of extracted pore water was discarded
in order to avoid any dilution or oxidation. Sample aliquots of typically 2 mL for nitrate (NO3)
were stored in amber vials sealed with a PTFE septum-bearing lid at -20 °C. For the analyses
of further dissolved pore-water constituents, aliquots of the remaining pore-water samples were
diluted 1:10 and acidified with 0.145 M sub-boiling distilled HNO3 and stored at 4 °C in Zinsser
vials. All sediment samples were taken using either cut-off syringes with a volume of about
12 mL or with a plastic spatula and stored at -20 °C in plastic vials. Sediment samples from
suboxic intervals of the cores were stored in argon-flushed gas-tight glass bottles at -20 °C until
further analysis.
3.2

Ex situ oxygen measurements
Oxygen concentrations in the sediment were determined using amperometric Clark-type

oxygen sensors with an internal reference and equipped with a guard cathode (Revsbech, 1989)
according to the procedure described by Ziebis et al. (2012) and Mewes et al. (2014). The
electrodes (Unisense, Denmark) are made of glass with a 6 cm long tip that was inserted into a
hyperdermic needle (diameter 1.1 mm, length 50 mm) and had a response time shorter than
10 s. Signals were amplified and transformed to mV by a picoamperemeter, digitalized by an
analogue/digital converter (ADC 216, Unisense, Denmark) and recorded using the software
PROFIX (Unisense, Denmark). Measurements were recorded at each sampling point for 2–
3 min and mean oxygen saturation values were taken when signals were stable to calculate the
depth profiles. For the two-point calibration of the oxygen sensors, Ar-flushed (0% oxygen
saturation) and air-purged (100% oxygen saturation) local bottom water was used.
High-resolution (1 mm) vertical profiles of oxygen concentrations across the sediment/water
interface were accomplished for MUC cores by use of a micromanipulator down to a maximum
sediment depth of 5–6 cm. For oxygen measurements in deeper parts of the MUC core as well
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as for all GCs, holes were drilled through the walls of the core liners in intervals of 1 cm for
MUCs and of 5 cm for GCs for the insertion of the microelectrode.
3.3

Pore-water analyses
In the home laboratory at the Alfred Wegener Institute Helmholtz Centre for Polar and

Marine Research in Bremerhaven (AWI), NO3- was determined using a QuAAtro Continuous
Segmented Flow Analyzer (Seal Analytical) with a detection limit of 1.9 μM. Based on
duplicate measurements of NO3-, the accuracy of the analysis was determined to be < 4.9%.
Dissolved manganese (Mn2+) was determined in the acidified pore-water subsamples by
inductively coupled plasma optical emission spectrometry (ICP-OES; IRIS Intrepid ICP-OES
Spectrometer, Thermo Elemental) with a detection limit of 0.05 μM. Based on the triplicate
determination of each sample the reproducibility was < 1.5% for Mn2+.
3.4

Solid-phase analyses
To avoid any interference of the salt matrix in the pore water on the sediment

composition, bulk sediment data, total organic carbon and total sulfur contents have been
corrected post-analytically according to Kuhn (2013) with the mass percentage of the saline
pore water (w’) and the mass percentage of H2O of the wet sediment (w) with the pore water
containing 96.5% H2O (Eq. (1)). With the mass of the salt s [%] (Eq. (2)) the solid-phase
composition c’ has been calculated using the measured solid-phase composition c (Eq. (3)).
𝑤

(1)

𝑤 ∗ 100/96.5

𝑠

100 ∗

(2)

𝑐

𝑐∗

(3)

3.4.1 Total organic carbon content
The content of total organic carbon (TOC) was analyzed using an Eltra CS2000. About
100 mg of freeze-dried, homogenized sediment were weighed into a ceramic cup. Samples were
decalcified with 0.5 mL 10% HCl at 250 °C for 2 h before analysis. As the total carbon (TC)
consists mostly of TOC in the analyzed samples, total inorganic carbon (TIC) occurs only in
negligible amounts. Based on an in-house reference material precision of the analysis was
determined to be < 3.7% (n=83).
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3.4.2 Radioisotope analyses of 231Pa and 230Th
For the isotope dilution analysis by Inductively Coupled Plasma-Sector Field-Mass
Spectrometry (ICP-SF-MS, Element2, Thermo Scientific) freeze-dried and homogenized
sediment samples were spiked with about 9 pg 229Th, 0.7 pg 233Pa and 800 pg 236U as internal
standards and weighed out in Teflon vials. Total acid digestions were performed in the
microwave system MARS Xpress (CEM) according to the procedure described by Kretschmer
et al. (2010) and Nöthen and Kasten (2011). Acids were of sub-boiling distilled (HNO3, HCl)
or suprapur® (HF) quality. About 50 mg of freeze-dried and homogenized bulk sediment were
digested in an acid mixture of 65% HNO3 (3 mL), 30% HCl (2 mL) and 40% HF (0.5 mL) at
~ 230 °C. The digested solutions were fumed off to dryness with the microwave evaporation
accessory (CEM XpressVap) and re-dissolved under pressure in 1 M HNO3 (5 mL) at ~ 200 °C.
The residue was filled up to 50 mL with 1 M HNO3. After the total acid digestion, 80% of the
total digest volume were co-precipitated with Fe(OH)3. Separation of Pa, Th and U was
performed by ion exchange chromatography with the Anion Exchange Resin AG®1-X8
(Bio-Rad) after the protocols of Anderson and Fleer (1982) and Andersson and Schöberg
(2012). Poly-Prep® gravity flow columns filled with AG®1-X8 resin were conditioned with
9 M HCl (3 * 4 mL) before loading the sample and eluting Th with 9 M HCl (3 * 4 mL), Pa
with 9 M HCl/0.14 M HF (4 * 3 mL) and U with 0.1 M HCl (4 * 3 mL), successively. All acids
were of sub-boiling distilled or suprapur® quality. The Th, Pa and U eluates were collected and
evaporated in Teflon beakers. The Th eluates were purified on a second column with
9 M HCl (400 μL and 6 * 2 mL) for Th, 9 M HCl/0.14 M HF (6 * 2 mL) for Pa and 0.1 M HCl
(3 * 4 mL) for U. Separated Th, Pa and U fractions were evaporated, redissolved in HNO3 and
diluted to 1 M HNO3 for the isotope dilution analysis using ICP-SF-MS with the desolvation
system Apex Q (ESI). Data correction for the formation of thorium hydride (232ThH+),

232

Th

peak tailing and the instrument mass bias were assessed as described by Kretschmer et
al. (2011). Based on the reference material Urem-11 (SARM-31) average accuracy and
precision were 0.5% and 1.2% for 235U, 2.4% and 1.2% for 230Th and 0.3% and 2.6% for 231Pa,
respectively (n=5).
Sedimentation rates were calculated following the algorithm by Faure (1977), where t is the
age[yr] of the sediment and

is the specific activity ratio at a certain sediment depth x.

Here, we used the well constrained value in the bioturbated layer above (Supplementary Fig. 1)
as the starting value 𝑏, respectively (Eq. 4).
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𝑡

.

(4)

ln

Mass accumulation rates [g cm-2 kyr-1] were determined by the product of sedimentation rate
[cm kyr-1] and dry bulk density (DBD) [g cm-3].
3.5

Geochemical model setup and reaction network
A one-dimensional steady-state reaction transport model (e.g. Boudreau, 1997) that

couples reactions through a discretized steady state reaction-transport equation was used to
interpret the sedimentary geochemistry at the various CCZ sites (Eq. (5)):
0

,

,

,

𝛼 𝜗 𝐶,

𝐶

𝜗 ∑𝑅 ,

,

(5)

where z is sediment depth, and i, j represent subscripts depicting depth and species-dependence,
respectively. C is the species concentration (aqueous or solid species, Supplementary material
Table 2); D is the diffusive mixing coefficient taking tortuosity (Boudreau, 1997) and
bioturbation (Eq. (6)) into account (𝐷
(i.e. the porosity 𝜑) or solid (1

𝐵

𝐷

,

); 𝜗 is the volume fraction for the aqueous

𝜑) phases; 𝜔 is the velocity of either the aqueous or the solid

phase (𝑣 or 𝑤 respectively); 𝛼 is the bioirrigation coefficient (0 for solid species, Eq. (7));
∑ 𝑅 , is the sum of the reactions affecting the given species 𝑗.
The reaction-transport model consists of 8 geochemical species and 6 reactions (Supplementary
material Table 1):
𝐶𝐻 𝑂 𝑁𝐻

𝑂 → 𝐶𝑂

5 𝐶𝐻 𝑂 𝑁𝐻

4𝑁𝑂

𝐶𝐻 𝑂 𝑁𝐻

2𝑀𝑛𝑂

2𝑀𝑛
𝑁𝐻
3𝑀𝑛𝑂

𝑂

2𝐻

5𝐶𝑂

4𝐻 → 2𝑀𝑛

𝐶𝑂

5

𝑁𝐻

7𝐻 𝑂

(R2)

𝑁𝐻

3𝐻 𝑂

(R3)
(R4)

4𝐻

(R5)

𝐻 𝑂

4𝐻 → 3𝑀𝑛

(R1)

𝐻 𝑂

4𝐻 → 2𝑁

2𝐻 𝑂 → 2𝑀𝑛𝑂

2𝑂 → 𝑁𝑂
2𝑁𝐻

𝑁𝐻

𝑁

6𝐻 𝑂
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The chemical reactions during organic carbon degradation were assumed to follow the Redfield
ratio stoichiometry with the organic-bound nitrogen to carbon ratio of 16:106 (Redfield, 1934).
Biologically induced mixing profiles were assumed to follow a modified logistic function where
the break attenuation depths were assumed to be the same for both bioirrigation and
bioturbation:
𝐵

𝐵 exp

/ 1

exp

(6)

𝛼

𝛼 exp

/ 1

exp

(7)

where 𝛼 and 𝐵 are constants representing the maximum biorrigation and bioturbation
coefficients at sediment-water interface, 𝑧
value and 𝑧

is the depth to where 𝛼 and 𝐵 become half their

is the attenuation of the biogenically induced mixing with depth.

Porosity data were fit for each station and showed an exponential decrease with depth typical
of compacting sediment (not shown) and were fit with the following equation:
𝜑

𝜑

𝜑

𝜑

exp

(8)

𝛽𝑧

where 𝜑∞ is the porosity at compaction, 𝜑 is the porosity at the sediment water interface, and
𝛽 is the depth-attenuation coefficient. Sediment thicknesses for the diagenetic model were
extracted from NCEI's global ocean sediment thickness grid (Whittaker et al., 2013). For the
BGR site, sediment thicknesses were inferred from nearby core locations with similar
pore-water Mn profiles (SO240-9KL, SO240-96SL; Kuhn et al., 2017). The model was coded
in R (version 3.2.4) using the ReacTran package (Soetaert and Meysman, 2012) to solve Eq. (5)
and the marelac package (Soetaert et al., 2010) to solve the molecular diffusion coefficients for
the modeled species (𝐷

,

). The advective velocities of solid and pore water phases were solved

using the compact grid function within the ReacTran package, which takes sedimentary
compaction into account.
4.

Results

4.1

Core description
All study sites show light brown clay-dominated siliceous ooze with variable surface

nodule coverage (Table 1). The sediments in the APEI3 site are dominated by dense and dry,
dark brown sediment with a comparably low degree of lithological variation. All other sites are
characterized by light brown sediments with irregular dark patches and layers throughout.

37

CHAPTER II: Natural spatial variability of depositional and geochemical conditions
4.2

Pore water
Bottom-water oxygen concentrations measured with the CTD (SBE 43 oxygen

self-regenerative WetLabs Clark-sensor) are 156 µM in the APEI3 area, 153 µM in the
IFREMER area, 150 µM in the GSR area, 147 µM in the IOM area and 144 µM in the BGR
area (Fig. 2). In the surface sediments, oxygen concentrations usually decrease rapidly with
depth in the upper 30 cm (Fig. 2). However, in contrast to the other sites, the surface sediments
of the APEI3 and IFRE-1 sites show only a slight decrease in oxygen. Oxygen concentrations
below detection limit are reached at various sediment depths while the sediments at the APEI3
and the GSR sites remain oxic throughout. The oxygen penetration depth (OPD) is 1 m at the
BGR site, 3 m at the IOM site, 4.5 m at the IFRE-1 site and 3.8 m at the IFRE-2 site.
Pore-water Mn2+ occurs below the OPD within a wide concentration range of 0.2–25 μM
(Fig. 2). At the IFRE-1 site, Mn2+ concentrations < 1 μM are between 4.5 and 7 m while the
IFRE-2 site shows a concave-up profile with higher concentrations of up to 5.5 μM. At the IOM
site, Mn2+ increases downward to 13 μM and slightly decreases below 8 m. Overall, the highest
Mn2+ concentrations were measured at the BGR site with up to 25 μM at 3.3 m and a subsequent
decrease in concentrations with depth.
NO3- concentrations generally increase with depth from bottom water concentrations of 35 μM
at the sediment surface to 45 μM in the upper 30 cm (Fig. 2). The APEI3 and GSR sites show
NO3- concentrations in the surface sediments of up to 53 μM and 70 μM, respectively.
A decrease of NO3- with depth below 30 cm is detected at the BGR, IOM and IFRE-2 sites to
about 35 μM at the bottom of the cores. At the APEI3, IFRE-1 and GSR sites, NO3concentrations remain mostly constant throughout the deep sediment core.
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Figure 2: Pore-water profiles of oxygen, dissolved Mn(II) and nitrate of the APEI3, IFREMER,
GSR, IOM and BGR sites. The inset plot for the IFRE-1 site show oxygen (black dots) and
dissolved Mn(II) concentrations (open circles) on separate axes (upper axis: oxygen; lower axis:
Mn(II)) between 2.5 and 7.5 m sediment depth. Bottom-water oxygen concentrations measured
by CTD are indicated (grey crosses).
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4.3

Solid phase

4.3.1 Total organic carbon
The TOC contents generally decrease with depth in the upper 30 cm (Fig. 3). The lowest
surface sediment TOC contents of 0.2 wt% are found in the APEI3. Both, the IFRE-1 and
IFRE-2 sites, show 0.3–0.4 wt% of TOC while the GSR site and the IOM site have 0.5 wt% of
TOC. The highest contents with 0.6 wt% are found at the BGR site. Below 30 cm, the TOC
remains < 0.2 wt% (Fig. 3). A drop to TOC contents of < 0.1 wt% is found at the GSR site
below 5 m sediment depth.
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Figure 3: Solid-phase profiles of TOC of the APEI3, IFREMER, GSR, IOM and BGR sites.
4.3.2 Sedimentation rates and bioturbation depth
Sedimentation rates range between 0.2 and 1.15 cm kyr-1 (Fig. 4). The rates at the
APEI3 and the GSR sites are at least threefold lower than at the IFRE-1 and IOM sites.
Bioturbation is usually limited to the upper 7 cm whereas the bioturbated layer at the IOM site
reaches down to 13 cm (Supplementary Fig. 1).
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Figure 4: 230Th/231Pa-derived sedimentation rates for the uppermost 50 cm of the sediments of
the APEI3, IFREMER, GSR and IOM sites.
5.

Discussion

5.1

POC flux to the seafloor and sedimentation rates
Pelagic deep-sea sediments receive little organic matter (OM) due to generally low

surface water productivity and great water depth (Heath et al., 1977; Müller and Suess, 1979;
Honjo, 1980). For the prediction of carbon export production at any water depth, Suess (1980)
developed an empirical algorithm from sediment trap measurements and primary production
(PP) rates in the respective surface waters. Several studies have applied modified algorithms
after Suess (1980) (e.g., Dymond et al., 1997; Tyrell, 1999) and Martin et al. (1987)
(e.g., Emerson et al., 1997; Fischer et al., 2000) for predicting the vertical POC flux. However,
these commonly applied relationships between POC flux and water depth generally
overestimate the flux of OM to depth (Buesseler et al., 2007; Buesseler and Boyd, 2009; Henson
et al., 2011; Arndt et al., 2013 and references therein). Lutz et al. (2002) developed regional
algorithms including region-specific sinking and remineralization rates, i.e. labile and
refractory POC fractions in the water column. Using this empirical parameterization of the POC
flux to depth, Lutz et al. (2007) combined a time series of remotely sensed net PP in the surface
waters, sea surface temperature and sediment trap POC flux data to construct models with
global predictions of POC fluxes to the seafloor. According to the model by Lutz et al. (2007),
about 1.7 mg Corg m-2 d-1 is delivered to the seafloor at the BGR and IOM sites,
1.5 mg Corg m-2 d-1 reaches the sediments of the GSR and IFREMER sites and
1.3 mg Corg m-2 d-1 settles to the seafloor in the APEI3 area (Fig. 1). These fluxes may be biased
due to (1) significant uncertainties in the NPP estimates based on satellite data and (2) several
potential errors in the trapping efficiency of sediment traps (Lutz et al., 2007 and references
therein). Furthermore, with water depths of 4–5 km, the export production may be laterally
drifted during settling, especially by strong bottom currents in the proximity of seamounts
(e.g., Mewes et al., 2014). We implemented the POC fluxes given by Lutz et al. (2007), which
can be regarded as rough estimates, into our reaction transport model and adjusted these values
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in order to fit the measured profiles of TOC and the oxidants. Our diagenetic model reproduces
the Lutz et al. (2007) fluxes within 20% (Table 2). Only a slight discrepancy occurs between
the POC fluxes derived from both models for the APEI3 and BGR sites. Compared to the other
studied contract areas, the water column in the APEI3 area is characterized by a less pronounced
OMZ (Martínez Arbizu and Haeckel, 2015). Thus, due to the significantly longer oxygen
exposure time of settling POC, which is the key parameter determining the degradation
efficiency of POC (e.g. Banse, 1990; Hartnett et al., 1998; Zonneveld et al., 2010; Cavan et
al., 2017), the degradation in the water column may be enhanced in this area. The regional
differences in the OMZ thickness may limit the empirical algorithm used by Lutz et al. (2007)
for calculating the POC flux to the seafloor. Thus, POC fluxes in the APEI3 area could be
slightly overestimated. Conversely, the POC flux in the BGR area has likely been
underestimated as the water column is characterized by an extensive OMZ (Martínez Arbizu
and Haeckel, 2015) aiding the POC preservation in the water column and triggering a higher
POC flux to the sediment (Table 2). This is consistent with our 20% lower fluxes at the APEI3
site and 20% higher POC flux at the BGR site in comparison with the Lutz et al. (2007) fluxes.
Table 2: Fluxes of POC and oxygen into the sediment and depth-integrated rates of the
predominant biogeochemical processes derived from the diagenetic model.
Biogeochemical
process
POC flux
O2 flux top
O2 reduction
NO3- reduction
Mn(IV) reduction
Nitrification
Mn2+ oxidation
Mn-annamox

Unit

BGR

IOM

GSR

IFRE-1

IFRE-2

APEI3

[mg C m-2 d-1]
[mg O2 m-2 d-1]
[mg C m-2 d-1]
[mg C m-2 d-1]
[mg C m-2 d-1]
[mg N m-2 d-1]
[mg O2 m-2 d-1]
[mg Mn m-2 d-1]

1.99
5.18
1.92
1.5E-03
1.5E-03
0.01
0.062
0.14

1.54
4.24
1.44
1.7E-03
6.1E-04
0.13
0.026
0.005

1.51
3.61
1.38
3.3E-02
1.6E-02
0.14
0.06
0

1.47
4.3
1.3
5.5E-03
5.7E-04
0.10
0.025
0

1.5
4.37
1.45
5.0E-03
4.6E-03
0.14
0.029
0

1.07
2.58
0.93
8.7E-04
1.4E-03
0.03
0.016
0
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Figure 5: Model results for all sites including the biogeochemical processes of aerobic
respiration, Mn(IV) reduction, denitrification, Mn2+ oxidation, nitrification and Mn-annamox
(R1–R6).
Although considerably higher estimated POC fluxes between 1.5 and 11.5 mg Corg m-2 d-1 have
been reported from nearby stations (Murray and Kuivila, 1990; Mogollón et al., 2016), the TOC
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contents at the sediment surface at all sites are mostly in agreement with published values from
the CCZ ranging from 0.1–0.6 wt% (Müller, 1977; Müller and Mangini, 1980; Jahnke et
al., 1982; Murray and Kuivila, 1990; Mewes et al., 2014; Mewes et al. 2016). Mewes et
al. (2014) have presented geochemical data for sediments from the BGR contract area “East”
with two sites close (< 5 km) to a large seamount between the BGR and IOM area (A1-1-MN,
A1-2-NN) and two sites far away from seamounts (A5-1-BN, A5-2-SN). While the surface
sediment TOC contents are similar at all stations, a comparably rapid decrease in TOC contents
with depth occurs at the sites adjacent to the seamount with relatively high POC fluxes of
10 mg Corg m-2 d-1 (Fig. 6; Mogollón et al., 2016). Our BGR site shows up to 20% higher TOC
contents in the upper 30 cm than the sites studied by Mewes et al. (2014) and also decrease
rapidly with sediment depth (Fig. 6). Khripounoff et al. (2006) reported 25% higher TOC
contents in the upper 30 cm at a site in the IFREMER area (Fig. 6). Variations in local estimated
POC fluxes, TOC contents and sedimentation rates are potentially a result of strong local
heterogeneities of bottom water currents which can be intensified, attenuated and deflected in
the vicinity of seamounts and ridges (Hogg, 1973; Gould et al., 1981; Mohn and Beckmann,
2002; Xu and Lavelle, 2017) and cause kilometer-scale differences in the supply and
composition

of

sediments

(Turnewitsch

et

al.,

2004;

Mewes

et

al.,

2014;

Turnewitsch et al., 2015). The relatively high sedimentation rates at the IOM site of
1.15 cm kyr-1 may be associated with sediment focusing. Furthermore, sediments of different
composition may be delivered from the slopes of nearby seamounts and ridges by
gravity-induced processes (e.g., Stanley and Taylor, 1977; Jeong et al., 1994).
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Figure 6: Comparison of the TOC contents of surface sediments (upper 30 cm) within the
different contract areas. The data for the BGR sites A1-1-MN, A1-2-NN, A5-2-SN, A5-1-BN
from cruise SO205 are taken from Mewes et al. (2014). The range of TOC contents comprises
the lowest to highest measured contents throughout MUC cores taken at the individual sites.
The highest TOC content at each site was determined at the sediment surface, i.e. in the
uppermost centimeter of the sediment.
5.2

Organic matter degradation
Müller et al. (1988) have suggested that aerobic respiration is the dominant

biogeochemical process degrading sedimentary OM in the CCZ and previous modeling studies
for the BGR contract area “East” (Table 2; Fig. 5; Mewes et al., 2016; Mogollón et al., 2016)
have supported this assumption. Our model simulations are in line with these findings and show
that aerobic respiration consumes more than 90% of the OM delivered to the seafloor while
denitrification and Mn(IV) reduction together consume less than 1%. These numbers agree well
with rates derived from the previous modeling studies for the BGR contract area “East”
(Table 2; Fig. 5; Mewes et al., 2016; Mogollón et al., 2016). The zone in which manganese and
nitrate reduction co-occur will hereafter be referred to as “suboxic zone” in which neither
oxygen nor hydrogen sulfide are present (Berner, 1981). Most of the ammonia liberated from
OM degradation becomes nitrified in the oxic zone so that the nitrate concentrations increase
with depth in the upper 30 cm of sediment (Fig. 2; Fig. 5). Additionally to nitrification, the
breakup of nitrate-rich organic compounds may contribute to the relatively high NO3concentrations in the surface sediments at the APEI3 and GSR sites (e.g., Jørgensen and
Gallardo, 1999). The bioturbated layer includes the upper 6–13 cm of the oxic sediment which
is in good agreement with the average mixing bioturbation depth of 10 cm (Boudreau, 1994).
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The determined low sedimentation rates of 0.2 to 1.15 cm kyr-1 in combination with low POC
fluxes to the seafloor (< 2 mg m-2 d-1) lead to low carbon burial rates of less than 0.15 mg m-2 d-1
(based on depth-integrated rates, cf. Table 2), which are consistent with other organic carbon
burial estimates for the CCZ (e.g., Jahnke, 1996). The highly refractory TOC fraction of
< 0.2 wt% below 20 cm is insufficient to reduce nitrate (Table 2; Fig. 5; Supplementary
Table 2; Mogollón et al., 2016). These observations are in agreement with Müller and Mangini
(1980) and Müller et al. (1988) who state that with sedimentation rates of 0.2–0.4 cm kyr-1 OM
is almost completely remineralized within the uppermost meter of the sediments. Mewes et al.
(2014) determined carbon respiration rates for sediments in the BGR contract area “East” that
showed twofold higher respiration rates in the upper oxic sediments compared to the
depth-integrated rates of aerobic respiration derived from our diagenetic model (Table 2). This
offset may be caused by the alteration of the microbial communities during sediment retrieval,
i.e. decompression (e.g., Park and Clark, 2002), and the different approaches of respiration rate
determination. Moreover, the discrepancy in the respiration rates may reflect the lateral
heterogeneity in the supply of TOC related to the interaction of currents with rough seafloor
topography, in particular seamounts. Twofold higher rates of aerobic respiration at the BGR
site compared to the APEI3 site are a result of twofold higher POC fluxes to the seafloor at the
BGR site than at the APEI3 site in the proximity of the carbon-starved North Pacific gyre.
Consequently, the APEI3 site does not represent the (bio)geochemical conditions of the sites in
the European contract areas investigated in the framework of this study. This observation is in
agreement with Vanreusel et al. (2016) who explained the significantly lower faunal densities
in the APEI3 with primary productivity being much lower compared to in the contract areas.
5.3

Redox zonation and oxygen fluxes
The ex situ sediment oxygen concentrations are in good agreement with other oxygen

data for the equatorial Pacific Ocean (Murray and Grundmanis, 1980; Jahnke et al., 1982;
Berelson et al., 1990; Hammond et al., 1996; Khripounoff et al., 2006; Rühlemann et al., 2011
Røy et al., 2012; Mewes et al., 2014; Mewes et al., 2016). In accordance with oxygen
measurements by Mewes et al. (2014), bottom water oxygen measurements of the overlying
water of the MUC cores using amperometric Clark-type oxygen sensors are systematically 10–
20% higher than bottom-water concentrations determined with the CTD 20–30 m above the
seafloor (Martínez Arbizu and Haeckel, 2015). This offset is most likely a result of sampling
artifacts that occurred during retrieval of the MUC cores or of atmospheric oxygen diffusion
into the bottom water of the surface sediments during ex situ measurements, which biases the
oxygen concentrations down to about 0.4 cm sediment depth. The threshold of 0.4 cm has been
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determined in this study by triplicate profiling across the water-sediment interface resulting in
systematically higher oxygen concentrations of each consecutively measured profile.
Therefore, we excluded oxygen concentrations in the uppermost 0.4 cm from the calculation of
oxygen gradients and fluxes and used the CTD oxygen concentrations as bottom water values
(Table 2; Table 3). The oxygen data obtained for the IOM site indicate that oxygen is not
completely depleted throughout the sediment core (Fig. 2). However, the detection of dissolved
Mn2+ in pore water below 3 m sediment depth suggests that oxygen is absent in this interval.
We attribute this discrepancy to some calibration problems of one of the sensors at the
beginning of the cruise which affected the oxygen measurements at the BGR and IOM sites.
Additionally, the discrepancy between the GSR oxygen concentrations of the MUC and the GC
is attributed to small-scale variations or to miscalibration of the oxygen sensor. Even though
the oxygen data shows sampling artifacts and miscalibration, which partly bias the absolute
oxygen concentrations, it can be used in combination with the pore-water Mn2+ data to delineate
the sedimentary redox zonation. As the oxygen data at the bottom water-sediment interface is
particularly affected, oxygen fluxes into the sediment are given with an error of < 5%.

Figure 7: Correlation between the oxygen penetration depth (OPD) and the POC fluxes used as
boundary conditions for the diagenetic model. Based on interpolation of the oxygen profile at
the APEI3 site, oxygen may be consumed at 11.5 m. The linear regression through the BGR
(blue), IOM (yellow), *IFRE-1 (red), +IFRE-2 (red) and APEI3 (grey) sites shows a coefficient
of determination of r2 = 0.85.
The OPD inversely correlates with the POC flux (r² = 0.85; Fig. 7). The OPD of 1 m at the BGR
site is shallower than the OPD reported for other sites studied in this region which range
between 1.8 and 3 m depth (Mewes et al., 2014). Such small-scale variation is reflected in the
oxygen gradients with 2.6–5.6 µM O2 mm-1 in the sediments in the BGR area (Table 3). OPDs
are generally deeper at sites with medium-sized or big (3–10 cm) nodules at the sediment
surface than at sites with small-size (1–8 cm) or without nodules at the surface (Mewes et
al., 2014). The two IFREMER sites (IFRE-1 and IFRE-2) are ~ 6 km apart with medium-sized
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surface nodules at the IFRE-1 site and no nodules at the IFRE-2 site (Table 1) and in accordance
with the findings of Mewes et al. (2014), the OPD at the IFRE-1 site is located 70 cm deeper
than at the IFRE-2 site (Fig. 2). However, the depth-integrated rates of Mn(IV) and nitrate
reduction are not significantly higher at the IFRE-2 site compared to the IFRE-1 site (Table 2;
Fig. 5) which disagrees with the results presented by Mewes et al. (2014). This discrepancy
may be connected to almost twofold higher sedimentation rates proposed by the authors for the
nodule-free sites compared to the sites with medium-sized/big nodules while in the IFREMER
area, sedimentation rate at the IFRE-1 site exceeds the rate at the IFRE-2 site. In accordance
with the low respiration rates at the APEI3 site, the oxygen gradient over the upper 0.4–1 cm
of sediment is low at 0.2 µM O2 mm-1 (Table 3). At depth, oxygen concentrations are scattered
at the APEI3 site. We interpret this as an analytical artifact because the sediments at the APEI3
site were very dry and consolidated and have therefore very likely impacted the sensor
measurements.
Table 3: Oxygen gradients calculated from oxygen profiles for the uppermost 0.4–1 cm of
sediment. Negative gradients indicate the oxygen flux into the sediment. The data from SO205
were taken from Mewes et al. (2014). Note that the oxygen gradient at the GSR site is biased
due to miscalibration of the sensor.
Oxygen gradient
[µM mm-1]
-3.5
-2.6
-5.6
-9
-5
-7
-8.3
-3.5
-1.7
-0.2

Station
SO205-05MUC
SO205-06MUC
SO205-46MUC
SO205-48MUC
BGR
IOM
GSR
IFRE-1
IFRE-2
APEI3

In the suboxic zone, Mn2+ concentrations between 0.2–25 µM agree well with reported values
in the CCZ (Emerson et al., 1980; Jahnke et al., 1982; Mewes et al., 2014). Mn2+ is mainly
mobilized by the dissimilatory reduction of Mn(IV) phases below the OPD (Figs. 2 and 5). As
proposed by Mogollón et al. (2016) for adjacent sites, the observed concomitant decrease of
nitrate in the suboxic zone of the sediment core from the BGR area suggest that the
biogeochemical cycles of manganese and nitrogen are coupled. Excess ammonium produced
by OC degradation in the oxic zone may escape aerobic nitrification and diffuse downwards
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into the suboxic zone where it can act as electron donor during manganese oxide reduction
(Mn-annamox, Luther et al., 1997). Mn-annamox may induce the liberation of Mn2+ into the
pore water of the sediments of the BGR and IOM sites with reaction rates similar to the rates
published by Mogollón et al. (2016) (Table 2; Fig. 5). The nitrate concentrations determined
within the framework of this study are in correspondence with previously published nitrate
pore-water data from the CCZ ranging from 30–70 µM (Jahnke et al., 1982; Jeong et al., 1994;
Mewes et al., 2014; Mewes et al., 2016; Mogollón et al., 2016). Nitrate reduction is very weak
at these sites due to the low and refractory OM content (Table 2). Iron and manganese oxidation
coupled to nitrate reduction is probably also not feasible due to the low Mn2+ concentrations
and Fe2+ levels below detection limit.
5.3.1 Deep Mn2+ oxidation
Decreasing-with-depth profiles of Mn2+ at the IFRE-1, IOM and BGR sites indicate that
Mn2+ is consumed by either precipitation of an authigenic carbonate mineral (e.g., Gingele and
Kasten, 1994) or by oxidation at depth (Fig. 2). Due to the fact that alkalinity is low in these
sediments (data not shown), and thus, precipitation of a Mn carbonate phase is unlikely, we
suggest that at depth, Mn2+ is most likely oxidized by oxygen diffusing from the underlying
basaltic basement. Such upward diffusive supply of oxygen from oxic seawater circulating in
the oceanic crust was first shown for the German contract area “East” by Mewes et al. (2016)
and has recently been documented to be widespread in the area by Kuhn et al. (2017). At the
IFRE-1 site, Mn2+ is consumed at 7 m depth. Based on interpolation of the Mn2+ profiles, Mn2+
is reoxidized at ~ 9.25 m depth at the BGR site while it is consumed at ~ 20 m depth at the IOM
site. The low-temperature circulation of seawater through the basaltic crust (e.g., Fisher and
Wheat, 2010; Ziebis et al., 2012) underlying the sediments of the CCZ had so far only been
shown for the BGR area “East” on the base of increasing-with-depth oxygen and
decreasing-with-depth Mn2+ profiles (Mewes et al., 2016; Kuhn et al., 2017). Numerous
seamounts and faults in the eastern CCZ have been shown to facilitate the recharge and
subsequent discharge of oxic seawater into and from oceanic crust and diffusion of oxygen into
the overlying sediments. The BGR, IOM, and IFRE-1 sites are located about 5 km, 3 km and
1 km, respectively from the adjacent ridge flanks (Fig. 1). At these sites, the sediment drape
thicknesses range between 20 and 83 m (Supplementary Table 2). In comparison, the sites
studied by Kuhn et al. (2017) in the BGR area had an average sediment thickness of 48 m. The
Mn2+ profile at the IFRE-2 site does not indicate Mn2+ oxidation at depth while the sediments
at the APEI3 and GSR sites are oxic throughout. The extended oxic zones at the APEI3 and
GSR sites probably result from low organic carbon supply and respiration (Table 2), which is
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insufficient to fully consume the oxygen diffusing into the sediment from both the overlying
seawater and the underlying basaltic crustal fluids. However, the retrieved core lengths of up to
7.5 m do not allow the identification of deep oxidative processes at these locations. Based on
our pore-water data, widespread deep Mn2+ oxidation occurs at three sites of various contract
areas within the CCZ.
6.

Conclusion
We studied six abyssal sites in the Clarion-Clipperton Zone of five European contract

areas for the exploration of polymetallic nodules and one site in an Area of Particular
Environmental Interest (APEI3) over a distance of about 1300 km. The sites differ in POC
fluxes to the seafloor (1–2 mg m-2 d-1) and sedimentation rates (0.2–1.15 cm kyr-1) while the
bioturbation depth is mostly limited to the upper 7 cm of the sediment. Solid-phase contents,
pore-water profiles and the applied transport reaction model demonstrate significant inter-areal
differences in sedimentation rates, the extension of oxic and suboxic zones and rates of organic
matter remineralization. We show that the observed variability in redox zonation at the study
sites is determined by differences in (1) surface water productivity and associated POC flux to
the seafloor, (2) sediment accumulation rate and (3) the oxidation of pore-water Mn2+ at depth.
Diagenetic modeling indicates that due to the low sedimentation rates, the labile fractions of
organic carbon are restricted to the upper 20 cm of the sediment where OC degradation is
dominated (90%) by aerobic respiration. Mn(IV) reduction and denitrification each consume
less than 1% of the refractory organic matter. The suboxic zone is characterized by a wide range
of Mn2+ concentrations where the sites with the highest POC fluxes indicate further production
of Mn2+ by Mn-annamox. Mn2+-mediated denitrification is absent at all sites due to insufficient
Mn2+ concentrations. Downward decreasing Mn2+ concentrations at three sites indicate the
widespread oxidation of Mn2+ at depth throughout the CCZ. Due to very low POC fluxes of
1 mg m-2 d-1 to the seafloor in the APEI3 area, respiration rates at this site are about twofold
lower than in the investigated European contract areas. Consequently, we infer that the
preservation area APEI3 does not represent the depositional conditions and biogeochemical
processes that are dominating in the investigated European contract areas. The POC fluxes to
the seafloor and the sedimentation rates generally correlate with surface water productivity,
however, within a given contract area, small-scale spatial (intra-areal) variations in geochemical
conditions and biogeochemical processes are caused by (1) various extents of POC degradation
processes in the water column and (2) small-scale interactions of bottom water currents and
topography affecting the sedimentation pattern.
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This study represents the first biogeochemical baseline study that advances our knowledge
about regional variations of natural depositional and geochemical conditions as well as
biogeochemical processes in the sediments of the vast deep-sea area of the CCZ. Our findings
may deliver important baseline data to be used for the assessment of the impact of potential
deep-sea mining activities. They will also serve as an input for the further development of the
Environmental Management Plan by the International Seabed Authority (ISA).
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Abstract
Rare earth elements and yttrium (REY) are often used as proxies for (paleo)environmental
conditions and for the reconstruction of element sources and transport pathways. Many
geological systems are well described with respect to the behavior of REY but deep-sea
sediments with their manifold processes impacting the sediment during early diagenesis leave
some questions about the origin and development of the shale-normalized REY (REYSN)
patterns unanswered. Here we report REY data for sediment solid phase and pore water from
the upper 10 m of deep-sea sediments from the Clarion-Clipperton Zone (CCZ) in the central
equatorial Pacific. The solid-phase REY profiles show highest concentrations at depth below
5–8 m. The REYSN patterns show an enrichment in middle REY (MREY) (LaSN/GdSN between
0.35 and 0.60; GdSN/YbSN between 1.19 and 1.47) and either no or negative CeSN and YSN
anomalies (i.e. chondritic to sub-chondritic Y/Ho ratios between 24.7 and 28.7). Based on
correlation analyses of bulk sediment element concentrations and sequential extractions, we
suggest that a Ca phosphate phase controls the distribution and the patterns of REY in these
silty clay pelagic sediments rich in siliceous ooze. The MREY enrichment develops at the
sediment-water interface and intensifies systematically with depth. The negative CeSN anomaly
intensifies with depth possibly because Ce is mostly bound to Mn and Fe (oxyhydr)oxides.
Therefore, Ce concentrations remain relatively constant throughout the sediment core, while its
trivalent REY neighbors are mostly hosted by the Ca phosphate phase that continuously
incorporates REY from ambient pore waters. The non-redox-sensitive trivalent REY
concentrations increase with depth, producing or enhancing a negative CeSN anomaly through
coupled substitution of REY3+ and Na+ for Ca2+. The solid-phase REYSN pattern is therefore
determined by the pore-water REYSN pattern and not suitable for paleoceanographic
interpretation. The similarity of the pore-water and solid-phase REYSN patterns suggests,
however, that only minor fractionation occurs during REY incorporation into the Ca phosphate
crystal structure.
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1.

Introduction
Rare earth elements (REE) encompass the lanthanide series from La to Lu in the periodic

table, 15 elements with atomic numbers 57–71. They are useful proxies for environmental
conditions and processes because of their similar physico-chemical properties and geochemical
behavior (e.g., Elderfield and Greaves, 1982; Cantrell and Byrne, 1987; Toyoda et al., 1990).
The REE are exclusively trivalent in the natural environment, with the exception of Ce and Eu
which also occur in the tetra- and divalent state, respectively. Yttrium, which is exclusively
trivalent and of almost the same ionic size as its geochemical twin Ho, is often combined with
the REE as the REY. The trivalent REE’s ionic radii decrease with increasing atomic number
which is referred to as the ‘‘lanthanide contraction” (Seitz et al., 2007 and references therein).
These minimal changes in ionic radii are sufficient to lead to fractionation of the REY during
incorporation into crystal lattices or during chemical complexation. Depending on the ionic
radii, either the light REY (LREY; La–Nd), middle REY (MREY; Sm–Dy) or heavy REY
(HREY; Ho–Lu) may be preferentially scavenged or mobilized, which then leads to
fractionation and, therefore, distinct signatures in shale-normalized (SN) REY patterns
(e.g., Cantrell and Byrne, 1987; Elderfield, 1988). From these patterns, past and present
environmental conditions, such as ancient seawater composition, the influence of hydrothermal
activities on sediments, and sediment provenance can be inferred (German et al., 1990; Bau and
Dulski, 1999; Bright et al., 2009; Viehmann et al., 2015; Kashiwabara et al., 2018). Several
studies have targeted the distribution of REY in Pacific pelagic sediments (e.g., Elderfield et
al., 1981; Glasby et al., 1987; Toyoda et al., 1990; Toyoda and Tokonami, 1990; Toyoda and
Masuda, 1991; Kon et al., 2014); mostly focusing on surface sediments and interactions of
surface sediments with manganese nodules. To our knowledge, less attention has been paid so
far to the impact of early diagenesis in deeper subsurface sediments on REY (e.g., Soyol-Erdene
and Huh, 2013; Zhang et al., 2016). Understanding the behavior of REY during early diagenesis
is important, however, when aiming to use them as proxies for paleoenvironmental
reconstructions (Bright et al., 2009; Trotter et al., 2016).
In modern seawater, dissolved HREY show an enrichment in the REYSN patterns (Fig. 1)
because the LREY are preferentially scavenged by particles in the water column
(e.g., Elderfield, 1988; Chen et al., 2015). Except for Ce, REY concentrations increase with
water depth (e.g., Alibo and Nozaki, 1999; Chen et al., 2015), because the REY are bound to
particulate matter in surface waters and released at greater depth when particles dissolve or are
microbially degraded. In contrast, dissolved Ce concentrations decrease with depth
(e.g., Chen et al., 2015) because of Ce3+ oxidation and Ce4+ fixation at sinking particles in oxic
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seawater. Once Ce3+ is oxidized to Ce4+, it is usually less mobile and will participate less in
exchange reactions (Goldberg et al., 1963; Piper, 1974b; de Baar et al., 1985; Sholkovitz
et al., 1993; Bau and Dulski, 1996; Bau and Koschinsky, 2009) unless the solution is rich in
complexing agents such as CO32– or siderophores (e.g., Möller and Bau, 1993; Bau et al., 2013;
Kraemer et al., 2015). This may lead to the development of a negative CeSN anomaly in the
REYSN pattern of the solution (e.g., seawater) and a positive CeSN anomaly in the solid material
(e.g., marine hydrogenetic Fe-Mn crusts and nodules; Fig. 1) (Piper, 1974b; Elderfield and
Greaves, 1982; Kasten et al., 1998). If, however, sinking Mn and/or Fe (oxyhydr)oxide particles
with positive CeSN anomaly cross a redox-cline and enter anoxic seawater, these particles
re-dissolved and produce anoxic seawater with a positive CeSN anomaly (de Baar et al., 1988;
Bau et al., 1997). Note however, that formation of the negative CeSN anomaly of oxic seawater
is not confined to the marine environment, but already develops during terrestrial weathering
and characterizes the truly dissolved REYSN patterns of river waters (Merschel et al., 2017;
Pourret and Tuduri, 2017). Besides Ce, Eu can also show pronounced positive or negative
anomalies in REYSN patterns, as observed, for example, in high-temperature hydrothermal
environments (Michard, 1989). In low-temperature systems such as pelagic sediments,
however, Eu is present in the trivalent oxidation state (Bau, 1991). After particle deposition,
diagenesis can impact the distribution of the REY in the sediment and pore water leading to
deviations from the seawater REYSN pattern (Haley et al., 2004; Bright et al., 2009; Abbott et
al., 2016; Trotter et al., 2016). The alteration of the pore-water REY pool during early
diagenesis is also suggested by the distinct Nd isotopic composition of pore waters, which
differs from that of bottom water (Abbott et al., 2016; Du et al., 2016). The dominant
biogeochemical process during early diagenesis in the upper 10 m of Clarion-Clipperton Zone
(CCZ) sediment was shown to be aerobic respiration followed by denitrification and Mn oxide
reduction (Mogollón et al., 2016; Volz et al., 2018). For the sediments of the CCZ typical
oxygen penetration depths of 1–4.5 m have been reported (Rühlemann et al., 2011; Mewes et
al., 2014; Mogollón et al., 2016; Volz et al., 2018). Recent studies have also shown that in some
areas within the CCZ the sediments overlying the oceanic crust are fully oxic. This phenomenon
was explained by sediment alteration by upward diffusing oxygen from the basaltic crust in
which low-temperature circulation of seawater occurs, especially in areas close to seamounts
and faults (Mewes et al., 2016; Kuhn et al., 2017). This shows that deep oxygen penetration
depths on meter scales prevail in the study area. Previous studies of REY in sediments from the
central Pacific concluded that biogenic Ca phosphates such as apatite, are the main hosts of
REY in Pacific deep-sea sediments and that the biogenic phosphate is largely composed of fish
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debris, i.e. bones and teeth (e.g., Elderfield et al., 1981; Toyoda et al., 1990; Toyoda and
Tokonami, 1990; Toyoda and Masuda, 1991; Kon et al., 2014). Unaltered conodonts, defined
by a low color index (Epstein et al., 1977; Bertram et al., 1992), fish debris and marine
phosphorites show REYSN patterns similar to those of seawater, i.e. LaSN/YbSN << 1, a negative
CeSN anomaly and positive anomalies of LaSN, GdSN, and YSN, i.e. superchondritic Y/Ho ratios
(marine phosphorite, Fig. 1). Altered conodonts, defined by a high color index (Epstein et
al., 1977; Bertram et al., 1992), and fish debris show higher REY concentrations and MREY
enrichment, deviating from the seawater REYSN pattern (Fig. 1). Several authors suggested
coupled substitution as the process for REY uptake into apatite as Ca2+ in Ca phosphates is
easily replaced through coupled substitution by a REE3+ together with a monovalent element of
similar size (e.g., Na+) (Elderfield et al., 1981; Rønsbo, 1989; Jarvis et al., 1994).
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Figure 1: REYSN patterns of fish debris, fossil fish teeth, marine phosphorite, hydrogenetic
Fe-Mn crust, and seawater (PAAS from Taylor and McLennan, 1985, except Dy from
McLennan, 1989). (See above-mentioned references for further information.)
In this contribution we aimed at elucidating the controls on the REY distribution in CCZ
sediments as well as the processes that might have caused the alteration of primary REYSN
patterns during oxic and suboxic early diagenesis.
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2.

Samples and Methods

2.1

Geological setting of the study site
The CCZ is located in the central equatorial Pacific and bracketed by the Clarion

Fracture Zone to the North and the Clipperton Fracture Zone to the South. Both faults extend
west-southwest from the East Pacific Rise (EPR), where the Pacific crust forms and moves west
from the spreading center. The oceanic crust in the CCZ dates from the Late Cretaceous
(~ 100 Ma) to the Miocene (~ 5 Ma) (Eittreim et al., 1992; Barckhausen et al., 2013). Surface
sediments are dominated by siliceous ooze (mostly radiolarians and diatoms) and silty mud
(Berger, 1974; Müller et al., 1988; International Seabed Authority, 2010; Mewes et al., 2014;
Kuhn, 2015; Volz et al., 2018). The preservation of calcareous material in marine sediments
depends on the carbonate compensation depth (CCD) below which calcite dissolves. Today,
the seafloor is mostly below the CCD located at approx. 4500 m water depth (e.g., Berger,
1970; Lyle, 2003) and the surface sediments show carbonate concentrations < 1 wt% (Sharma,
2017). The particulate organic carbon (POC) flux is low and varies from 1 mg Corg m-2 d-1 in
the northern part of the study area and 1.5 mg Corg m-2 d-1 in the central to western part to
2 mg Corgm-2 d-1 in the south-eastern part (Lutz et al., 2007; Vanreusel et al., 2016; Volz et
al., 2018). Total organic carbon (TOC) contents in the surface sediments range from 0.2–
0.45 wt% and under approx. 1 m depth, the TOC contents are below 0.2 wt%
(Volz et al., 2018). Sedimentation rates are between 0.2 and 1.15 cm kyr-1 for the uppermost
50 cm of the sediment (Mewes et al., 2014; Mogollón et al., 2016; Volz et al., 2018).
Based on extrapolation of the sedimentation rate in the surface sediment (Volz et al., 2018), the
cores represent approx. 2.5–3 million years of depositional history. For core 194GC, we assume
relatively constant sedimentation rates of 0.2 cm kyr-1 (Volz et al., 2018) and no hiatus is
visible. Therefore, the age at the core bottom at ca. 580 cm could be around 2.9 Ma. The high
sedimentation rate of 1.15 cm kyr-1 for core 87GC might be due to sediment focusing or the
delivery of material from nearby seamounts (Volz et al., 2018). An extrapolation of the
sedimentation rate for the entire core length is therefore not appropriate. Beryllium isotope
dating for cores from the nearby BGR contractor area show that sedimentation rates were about
0.3 cm kyr-1 until 2 Ma and significantly lower before (0.04 cm kyr-1) (Mewes et al., 2014). The
core bottom age could be between 2.6 and 3.6 Ma. Since core 165GC shows a hiatus at 790 cm,
dating is even more complicated. Based on the sedimentation rate determined for surface
sediments (0.64 cm kyr-1, Volz et al., 2018) the sediment at 790 cm depth could be 1.2 Ma.
Below the hiatus, lower TOC and higher Mn contents suggest the deposition of different
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material, that was associated with the closure of the Panama Isthmus 2.5 Ma for sediment with
a similar composition below a hiatus at 420 cm in the BGR contractor area (Mewes et al., 2014).
2.2

Sampling
The sediment samples were taken during RV SONNE cruise SO239 in 2015 in the CCZ

as part of the BMBF-EU Joint Programming Initiative Healthy and Productive Seas and Oceans
(JPI

Oceans)

pilot

action

“Ecological

Aspects

of

Deep-Sea

Mining

(EcoMining/MiningImpact)” (Fig. 2; Martinez Arbizu and Haeckel, 2015). A gravity corer
(GC) was used for the retrieval of sediment cores of up to 10 m length. A total of six GCs were
selected for REY analyses of which three cores with extensive carbonate or metalliferous
(Fe, Mn) layers were excluded for this study. The sediment cores 87GC and 165GC were
retrieved in two European contract areas for the exploration of manganese nodules, namely the
area of the eastern European consortium IOM (InterOceanMetal) and the French IFREMER
area (Institut Français de Recherche pour l'Exploitation de la Mer), respectively (Table 1).
Furthermore, core 194GC originates from the third of the nine Areas of Particular
Environmental Interest (APEIs) located around the contractor areas, which is excluded from
any mining activities (Table 1). The solid phase was sampled in 20–100 cm intervals for REY
analyses, taking approx. 2 cm layers for one subsample. An upward diffusion of oxygen from
the basaltic crust as explained in the introduction is expected to occur at sites 87GC and 165GC,
indicated by decreasing dissolved Mn2+ concentrations in the pore water in both cores at depth,
suggesting oxidation of Mn2+ at ~ 20 m and 7 m, respectively (Volz et al., 2018).

Figure 2: Core sampling locations of 87GC and 165GC in the CCZ and of 194GC north of the
Clarion Fracture Zone. The map was created using GeoMapApp.
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Pore-water samples were obtained by filling sediment into acid pre-cleaned 50 mL centrifuge
vials and centrifuging at 2800 rpm for 40 min. Afterwards, the supernatant was filtered through
0.1 M suprapure hydrochloric acid (HCl) and deionized water pre-cleaned 0.2 µm cellulose
acetate syringe filters. The filter size was chosen because it is a common physical size limit for
the dissolved fraction. Samples were immediately acidified with 1 µL suprapure HCl (30%) per
1 mL sample.
Table 1: Overview of GC sampling sites.
Sample ID

Location

87GC
165GC
194GC

11° 04.54’ N 119° 39.83’ W
14° 02.63’ N 130° 08.39’ W
18° 47.54’ N 128° 22.33’ W

Core length
(cm)
942
927
576

Contractor
area
IOM
IFREMER
APEI 3

Water
depth (m)
4436
4922.7
4815.5

In addition to REY analyses of bulk acid digestions described in Section 2.3, REY were
analyzed in six sequential extraction solutions corresponding to an upper and lower part in each
core and scanning electron microscope (SEM) analyses are presented for two samples of core
165GC. Pore-water REY data could only reliably be reported for three samples of the lower
part of 194GC.
2.3

Analytical methods
Total acid digestions were performed at the Alfred Wegener Institute Helmholtz Centre

for Polar and Marine Research (AWI), Marine Geochemistry laboratory in Bremerhaven,
Germany. 50 mg of freeze-dried and homogenized sediments were digested in the MARS
Xpress (CEM) microwave system at 230 °C after the procedure by Nöthen and Kasten (2011)
and Volz et al. (2018). A mixture of 3 mL sub-boiling distilled 65% nitric acid (HNO3), 2 mL
sub-boiling distilled 30% HCl, and 0.5 mL suprapur® 40% hydrofluoric acid (HF) was used
for the treatment. The digested solutions were evaporated and the solid residue subsequently
re-dissolved in 5 mL 1 M HNO3 at 200 °C. After full digestion, the residue was filled up to
50 mL with 1 M HNO3.
Major element concentrations (Al, Ca, Fe, K, Mn, Na, P, S, Ti) were determined at AWI,
Bremerhaven, using an IRIS Intrepid ICP-OES, Thermo Elemental. The NIST-2702 was used
as certified reference material (CRM). Analytical accuracy was within 7% for all elements
(n=12) and the relative standard deviation (RSD) within 3% except for Na (9%) (for details see
Table EA1). For the REY and Ba, ICP-MS measurements were carried out at Jacobs University
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Bremen (JUB), using a Perkin Elmer Nexion 350x, for pore-water analyses coupled to an Apex
Q (ESI) for improved background and sensitivity. A multi-element standard containing 2 ppb
of all measured elements was used for external calibration and the linearity was checked with
a 4 ppb multi-element standard. A mixture of the elements Ru, Re, and Bi was used as an
internal standard to correct for sample matrix effects and machine drift. Blanks were four to
five orders of magnitude below REY sediment concentrations for LREY and two to three orders
of magnitude lower for HREY. Due to low REY concentrations in some pore waters relative to
blank concentrations (e.g., in several samples from shallow depths), it was not possible to
determine REY data for all porewater samples. Interferences from Ba and some LREE oxides
and hydroxides were corrected for by experimentally determined oxide and hydroxide yields of
molecular ions. NIST-2702 from the AWI digestions (n=10) and BHVO-2 from a different acid
digestion performed at JUB (n=1) were used to check machine performance. Accuracy was
within 4% for both CRMs except for Y (6%) in BHVO-2 and Sm (6%) and Nd (9%) in
NIST-2702. The RSD was within 7% for NIST-2707 and 5% for BHVO-2 (see Supplementary
Tables EA2 and EA3 for details; for more information see, for example, Bau et al. (2018)). To
the best of our knowledge no CRM REY data exist for pore waters. Results for bulk sediments
were corrected for the porewater salt matrix according to Kuhn (2013) and Volz et al. (2018)
to adjust for impairment of pore-water constituents on the sediment composition. These
correction factors range between 3 and 13% but the correction does not affect the REYSN
patterns.
2.4

Reporting
The CeSN anomaly was calculated after Bau and Dulski (1996):

∗

. ∗

(1)

. ∗

REY concentrations in mg/kg were used for anomaly calculations of dry bulk sediment,
leachates, and pore water. For convenience, we refer to a negative CeSN anomaly if CeSN/CeSN*
is < 0.9, to no anomaly if it is between 0.9 and 1.1, and to a positive anomaly if it is > 1.1.
2.5

Sequential extraction
In order to differentiate between sedimentary Mn and Fe (oxyhydr)oxides as well as

different solid-phase Fe binding forms, an extraction protocol was developed combining the
methods presented by Koschinsky and Halbach (1995), Koschinsky et al. (2001), and Poulton
and Canfield (2005) (Table 2; Köster, 2017). The sequential extractions were performed at
room temperature (ca. 22 °C) at AWI, Bremerhaven. Fresh sediment portions equivalent to
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100 mg dry sediment were treated with 10 mL of the respective extraction reagent for specific
reaction times (Table 2). After centrifugation (4000 rpm, 5 min), the supernatant leaching
solution was filtered through a 0.2 µm polyethersulfone membrane for analysis while the
residue was subsequently treated with the next extraction reagent (Table 2). Solution carry-over
was minimized as much as possible during filtration but to avoid loss of sediment it could not
be prevented in all samples. The sediment was not washed with deionized water between
leaching steps. Comparison of bulk sediment data with the results of the combined leaching
steps resulted in up to 25% higher concentrations of major elements and REY for the added
sequential extraction steps, which might be due to error propagation of sequential extraction
measurements or due to contamination. Results above 100%, however, only occured for one
sample (87GC-827 cm). Iron, Mn, and P were measured at AWI, Bremerhaven and REY at
JUB as described in the analytical methods section above.
Table 2: Leaching scheme for the sequential extraction of Mn and Fe (oxyhydr)oxides (adapted
from Köster, 2017).
Step

Associated mineral phase

II
III

Pore-water and sorbed Fe, Mn
Carbonate-associated Fe, Mn
Easily reducible Mn oxides
Easily reducible Fe oxides

IV

Reducible Fe oxides

V

Magnetite

I

Extraction reagent

Extraction
time [h]

pH

Method
after

1 M Na-acetate

24

4.5

1

0.1 M hydroxylamine-HCl
1 M hydroxylamine-HCl
Na-dithionite (50 g/L)/0.2M
Na-citrate solution
0.2 M NH4-oxalate/0.17 M
oxalic acid

2
48

2

2,3
1

2

4.8

1

6

1

1: Poulton and Canfield, 2005
2: Koschinsky and Halbach, 1995
3: Koschinsky et al., 2001

2.6

Scanning electron microscopy
Untreated, fresh, carbon-coated sediment samples were analyzed by scanning electron

microscopy (SEM) combined with a QUANTAX energy-dispersive X-ray spectrometer (EDS,
Bruker) at AWI, Bremerhaven. The spectral imaging tool ESPRIT HyperMap was used to
create quantitative element maps (scan time: 25 min) including Ba, Ca, Fe, Mn, P, S, Sr, As,
Cr, Ni, Zn, Mo.
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3.

Results

3.1

Bulk solid-phase major elements
The major elements show a mostly conservative profile in the upper meters of all

sediment cores (Fig. 3). The detrital elements such as Al, K, and Ti decrease at depth, while Fe,
Mn, Ba, S, Ca, and P, concentrations increase: in 87GC below ca. 730 cm depth, in 165GC
below ca. 790 cm depth and in 194GC below ca. 500 cm depth (Fig. 3). At these depths, the
sediments also display a color change from tan to dark brown (Fig. 3). The northernmost core,
194GC, shows overall higher concentrations of Al, K, Fe, and Ti but lower Ba and S
concentrations than the cores 87GC and 165GC. Except for Ce, REY concentrations also
increase with depth (Fig. 3).
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Figure 3: Top: Depth profiles of selected major elements and three representative REY
(Ce, Nd, Yb). Yb concentrations were multiplied by 10 to fit the scale of the figure. Core
pictures depict that the sediment gets darker with depth in all cores and has thin dark layers
throughout. Oxygen data from Volz et al. (2018). Bottom: Depth profiles of REY parameters
HREE/LREE, MREE/MREE*, Ce/Ce*, and Y/Ho for bulk sediment, the sequential extraction
solutions (Na-dithionite only for HREE/LREE and MREE/MREE* for 194GC-561 cm), and
pore water (Y/Ho only for 194GC-511 cm).
HREE/LREE=(Ho+Er+Tm+Yb+Lu)/(La+Ce+Pr+Nd).
MREE/MREE*=(Sm+Eu+Gd+Tb+Dy)/((La+Ce+Pr+Nd+Ho+Er+Tm+Yb+Lu)*2).
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3.2

REY concentrations and shale-normalized patterns of bulk solid phase
Total REY concentrations (∑REY) in the CCZ vary between ca. 270 ppm and 850 ppm.

REY concentrations increase two- to threefold at depth in all cores: in 87GC at 700 cm, in
165GC at 790 cm and in 194GC at 460 cm. The depth of this REY concentration increase
appears to coincide with the sediment color change to dark brown at the lower core end.
The REYSN patterns (Fig. 4) show an enrichment of MREY and HREY over the LREY and a
slight MREY enrichment: LaSN/GdSN ratios range between 0.35 and 0.60 and GdSN/YbSN ratios
between 1.19 and 1.47. There is a trend of increasing Gd/Yb ratio and decreasing La/Gd ratio
with depth, i.e. the enrichment of MREY over LREY and HREY increases. Most layers show
a negative CeSN anomaly with CeSN/CeSN* ratio from 0.27 to 0.89 and significant variation
between cores and with depth. The negative CeSN anomaly develops (165GC and 194GC) or
becomes increasingly negative with depth (87GC) (Fig. 5). It also increases in size with
increasing P concentration (Fig. 5). Pore-water REYSN patterns show slight MREY enrichment
and a negative CeSN anomaly, similar to the sediments (Fig. 6).
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Figure 4: REYSN patterns of selected sediment layers of the three cores investigated in this study
(PAAS from Taylor and McLennan, 1985, except for Dy from McLennan, 1989). All cores and
layers show a slight enrichment of MREY and HREY and most layers display a negative CeSN
anomaly.
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Figure 5: Increase of negative CeSN anomaly with depth and with increasing P concentration.
See equation (1) in chapter 2.4 for the calculation of the CeSN anomaly.

Figure 6: Left: REYSN patterns of pore waters from 194GC (PAAS from Taylor and McLennan,
1985, except Dy from McLennan, 1989). All patterns show an enrichment of the MREY and a
pronounced negative CeSN anomaly. Right: Bulk sediment and Ca phosphate phase normalized
to pore water.
3.3

Sequential extraction
Selected samples were leached according to the extraction protocol by Köster (2017;

Table 2). All REY except Ce are predominantly leached in the first step with Na-acetate (Fig. 7,
Supplementary data 3). Cerium is partially leached in the Na-acetate (1–31% compared to bulk
sediment), and 0.1 M hydroxylamine-HCl (4–22% compared to bulk sediment) steps but mostly
in the 1 M hydroxylamine step (35–59% compared to bulk sediment). Small portions of REY
are leached in the Na-dithionite and NH4-oxalate steps. Similar to the REY except Ce, P is
predominantly dissolved in the Na-acetate step, while Mn is mostly leached in the
0.1 M hydroxylamine-HCl step and Fe in the Na-dithionite step (Fig. 7; for details see
Supplementary data 3).
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Figure 7: REYSN patterns of sequential leaching solutions of selected sediment layers from the
three cores (PAAS from Taylor and McLennan, 1985, except Dy from McLennan, 1989). From
each core one sample from an upper and lower part of the core was selected. Some data points
are missing for the Na-dithionite and NH4-oxalate patterns due to concentrations below the
LOQ.
The Na-acetate REYSN patterns show a marked negative CeSN anomaly (0.01–0.13) in all layers
and a slight MREY enrichment (Fig. 7). The 0.1 M hydroxylamine-HCl REYSN patterns display
positive CeSN anomalies (1.1–2.8) in the upper parts of the cores and slightly negative CeSN
anomalies in the lower parts of cores 87GC and 194GC (0.56 and 0.86) or a slightly positive
CeSN anomaly (1.13) in core 165GC. For the 1 M hydroxylamine-HCl REYSN pattern, we can
discern pronounced positive CeSN anomalies (2.33–5.83) – except for 194GC-561 cm (1.03) –
and sub-chondritic Y/Ho ratios, i.e. negative YSN anomalies, in all layers (19.3–27.0; Fig. 7).
Positive CeSN anomalies are also found in the Na-dithionite extracts (Fig. 7). In the REYSN
patterns of the NH4-oxalate leach, only 165GC-812 cm has a positive CeSN anomaly (1.38), the
other layers show no anomaly.
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3.4

Scanning electron microscopy
Scanning electron microscopy (SEM) images show that P and Ca are associated and

occur in the same particles (Fig. 8). Particles are of ca. 20-100 µm size.

Figure 8: Scanning electron microscopy (SEM) images of particles rich in phosphorus and
calcium; examples from layers 165GC-792 cm (left and middle) and 165GC-812 cm (right).
4.

Discussion

4.1

Control on REY composition of bulk sediment
All cores show a positive correlation of P and Ca (Fig. 9), suggesting the presence of

calcium phosphates (“apatite”: Ca5[(F, Cl, OH)|(PO4)3]) in the sediment. Overall concentrations
of “apatite”, however, are low. Phosphorous and Nd, the latter representing the REY, correlate
positively in all cores (Fig. 9); correlations of REY with P are better than with Ca, because Ca
is also associated with other minerals, e.g., Ca carbonates. Exceptions can be seen for cores
165GC (792–912 cm) and 194GC (521–561 cm) where P concentrations are higher while REY
concentrations remain in the same range as in the other samples (Fig. 9). Even if the outliers
are included in the linear regression, the correlation of REY with P within each core is still
positive and better than for REY with other elements (Table 3), suggesting that Ca phosphates
may also be the dominating REY-controlling phase at depth in these cores.
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Figure 9: Left: P vs. Ca plot. Right: P vs. Nd plot. Nd represents the REY. Linear regression
lines for the cores in both graphs and Pearson R correlation coefficients in the legend. All cores
show positive correlations of P and Ca and P and Nd. The deepest layers in 165GC (792–
912 cm) and 194GC (521–561 cm) deviate from the linear regression due to a lower Nd/P ratio
(for further discussion see text).
As all cores show either no or even negative correlations between the REY and the detritus
indicators Al, K, and Ti (Table 3), detrital minerals are unlikely to host a significant fraction of
the total REY budget of the sediments. There are positive correlations of the REY with Fe and
Mn (Table 3) but if the REY were controlled by hydrogenous Fe or Mn (oxyhydr)oxides, they
should show positive CeSN (Toyoda et al., 1990) and negative YSN anomalies (Bau and
Koschinsky, 2009), which our REYSN patterns do not (compare Figs. 1 and 4). Additionally, an
impact of the redox zonation on the REYSN patterns could be expected if the REY were bound
to Mn oxides, because Mn oxides dissolve in the suboxic layer. Yet, there is no change in
REYSN patterns between oxic and suboxic sections of the sediments (see Figs. 3 and 4) and the
REYSN patterns are similar in the three cores regardless of the redox zonation. For core 165GC,
there is a strong positive correlation of Nd with Ba and S (Table 3), which could be an indicator
that barite (BaSO4) is a REY-controlling phase. Due to size constraints, however, the REY fit
better into the crystal structure of Ca phosphate than Ba sulfate (Guichard et al., 1979). The
same holds true for other biogenic minerals, such as calcite and opal (Piper, 1974a; Elderfield
et al., 1981; Grandjean and Albarède, 1989, and references therein).
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Table 3: Pearson R correlation coefficients of Nd, representing the REY, with various major
elements of the bulk sediment digestions. Data correlated for the completely analyzed core
sections.
Core

Ca

P

Al

Ti

K

Fe

Mn

Ba

S

87GC
165GC
194GC

0.97
0.99
0.91

0.98
0.98
0.97

-0.46
-0.91
-0.87

-0.35
-0.97
-0.93

-0.71
-0.85
-0.88

0.16
0.92
0.78

0.73
0.07
0.89

0.18
0.97
-0.34

-0.18
0.97
0.86

Besides the positive correlation of REY and P, the Nd/P ratio (Fig. 10) remains similar with
depth, further supporting the association of REY with phosphates. Exceptions are the deep
layers in cores 165GC and 194GC (Fig. 10), which also deviated from the linear regression line
(Fig. 9). Phosphorus and Ca concentrations are extremely high at the bottom of those two cores,
potentially due to increased deposition of apatite material because of increased surface water
productivity (Toyoda et al., 1990). The REY, however, did not become enriched to the same
degree as P and Ca and are present in similar concentrations as in core 87GC at the bottom.
This suggests that REY uptake into the apatite was limited by REY availability in the pore
water.

Figure 10: Nd/P ratio of bulk sediment at different depths for cores 87GC, 165GC and 194GC.
Nd represents the REY. Similar values with depth suggest that the ratio of REY to P stays the
same except in the deep layers (165GC 792–912 cm and 194GC 521–561 cm) where lower
Nd/P values suggest that P is more enriched than the REY. The relative uncertainty of Nd/P
based on NIST-2702 digestions (n = 12 for P and n = 10 for Nd) and measurements is 6.27%.
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The SEM results validated the association of Ca and P (Fig. 8), and together with the REY-P
correlations (Fig. 9) as well as the constant Nd/P ratio with depth (Fig. 10), suggest that Ca
phosphates are the overall dominating REY host phase in these sediments over ca. 1000 km and
irrespective of redox conditions, corroborating the conclusions of other studies (e.g., Elderfield
et al., 1981; Toyoda et al., 1990; Toyoda and Tokonami, 1990; Toyoda and Masuda, 1991;
Ziegler et al., 2007; Kon et al., 2014).
4.2

Sequential extraction: REY in phosphate phases
Sequential extraction protocols specifically designed for phosphorous leaching

(Ruttenberg, 1992; Filippelli and Delaney, 1996; Schenau and De Lange, 2000) show
comparable steps to the sequential extraction used in this study. The 1 M Na-acetate solution
(step 1 in Table 2) has been frequently used to extract biogenic and authigenic phosphate (step 3
in Ruttenberg, 1992; Filippelli and Delaney, 1996; Schenau and De Lange, 2000). Fish debris
(apatite present as Ca5OH(PO4)3) can be converted to authigenic carbonate fluorapatite (CFA;
Ca5F(PO4)3) during diagenesis through substitution of fluoride for hydroxyl ions, which makes
the apatite more stable and difficult to dissolve (Schenau and De Lange, 2000, and references
therein). Reducible Fe-oxides such as goethite and hematite were leached in the Na-dithionite
extraction (Poulton and Canfield, 2005), step 4 in this study. Sodium-dithionite was also used
to extract Fe-bound P by Ruttenberg (1992), Filippelli and Delaney (1996), and Schenau and
De Lange (2000) as step 2 of their sequential extraction protocols. Hydrogenous Mn and Fe
oxides except for goethite were leached using 0.1 M hydroxylamine-HCl in acetic acid by
Toyoda and Masuda (1991) for REE leaching, which is comparable to steps 2 and 3 of the
leaching protocol by Köster (2017; Table 2).
Approximately 40–100% of REY except Ce and ca. 80–100% of P occur in the Na-acetate
extraction fraction compared to the bulk sediment. Exceptions are 194GC-157 cm and -561 cm
with 59% and 54% P, respectively, and 87GC-827 cm, with basically all P and REY in the
Na-acetate fraction. Differences in Na-acetate extraction can be seen for the different REY
groups: LREY ca. 40–100%, MREY ca. 70–100%, and HREY ca. 60–100%. In the remaining
steps, ca. 2–20% are leached in the 0.1 M and 1 M hydroxylamine-HCl steps each, and ca. 0–
1% in each the Na-dithionite and NH4-oxalate steps. For further details see
Supplementary data 3. This suggests that P is predominantly present in the phosphate phase and
that the REY are associated with this P phase. Only Ce is associated with oxidic Mn and Fe
phases (0.1 and 1 M hydroxylamine-HCl extract, 4–22% and 35–59% Ce, respectively). The
REY in the phosphate fraction (Fig. 7 Na-acetate) control the overall REYSN patterns in our
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samples (Fig. 4), revealing that both the pronounced negative CeSN anomaly and the MREY
enrichment can be attributed to this phase.
4.3

Alteration of biogenic Ca phosphates during early diagenesis
The impact of diagenetic processes on REY patterns in apatite has been extensively

discussed for fossil apatite and the applicability of its REY patterns for paleoceanographic
reconstructions (Grandjean and Albarède, 1989; Reynard et al., 1999; Bright et al., 2009; Chen
et al., 2015; Trotter et al., 2016). Various researchers (Wright et al., 1984; Grandjean and
Albarède, 1989; Reynard et al., 1999) proposed that the seawater REY pattern could be
recorded in biogenic apatite without fractionation, which would lead to a preservation of the
seawater pattern (in modern seawater: negative CeSN anomaly, HREY enrichment). This is,
however, not what we see in the samples in this study. The REYSN patterns presented here are
rather similar to altered fish debris (compare Figs. 1 and 4), a main component of which is
biogenic Ca phosphate (Elderfield et al., 1981; Toyoda et al., 1990; Kon et al., 2014). Unaltered
Ca phosphates, i.e. fish teeth and marine phosphorites (Fig. 1), show a seawater-derived pattern.
Once they get altered after deposition, (i) the positive YSN anomaly disappears, (ii) the REY
concentrations increase, and (iii) the MREY enrichment develops.
The missing positive YSN anomaly clearly shows that the Ca phosphates did not get their REYSN
pattern from seawater, which typically has super-chondritic Y/Ho weight-ratios (e.g., Y/Ho
ca. 47–77, Bau and Dulski, 1994; 54–56, Alibo and Nozaki, 1999) in contrast to slightly
sub-chondritic to chondritic Y/Ho ratios of 24.7–28.7 from the Ca phosphates in this study.
Apatite in living organisms has REY concentrations that are too low to explain the enrichment
in sedimentary Ca phosphate. Moreover, the deviation from the seawater REYSN pattern points
to a post-mortem modification during diagenesis (Wright et al., 1984; Elderfield and Pagett,
1986; Reynard et al., 1999; Bright et al., 2009; Auer et al., 2017). In addition, Toyoda and
Tokonami (1990) showed that REE accumulation in apatite is too slow to reach the high
concentrations found in sedimentary apatite before burial and that the REY must have been
scavenged from ambient pore waters. Pore-water REY concentrations are one to two orders of
magnitude higher than seawater concentrations (Alibo and Nozaki, 1999; Soyol-Erdene and
Huh, 2013), contributing to the observed enrichment of REY in diagenetic Ca phosphates.
Therefore, transport to the seafloor by settling particles carrying REY, such as organic particles
or Mn- and Fe-(oxyhydr)oxides, and release to the pore water during organic matter degradation
or desorption from Mn and Fe (oxyhydr)oxides under oxic conditions is more likely (Elderfield
et al., 1981; Kashiwabara et al., 2018). At the seafloor, REY get incorporated into Ca
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phosphates (Elderfield et al., 1981; Grandjean and Albarède, 1989; Haley et al., 2004; Chen et
al., 2015) through Ca2+ ↔ REY3+ ion exchange (Elderfield et al., 1981; Auer et al., 2017). The
fact that Na concentrations in the bulk sediment increase at the same depth as REY
concentrations (Fig. 3) corroborates the suggestion that coupled substitution of Ca2+ by REY3+
and Na+ is the uptake mechanism of REY into apatite. As there is only minor fractionation of
the REY during their incorporation into Ca minerals, such as Ca carbonates and phosphates by
coupled substitution (Webb and Kamber, 2000; Nothdurft et al., 2004), this suggests that
ambient pore water is the source of REY in the Ca phosphates. The matching pore-water REYSN
patterns for core 194GC and the bulk sediments (compare Figs. 4 and 6) as well as the smooth
line when normalizing the Ca phosphate phase from the Na-acetate leaching step to pore water
(Fig. 6), confirms that the trivalent REY are incorporated without major fractionation. The
MREY enrichment of the Ca phosphates is therefore also taken over from the pore water. The
Ca phosphate signature, hence, develops at the sediment-water interface during aerobic early
diagenesis. Because of the low sedimentation rate in pelagic sediments, the settled particles stay
at the seafloor surface for centuries to millennia and undergo degradation and dissolution during
early diagenesis (Elderfield et al., 1981; Reynard et al., 1999). The MREY enriched pattern is
already developed at shallow depth (194GC-5 cm), which shows that the shift away from the
seawater pattern happens at the sediment-water interface and the pattern intensifies with depth
because of slightly better fitting ionic radii of the MREY than the LREY and HREY into the
Ca phosphate crystal structure when substituting REY for Ca (Wright, 1990). The increase of
the MREY enrichment with depth is a sign of further diagenetic overprint. The MREY
enrichment in recent sediments is much less pronounced than in fossil apatites (e.g., Grandjean
and Albarède, 1989; compare Figs. 1 and 4). All three observed shifts away from the seawater
REYSN pattern, i.e. sub-chondritic Y/Ho, high ∑REY concentrations, and MREY enrichment,
prove that Ca phosphates are not a suitable archive for paleoceanographic reconstructions for
e.g., seawater chemistry. Our results corroborate previous findings that fossil apatite REY
patterns resemble modern pore-water patterns (Trotter et al., 2016).
4.4

Pore-water REY pool
As we described in Section 4.3 that the MREY enrichment in the bulk sediment and Ca

phosphate phase is pore water derived, it remains to discern how the MREY enrichment in the
pore water develops as well as what the REY source to the pore water is. A variety of
solid-phase fractions could be potential sources of REY to the pore water: Ca carbonates and
phosphates, POC, Mn and Fe (oxyhydr)oxides. REY in the pore water cannot originate from
Ca carbonate or Ca phosphate phases because those show a primary seawater REYSN pattern
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(HREY enrichment) (Webb and Kamber, 2000; Nothdurft et al., 2004; Bau and Alexander,
2006) when they get deposited and would release that seawater pattern to the pore water, which
we do not see for the 194GC pore-water REYSN patterns (Fig. 6). The MREY enriched
pore-water pattern could result from the release of REY from decaying POC at the
sediment-water interface that are subsequently stabilized by dissolved organic carbon (DOC)
and lead to a MREY enriched pattern in the dissolved pore-water pool (Tang and
Johannesson, 2010; Soyol-Erdene and Huh, 2013). There is, however, too little TOC
(< 0.2-0.45 wt% Volz et al., 2018) to explain the extent of REY increase. In addition, the
highest REY concentrations in the pore water and the bulk solid phase should then be visible
in the upper 1 m of the cores where highest TOC concentrations prevail. The aging of Mn and
Fe (oxyhydr)oxides may release REY to the pore water, also under oxic conditions
(Kashiwabara et al., 2018). Fe-Mn crusts, for example, show a decrease in REY concentrations
from the outside to the inside (Bau et al., 1996), i.e. with increasing age the concentration
decreases, pointing to a release of REY from the solid phase. This might be due to progressive
crystallization of the amorphous precipitates and exclusion of REY from the crystal lattices,
similar to dehydration (e.g., Koschinsky and Halbach, 1995). These REY are then redistributed
to phosphate phases via pore water. The REY source also has to have insoluble Ce(IV)
compounds, because Ce is not released to the Ce-depleted pore water (Fig. 6). This is typical
for Mn and Fe (oxyhydr)oxides, at the surface of which Ce3+ can be oxidized to Ce4+ (Takahashi
et al., 2007; Bau and Koschinsky, 2009; Kashiwabara et al., 2018). The Mn and Fe phases of
the sequential extraction (0.1 and 1 M hydroxylamine-HCl) also show slight MREY
enrichment (Fig. 7), suggesting Mn and Fe phases as the REY source to the pore water. The
released REY can then reach other layers by diffusion (e.g., Elderfield and Sholkovitz, 1987)
so that the REY redistribution should not only be restricted to the layer where the REY originate
from. A REY source might be located at even greater depth from which the REY diffuse
upwards.
4.5

Increase of negative CeSN anomaly with depth
Our CeSN anomaly values fit well with data from other studies conducted in the Pacific

(0.48–0.79: Toyoda and Masuda, 1991). Besides the development of the MREY enrichment
and the concentration increase at depth, a decrease of CeSN/CeSN* values with depth is observed
(Fig. 5).
One aspect that impacts the distribution of CeSN anomalies is bioproductivity: Negative CeSN
anomalies are found in sediments with higher surface water productivity but not in sediments
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underlying less productive surface waters (Toyoda et al., 1990). A fish debris sample from a
low bioproductivity area even showed a positive CeSN anomaly (Toyoda and Masuda, 1991).
The primary productivity in the equatorial Pacific Ocean decreases from east to west and
coincides with the occurrence of negative CeSN anomalies in the upper 100 cm of sediment
(Toyoda et al., 1990). Following this pattern, low latitudes in the Pacific Ocean display negative
CeSN anomalies and high latitudes show positive CeSN anomalies, and a shift of negative CeSN
anomalies to no CeSN anomalies from east to west in surface sediments can be observed (Toyoda
et al., 1990). In the eastern core 87GC from this study, CeSN anomalies in the surface sediments
are around 0.8. Farther west and north, away from the equator, cores 165GC and 194GC show
no CeSN anomalies in surface sediments (Fig. 11). At depth, however, both cores (165GC and
194GC) have negative CeSN anomalies (0.27 and 0.43) similar to core 87GC from the eastern
CCZ.
Decreasing Ce/Ce* values with depth have been found in a 70 m long ODP core from the
Central Pacific (26°N, 147.5°W), where they were largely explained by different mineralogy
(red clay vs nannofossil ooze) (Ziegler and Murray, 2007). In this study, however, we see a
smooth decrease of CeSN/CeSN* values in the upper meters of the cores, but this decrease
intensifies with depth (Fig. 11). Layers with similar CeSN/CeSN* values can be seen in the three
cores, but they occur at different depths. In core 165GC, the layer with CeSN/CeSN* values of
0.7–0.36 (Fig. 11) is missing which might be due to a hiatus located at 790 cm, which is
common in the Late Miocene and Paleo-Pleistocene sections in the CCZ (Johnson, 1972; von
Stackelberg and Beiersdorf, 1991; International Seabed Authority, 2010). The transition from
lighter to darker sediment at this depth is distinct. There must have been a drastic change in
sedimentation rate, non-deposition, or erosion of previously deposited material that lead to the
abrupt change visible in the sediment record (Craig, 1979; von Stackelberg and Beiersdorf,
1991; Mewes et al., 2014; Volz et al., 2018). Deposition similar to the other areas studied here
must have commenced again afterwards as the major element and REY profiles are in the same
range as in cores 87GC and 194GC. The change is visible for other parameters as well: change
in sediment color, jump in Ca vs P concentration as well as concentration increases for the other
major elements, as well as a change in the MREY pattern (small GdSN anomaly appears) while
it stays the same for all layers in the upper part of core 165GC. The transition at the bottom of
core 194GC is much smoother and there is no hiatus in this core. The age at the bottom of the
core might still be similar to that at the bottom of core 165GC below the hiatus, but in core
194GC it is due to the low sedimentation rate (0.2 cm kyr-1 compared to 0.64 cm kyr-1 in core
165GC, Volz et al., 2018).
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Figure 11: Ce/Ce* values for each layer. Ce/Ce* was calculated according to equation (1) in
the text. Yellow star symbols denote no CeSN anomaly. Values decrease with depth in all three
cores, starting with different Ce/Ce* values at the top of the sediment cores.
In contrast to all other REY which are sequentially extracted with phosphate in the Na-acetate
leaching step, Ce is mostly leached with Mn and Fe phases. Other studies also found REY
(except for Ce) in the easily leachable fraction (0.5 mol/L HCl or 0.2 mol/L H2SO4) of Pacific
sediments (e.g., Kato et al., 2011) and studies of Fe-Mn crusts proved that the trivalent REY
are associated with phosphate and/or Fe phases while Ce is linked to Mn phases
(De Carlo, 1991) or as found here, with both, the Mn and Fe (oxyhydr)oxide phase (Bau and
Koschinsky, 2009). This association of Ce with a different phase than the other REY also
indicates that the CeSN anomaly is also sensitive to concentration variations of the trivalent REY
and not only to changes in Ce concentration (De Carlo, 1991). In our samples, the Ce
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concentration shows only little change, but the trivalent REY concentrations increase
significantly and systematically with depth. The CeSN anomaly is, therefore, mostly a result of
increasing concentrations of trivalent REY, corroborating results of Elderfield et al. (1981) who
also found that there is no significant diagenetic remobilization of Ce compared to the other
REY.
An explanation for the increase of the CeSN anomaly with depth is that Ce3+ adsorbs to Mn and
Fe (oxyhydr)oxides (as we see from the sequential extractions; see also Bau and Koschinsky,
2009) and only then is oxidized at the surface of the metal (oxyhydr)oxides. These Ce4+
compounds, however, cannot be released to pore water in the oxic part of the sediment column
close to the surface, in contrast to the REY3+. The trivalent REY in the Ce-depleted pore water
are later incorporated into the Ca phosphate component, producing negative CeSN anomalies.
Chen et al. (2015) expected the CeSN anomaly to become smaller with depth as Mn oxides are
reduced in the suboxic zone and release Ce. This change, however, cannot be observed in our
sample set in which the solid-phase Ce concentration does not increase when conditions become
suboxic, i.e. where hydrogen sulfide and oxygen are absent and Mn (IV) and nitrate reduction
take place (450 cm 165GC (O2 < 10 µmol/L) and 300 cm 87GC (O2 < 20 µmol/L); and 300 cm
87GC; Volz et al., 2018). This could be explained by the fact that Ce may mostly be bound to
clusters of discrete Ce (IV) oxide phases of low solubility or Fe-oxyhydroxides (as indicated
by sequential extraction), which were shown to be preserved and not subject to reductive
dissolution in the suboxic zone of the CCZ sediments at depths down to ca. 10 m (Volz et
al., 2018; Heller et al., 2018).
5.

Conclusions
We suggest Ca phosphates as the host phase for REY in siliceous-ooze-rich silty clay

sediments in the abyssal Pacific Ocean. The phosphates become overprinted during early
diagenesis: a MREY enrichment over the LREY and HREY develops at the sediment-water
interface by uptake of REY from pore water, the positive YSN anomaly disappears, and a
negative CeSN anomaly becomes increasingly negative with depth or develops where no
negative CeSN anomaly is present at the sediment surface. The bulk sediment solid-phase Ce
concentrations remain relatively constant, while trivalent REY concentrations increase with
depth due to continuous incorporation of REY from the pore water by coupled substitution,
creating a larger negative CeSN anomaly. This is because Ce is mostly bound to Mn and Fe
(oxyhydr)oxides as Ce(IV) while the other trivalent REY are bound to Ca phosphates.
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The matching pore water, Na-acetate sequential extraction, and bulk solid-phase REYSN
patterns show that the apatite takes over the pore-water REYSN pattern with only minor
fractionation. Our findings are hence also relevant for paleoceanographic work because
biogenic apatites in fossil records are frequently used to reconstruct ancient seawater chemistry.
Our results, however – like those of some other studies (Elderfield and Pagett, 1986; Sholkovitz
et al., 1989; Toyoda and Tokonami, 1990; Reynard et al., 1999; Bright et al., 2009; Chen et
al., 2015) – advise caution when using REY patterns for paleoceanographic reconstructions
since the pattern seems to be strongly diagenetically influenced and determined by the
pore-water REY pool. Additionally, the negative CeSN anomaly often interpreted as a sign of
oxic seawater in paleoenvironmental reconstructions was produced during early diagenesis in
our samples and does not reflect the negative CeSN anomaly of modern seawater.
Even though we found similar REY patterns and apatite as the REY host phase over large
geographic distances of ca. 1000 km, it has to be considered that sediment composition in the
study area can be highly variable on different spatial scales. More research is necessary to
describe REY behavior during early diagenesis in CCZ sediments with different mineralogy,
e.g., extensive carbonate or metalliferous layers.
There is still little knowledge about REY cycling in pore waters and the exchange between pore
waters and different sediment fractions. Analyses of the Nd isotopic composition might hence
be beneficial to constrain REY sources to deep-sea pore waters.
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Abstract
Numerous studies have provided compelling evidence that the Pacific Ocean has experienced
substantial glacial/interglacial changes in bottom-water oxygenation associated with enhanced
carbon dioxide storage in the glacial deep ocean. Under postulated low glacial bottom-water
oxygen concentrations (O2bw), redox zonation, biogeochemical processes and element fluxes in
the sediments must have been distinctively different during the last glacial period (LGP)
compared to current well-oxygenated conditions.
In this study, we have investigated six sites situated in various European contract areas for the
exploration of polymetallic nodules within the Clarion-Clipperton Zone (CCZ) in the
NE Pacific and one site located in a protected Area of Particular Environmental Interest
(APEI3) north of the CCZ. We found bulk sediment Mn maxima of up to 1 wt% in the upper
oxic 10 cm of the sediments at all sites except for the APEI3 site. The application of a combined
leaching protocol for the extraction of sedimentary Mn and Fe minerals revealed that
mobilizable Mn(IV) represents the dominant Mn (oxyhydr)oxide phase with more than 70% of
bulk solid-phase Mn. Steady state transport-reaction modelling showed that at postulated
glacial O2bw of 35 µM, the oxic zone in the sediments was much more compressed than today
where upward diffusing pore-water Mn2+ was oxidized and precipitated as authigenic Mn(IV)
at the oxic-suboxic redox boundary in the upper 5 cm of the sediments. Transient transportreaction modelling demonstrated that with increasing O2bw during the last glacial termination
to current levels of ~ 150 µM, (1) the oxic-suboxic redox boundary migrated deeper into the
sediments and (2) the authigenic Mn(IV) peak was continuously mixed into subsequently
deposited sediments by bioturbation causing the observed mobilizable Mn(IV) enrichment in
the surface sediments. Such a distinct mobilizable Mn(IV) maximum was not found in the
surface sediments of the APEI3 site, which indicates that the oxic zone was not as condensed
during the LGP at this site due to two- to threefold lower organic carbon burial rates. Leaching
data for sedimentary Fe minerals suggest that Fe(III) has not been diagenetically redistributed
during the LGP at any of the investigated sites. Our results demonstrate that the basin-wide
deoxygenation in the NE Pacific during the LGP was associated with (1) a much more
compressed oxic zone at sites with carbon burial fluxes higher than 1.5 mg Corg m-2 d-1, (2) the
authigenic formation of a sub-surface mobilizable Mn(IV) maximum in the upper 5 cm of the
sediments and (3) a possibly intensified suboxic-diagenetic growth of polymetallic nodules. As
our study provides evidence that authigenic Mn(IV) precipitated in the surface sediments under
postulated low glacial O2bw, it contributes to resolving a long-standing controversy concerning
the origin of widely observed Mn-rich layers in glacial/deglacial deep-sea sediments.
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1.

Introduction
Some of the most extensive deposits of polymetallic nodules have been found in the

Pacific Ocean, notably in the Clarion-Clipperton Zone (CCZ) in the NE Pacific (e.g., Halbach
et al., 1988). Polymetallic nodules are generally made up of irregular, concentrically banded
micro-layers of Mn and Fe (oxyhydr)oxides forming around a nucleus (e.g., Halbach et
al., 1988). They precipitate either (1) hydrogenetically with dissolved or colloidal metals from
seawater or (2) diagenetically by the supply of metals via the oxic-diagenetic (i.e. precipitation
under oxic conditions) or suboxic-diagenetic (i.e. precipitation from suboxic pore water) growth
pathways (e.g., Halbach et al., 1988). Hydrogenetic nodules are generally small (~ 1–5 cm) due
to slow growth rates of about 1 to 10 mm Myr-1, while diagenetic nodules are bigger (5 cm to
more than 10 cm) as they are growing at rates of several hundred millimeters per million years
(e.g., Halbach et al., 1988). Most nodules of the CCZ show alternating Mn growth layers of
hydrogenetic and diagenetic origin (e.g., Halbach et al., 1988; Wegorzewski and Kuhn, 2014;
Heller et al., 2018). As the sediments of the CCZ are currently characterized by a broad upper
oxic zone expanding over > 0.5 m, nodule growth is presently dominated by hydrogenetic and
oxic-diagenetic accretion (e.g., Halbach et al., 1988; Mewes et al., 2014; 2016; Wegorzewski
and Kuhn, 2014; Kuhn et al., 2017; Volz et al., 2018; Heller et al., 2018). The occurrence of
older suboxic-diagenetic Mn growth layers indicates that suboxic surface sediment redox
conditions may have occurred in the CCZ in the past (e.g., Wegorzewski and Kuhn, 2014;
Heller et al., 2018). Further studies have shown that the upper 10–15 cm of the sediments of
the eastern CCZ are characterized by solid-phase Mn enrichments (Mewes et al., 2014).
Core-top solid-phase Mn peaks as well as solid-phase Mn enrichments buried deeper in the
sediments have also been observed in early studies from the eastern equatorial Pacific (Lynn
and Bonatti, 1965; Berger et al., 1983; Piper, 1988), in the Atlantic Ocean (e.g., Froelich et
al., 1979; Gingele and Kasten, 1994; Mangini et al., 2001) and more recently in the Southern
Ocean (Presti et al., 2011; Jaccard et al., 2016; Wu et al., 2018). The formation of such
sedimentary Mn maxima is controlled by primary input and diagenetic redistribution associated
with the reductive dissolution of Mn (oxyhydr)oxides, during which released Mn2+ diffuses
upwards and re-precipitates as authigenic Mn(IV) during oxidation (e.g., Froelich et al., 1979;
Burdige and Gieskes, 1983; Gingele and Kasten, 1994). However, the current redox zonation
in the sediments of the eastern Pacific (Mewes et al., 2014; Volz et al., 2018) as well as in the
Southern Ocean (e.g., Presti et al., 2011) does not allow for the authigenic formation of the
observed MnO2 enrichments at shallow sediment depth. Sediment leaching experiments for the
extraction of the mobilizable Mn(IV) phase after Koschinsky et al. (2001) from Mn-rich CCZ
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surface sediments have revealed that the enrichment is dominated by mobilizable Mn(IV),
which is reductively dissolved under slightly reducing conditions (Koschinsky et al., 2001;
Mewes et al., 2014). Considering 10Be/9Be-based sedimentation rates of less than 0.6 cm kyr-1
(Mewes et al., 2014), this mobilizable Mn(IV) enrichment is associated with sediments
deposited up to 30 kyr before present (BP). This includes sediment deposits of the last glacial
maximum (LGM; ~ 21 kyr BP), which are currently located at ~ 10 cm depth. Thus, a more
compressed oxic zone than currently observed may have allowed for Mn2+ to diffuse upwards
and precipitate as an authigenic Mn(IV) phase close to the sediment surface during the last
glacial period (LGP; ~ 15–28 kyr BP) and may also have facilitated the suboxic-diagenetic
accretion of polymetallic nodules (e.g., Wegorzewski and Kuhn, 2014).
Several studies have suggested that the widely observed solid-phase Mn maxima in deep-sea
sediments throughout the global ocean are relics of the onset of ocean ventilation at
glacial/interglacial transitions since middle Pleistocene ages when the bottom water was
oxygenated (e.g., Mangini et al., 1990; 2001; Jaccard et al., 2009; 2016; Wu et al., 2018). More
precisely, the authors proposed that less oxygenated bottom water during glacial periods may
have facilitated pore-water Mn2+ diffusion from deeper sediments into surface sediments
(e.g., Jaccard et al., 2009; 2016; Wu et al., 2018), or even, into the suboxic bottom water
(e.g., Mangini et al., 1990). At the last glacial termination (LGT) and, presumably, at each
preceding glacial/interglacial transition, the onset of ocean ventilation oxygenated the bottom
water and might have caused the oxidation of Mn2+ and subsequent burial of authigenic Mn
(oxyhydr)oxides (e.g., Mangini et al., 1990; Wu et al., 2018). However, recent studies have
provided compelling evidence that while bottom-water oxygen concentrations (O2bw) during
the LGP were significantly lower throughout the eastern Pacific Ocean than today, they did not
reach suboxic levels (Bradtmiller et al., 2010; Jacobel et al., 2017; Hoogakker et al., 2018;
Anderson et al., 2019).
Other redox-sensitive elements such as U also indicate that the oxic-suboxic redox boundary
was located at shallow sediment depths during the LGP as authigenic U(IV) enrichments are
found in glacial deposits at various locations in the eastern Pacific (e.g., Bradtmiller et al., 2010;
Jacobel et al., 2017). Authigenic U(IV) precipitates under similar reducing sediment redox
conditions at which pore-water nitrate is consumed and the dissimilatory Fe(III) reduction
commences (e.g., Froelich et al., 1979; Jacobel et al., 2017). Based on paleomagnetic data for
sediments of the abyssal NW Pacific, Korff et al. (2016) have identified magnetite-depleted
glacial sediments, which were attributed to low O2bw causing the reductive dissolution of
magnetite.
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Past changes in sediment redox conditions can be reconstructed based on the assemblage and
reactivity of sedimentary Mn and Fe minerals, which can be determined by using sequential
chemical leaching protocols (e.g., Koschinsky et al., 2001; Poulton and Canfield, 2005). Here,
we apply a combined leaching scheme based on the protocols by Koschinsky et al. (2001) and
Poulton and Canfield (2005) for the organic-carbon-lean and mostly oxic sediments of the CCZ
in

order

to

determine

different

sedimentary

Mn

and

Fe

pools,

including

(1) carbonate-associated Fe and Mn, (2) easily reducible Mn (oxyhydr)oxides, (3) easily
reducible Fe oxides (4) reducible Fe oxides and (5) magnetite. We have studied surface
sediments from six sites located in European contract areas for the exploration of polymetallic
nodules within the CCZ, and one site situated in an Area of Particular Environmental Interest
(APEI3) north of the CCZ. We hypothesize that lower O2bw during the LGP allowed upward
diffusing Mn2+ to precipitate as authigenic Mn(IV) close to the sediment-water interface.
Furthermore, we propose that the authigenic Mn(IV) peak was continuously mixed into
subsequently deposited sediments due to bioturbation, which caused the observed Mn(IV)
enrichments in the upper 10–15 cm of the sediments of the CCZ. We applied one-dimensional
transport-reaction modelling to assess whether significantly lower glacial O2bw could have
created a much more compressed oxic zone than currently observed in the sediments of the
CCZ.
2.

Material and methods
As part of the BMBF-EU JPI Oceans pilot action “Ecological Aspects of Deep-Sea

Mining (MiningImpact)”, multicorer (MUC) and 10-m-long gravity corer (GC) cores were
collected during RV SONNE cruise SO239 in 2015 (Martínez Arbizu and Haeckel, 2015). The
MUC sediment cores were retrieved from four European contract areas for the exploration of
polymetallic nodules and from one of the Areas of Particular Environmental Interest (APEI3)
(Fig. 1; Table 1). The investigated contract areas include the German BGR (Bundesanstalt für
Geowissenschaften und Rohstoffe) area, the Belgian GSR (Global Sea Mineral Resources NV)
area, the French IFREMER (Institut Français de Recherche pour l'Exploitation de la Mer) area
and the Eastern European IOM (InterOceanMetal) area, while the APEI3 is excluded from any
potential mining activities. Two sites are located in the BGR area, namely in the “reference
area” (BGR-RA) and in the “prospective area” (BGR-PA) for potential future polymetallic
nodule exploitation. For the development of the combined leaching procedure, we used
sediment samples of MUC core SO205-65 retrieved from the BGR area during RV SONNE
cruise SO205 in 2010 in the framework of the MANGAN project (Fig. 1; Table 1; Rühlemann
et al., 2010; Mewes et al., 2016).
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The surface sediments throughout the investigated contract areas are characterized by
clay-dominated siliceous oozes with variable nodule sizes (1–10 cm) and distributions at the
seafloor (Table 1; Mewes et al., 2014; Volz et al., 2018). All MUC sediment cores investigated
in the framework of this study are oxic throughout (Volz et al., 2018). In order to characterize
the investigated sites, key parameters, including sedimentation rate, depositional flux of
particulate organic carbon (POC), bioturbation depth and oxygen penetration depth (OPD) are
summarized in Table 1, which were originally presented elsewhere and are based on studies of
10 to 14-m-long GC and piston cores (Mewes et al., 2014; Mewes et al., 2016; Mogollón et
al., 2016; Volz et al., 2018). At most of the investigated sites, suboxic conditions are found at
different depth below the OPD, where the reduction of Mn(IV) and nitrate coexist in the absence
of oxygen and sulfide. Dissolved Fe2+ was not detected at any of the investigated sites
(Mogollón et al., 2016; Volz et al., 2018).

Figure 1: Map of the investigated sampling sites (open circles, star and triangle) in the different
European contract areas for the exploration of polymetallic nodules and in the APEI3. The
IFRE-1 and IFRE-2 sites are both located in the IFREMER area (open circle). The BGR area
includes the BGR-RA (open circle), BGR-PA (open star) and SO205-65 (open triangle;
Rühlemann et al., 2010; Mewes et al., 2016) sites. Background colors indicate the maximum
POC flux [mg Corg m-2 d-1] to the seafloor estimated by Lutz et al. (2007). Map is modified after
Volz et al. (2018).
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Table 1: Investigated MUC sampling sites with geographic position and water depth. If not
indicated otherwise, sampling station characteristics, such as sedimentation rate (Sed. rate), flux
of particulate organic carbon (POC) to the seafloor, bioturbation depth (Bioturb. depth), oxygen
penetration depth (OPD) and nodule size are taken from Volz et al. (2018). Information for site
SO205-65 is taken from Rühlemann et al. (2010) and Mewes et al. (2016). For the BGR-PA
site, information is taken from an adjacent site (A5-2-SN; 11°57.22’N, 117°0.42’W) studied by
Mewes et al. (2014) and Mogollón et al. (2016).
Latitude
[N]

Longitude
[W]

Water
depth
[m]

Sed. rate
[cm kyr-1]

POC flux
[mg m-2 d-1]

Bioturb.
depth
[cm]

OPD
[m]

13°10.50’

118°06.30’

4283.0

0.381

1.21

51

oxic1

11°50.64’

117°03.44’

4132.0

~0.533

~6.93

~53

~23,4

BGR-RA
IOM
GSR
IFRE-1

11°49.13’
11°04.73’
13°51.25’
14°02.62’

117°33.13’
119°39.48’
123°15.30’
130°08.32’

4314.8
4430.8
4517.7
4918.8

0.65
1.15
0.21
0.64

1.99
1.54
1.51
1.47

7
13
8
7

0.5
3
>7.4
4.5

IFRE-2

14°02.45’

130°05.11’

5005.5

0.48

1.5

8

3.8

18°47.46’ 128°22.42’
APEI3
Mewes et al. (2016)
2
Rühlemann et al. (2010)
3
Mogollón et al. (2016)
4
Mewes et al. (2014)
5
Martínez Arbizu and Haeckel (2015)

4816.6

0.2

1.07

6

>5.7

Site
SO20565
BGR-PA

Nodule
size
small to
medium2
medium5
medium
medium
big
medium
no
nodules
small

1

2.1

Sediment sampling
Immediately after core recovery, all MUC sediment cores retrieved during cruise SO239

were transferred into the cold room at a temperature of ~ 4 °C. Sediment sampling was
performed in 1 cm resolution and every 2 cm at the IOM site. All sediment samples were taken
with a plastic spatula and stored in plastic vials at -20 °C until further analysis.
2.2

Total acid digestion
Total acid digestions were performed in a microwave system MARS Xpress (CEM)

with the evaporation accessory CEM XpressVap. About 50 mg of freeze-dried, homogenized
bulk sediment were digested in an acid mixture of 65% sub-boiling distilled HNO3 (3 mL), 30%
sub-boiling distilled HCl (2 mL) and 40% suprapur® HF (0.5 mL) at ~ 230 °C. Bulk Mn, Fe
and Al contents were determined using inductively coupled plasma optical emission
spectrometry (IRIS Intrepid ICP-OES Spectrometer, Thermo Elemental). Based on the standard
reference material NIST 2702 accuracy and precision of the analysis was 5.9% and 3.7% for
Al, 7.1% and 4.6% for Fe and 3.7% and 3.5% for Mn, respectively (n=67). Bulk sediment data
have been corrected post-analytically for the interference of the pore-water salt matrix on the
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sediment composition (Volz et al., 2018). Bulk element contents of Mn and Fe were normalized
to Al in order to calculate the excess fractions relative to the pelagic background sedimentation.
2.3

Sequential extraction of Mn and Fe (oxyhydr)oxides
A specific extraction protocol for the separation of Mn (oxyhydr)oxides and Fe

(oxyhydr)oxides from Pacific sediments and Mn nodules has been presented by Koschinsky et
al. (2001). Poulton and Canfield (2005) have developed a sequential leaching procedure, which
targets different sedimentary Fe pools. In order to determine the availability and reactivity of
both Mn and Fe mineral phases, and to reconstruct the potential past redox cycling of Mn and
Fe, we have combined these two procedures.
Combined leaching protocol: method testing
The protocols by Koschinsky et al. (2001) and Poulton and Canfield (2005) have first
been separately applied on sediments of core SO205-65 (Table 1) to test their selectivity for
Mn (oxyhydr)oxides and various Fe minerals (Fig. 2). About 100 mg of freeze-dried
homogenized sediment were sequentially treated with 10 mL of the respective extraction
reagents for given reaction times (Koschinsky et al., 2001; Poulton and Canfield, 2005) and
centrifuged afterwards (4000 rpm, 5 min). The supernatant extraction solutions were filtered
through a 0.2 µm polyethersulfone membrane before Mn and Fe concentrations were
determined upon dilution using ICP-OES (IRIS Intrepid ICP-OES Spectrometer, Thermo
Elemental). Calibration standards were produced in 0.3 M HNO3 or in Milli-Q® (Na-dithionite;
see Table 2) and adjusted to the different reagent matrices in order to prevent matrix effects
during analysis.
The first two leaching steps primarily mobilize adsorbed and pore-water cations as well as
carbonate-associated Fe and Mn, respectively (Koschinsky et al., 2001; Poulton and Canfield,
2005). As the concentrations of Fe and Mn were below detection limit during the method test
with SO205-65 sediment samples (Fig. 2), the first two steps were merged in the combined
extraction protocol (Table 2, step I). The major difference between the both extraction protocols
is the concentration, pH value and reaction time of the extraction reagent hydroxylamine-HCl.
As Koschinsky et al. (2001) have intended to only extract the easily mobilizable fraction of Mn,
the 0.1 M hydroxylamine-HCl solution is adjusted to pH 2, while Poulton and Canfield (2005)
have used a 1 M hydroxylamine-HCl in 25% v/v acetic acid solution for the extraction of easily
reducible Fe oxides at pH < 2. On average, 74% of bulk sediment Mn (Mntotal) is extracted with
0.1 M hydroxylamine-HCl (Mnmobil) (Fig. 2A). In order to separate mobilizable Mn
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(oxyhydr)oxides (Mnmobil) from easily reducible Fe (oxyhydr)oxides (Feox1) in the combined
extraction

protocol,

the

sediment

samples

are

sequentially

treated

with

0.1 M

hydroxylamine-HCl and 1 M hydroxylamine-HCl (Table 2, step II and III, respectively). Only
2% of bulk sediment Fe (Fetotal) are mobilized with 0.1 M hydroxylamine-HCl (Femobil)
representing easily reducible Fe (oxyhydr)oxides (Fig. 2A). The remaining fraction of easily
reducible Fe (oxyhydr)oxides is extracted with 1 M hydroxylamine-HCl (Table 2). Using the
protocol after Poulton and Canfield (2005), an average of 20% of Fetotal is extracted by
Na-dithionite (Feox2) and 5% by ammonium oxalate (Femag; Fig. 2B). Therefore, we have
implemented these extraction steps into the combined leaching protocol (Table 2, step IV and
V, respectively).

Figure 2: Method test of the leaching protocols after (A) Koschinsky et al. (2001) and (B)
Poulton and Canfield (2005) separately applied on sediment samples from MUC core SO205-65
(Fig. 1; Table 1). Sequentially leached percentages of Mn and Fe oxides after the protocol by
Koschinsky et al. (2001) (Mncarb, Fecarb; Mnmobil, Femobil; Mnox, Feox) and Poulton and Canfield
(2005) (Mncarb, Fecarb; Mnox1, Feox1; Mnox2, Feox2; Mnmag, Femag) are shown with respect to bulk
sediment contents of Mn and Fe (Mntotal; Fetotal).
Application of the combined leaching protocol
For the sequential extraction of Mn and Fe (oxyhydr)oxides of sediment samples from
RV SONNE cruise SO239 investigated in this study, the combined leaching procedure was
performed on samples taken every 3 cm using acid-cleaned vials (Table 2). Since the process
of freeze-drying might increase the crystallinity of Mn and Fe (oxyhydr)oxides (e.g., Rapin et
al., 1986), fresh sediment samples equivalent to ~ 100 mg of dry sediment were used. Dry
sediment masses were calculated using the mass of the interstitial water (Volz et al., 2018). In
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order to monitor the recovery of the sequential extractions, the sediment residues were
completely dissolved after the last extraction step (see section 2.1.). The recovery is defined as
the sum of leachable contents (step I–V, Table 2) and residual contents divided by bulk
contents. It was determined for three sediment cores with systematically high values for Fe
(104–124%) and Mn (96–143%). These elevated recoveries are most likely caused by the slight
sediment inhomogeneity of fresh sediment samples used for the combined leaching protocol,
while bulk contents were determined on freeze-dried, homogenized samples. Furthermore, as
we have not washed the sediment samples in between the extraction steps, higher recovery
values for the leached sediments could also be associated with a successive carry-over of Mn
and Fe due to the incomplete removal of the extraction reagent after the respective leaching
step. The %RSD was determined based on triplicate measurement of each sample and was < 2%
for Mn and < 2.8% for Fe. Based on in-house reference material, the analytical precision was
< 6% for Fe and Mn (n=12).
Table 2: Protocol for the combined leaching scheme combining the methods after Koschinsky
et al. (2001) and Poulton and Canfield (2005).
Step
I
II
III

Associated mineral
phase
Carbonateassociated Fe and
Mn
Mobilizable Mn and
associated Fe
Easily reducible Fe
oxides and
associated Mn

Terminology

Extraction reagent*

Extraction
time

pH

Mncarb
Fecarb

1 M Na-acetate

24 h

4.5

Mnmobil
Femobil

0.1 M hydroxylamine-HCl

2h

2

Feox1
Mn ox1

1 M hydroxylamine-HCl

48 h

IV

Reducible Fe oxides

Feox2

V

Magnetite

Femag

Na-dithionite (50 g L-1)/0.2 M
Na-citrate solution
0.2 M ammonium
oxalate/0.17 M oxalic acid

2h

4.8

6h

*All extraction steps performed at ~ 20 °C

2.4

Geochemical model setup and reaction network
A

one-dimensional

steady

state

transport-reaction

model,

which

couples

biogeochemical reactions through a discretized steady state transport-reaction equation
(e.g., Boudreau, 1997a) was used to assess whether postulated glacial O2bw of 35 µM
(Hoogakker et al., 2018; Anderson et al., 2019) could have caused a near-surface oxic-suboxic
redox boundary. We have applied the model for the BGR-RA, IFRE-2 and APEI3 sites in order
to cover a large area in the CCZ over a distance of about 1300 km (Fig. 1). The simulations
were performed for the upper 2 m at the BGR-RA site, 7.5 m at the IFRE-2 site and 6 m at the
APEI3 site using pore-water data from 10-m-long GC cores published in Volz et al. (2018)
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(Supplementary Table S1). A transient transport-reaction model (Eq. S1; S2) was applied on all
sites in order to simulate the depth distribution of mobilized Mn(IV) contents for the last 21 kyr.
For this simulation, we have assumed that O2bw of 35 µM have prevailed between 15–21 kyr
BP (Hoogakker et al., 2018; Anderson et al., 2019). Between 14–15 kyr BP, O2bw is assumed
to have increased linearly to current concentrations of 120 µM, 150 µM and 160 µM,
respectively (Volz et al., 2018; Hoogakker et al., 2018). A detailed description of the model
setup, parameterization and sensitivity tests is presented in the Supplementary material S1. All
species, parameters, boundary conditions and reaction terms are listed in the Supplementary
Tables S1 and S2.
3.

Results
Bulk sediment
Total solid-phase Mn contents (Mntotal) in the upper 25 cm of the sediments are within

0.1 and 1 wt% at all sites (Fig. 3A) with decreasing contents with depth at both BGR sites, the
GSR and the IFRE-2 sites. At the IFRE-1 site, Mntotal does not decrease with depth but shows
a subsurface peak of 0.8 wt% at 20 cm depth. In contrast to overall decreasing solid-phase Mn
contents over depth at most sites, Mntotal contents remain relatively constant in the sediments at
the APEI3 site at 0.6 wt% throughout the sediment core. The profiles of bulk sediment Mn/Al
mimic the Mntotal profiles at all sites and range between 0.01 and 0.17 (Fig. 3A).
Total Fe contents (Fetotal) vary between 4 and 5 wt% at all sites except for the APEI3 site, where
Fetotal is between 5 and 6 wt% (Fig. 3B). Bulk sediment Fe/Al profiles resemble the Fetotal
profiles at all sites within the range of 0.6 and 0.7 (Fig. 3B).
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Figure 3: Bulk sediment contents of Mn and Fe (Mntotal; Fetotal), total leachable contents of Mn
and Fe (Mnleachable; Feleachable) using the combined leaching protocol (Table 2) and Mntotal/Altotal
and Fetotal/Altotal ratios (black dots) for all investigated sites. Average values for the upper
continental crust (diamond) and mid-ocean ridge basalts (circle) are taken from Rudnick and
Gao (2004) and Klein (2004), respectively.
Leachable Mn and Fe (oxyhydr)oxides
In total, more than 85% of Mntotal is extracted (Mnleachable) during the combined
sequential leaching procedure (Fig. 3A). Only 30–40% of Fetotal is leached with the combined
extraction scheme (Feleachable; Fig. 3B). The depth profiles of Mnleachable and Feleachable mimic the
bulk contents Mntotal and Fetotal, respectively, at all sites.
Between 94 and 99% of Mnleachable is leached in the Mnmobil and Mnox1 fractions at all sites
(Table 2; Fig. 4A). Mnmobil contents fluctuate between 0.1 and 0.8 wt%, while Mnox1 contents
are below 0.2 wt% (Fig. 4A). Between 92 and 96% of Feleachable is leached in the Feox1 (including
Femobil), Feox2 and Femag fractions with contents of 0.25–0.65 wt%, 0.75–1 wt% and 0.22–
0.32 wt%, respectively (Table 2; Fig. 4B).
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Figure 4: Total leachable contents of Mn and Fe (Mnleachable; Feleachable) and contents of
sequentially leached Mn oxides (Mnmobil, Mnox1) and Fe oxides (Feox1 (including Femobil); Feox2;
Femag) using the combined leaching protocol (Table 2) for all investigated sites. Black arrows
indicate the location of the LGM sediment surface based on 230Th/231Pa-derived sedimentation
rates (Table 1).
Transport-reaction modelling
Transport-reaction simulations were performed for the BGR-RA, IFRE-2 and APEI3
sites (Fig. 5). At current O2bw of 120 µM at the BGR-RA site, 150 µM at the IFRE-2 site,
authigenic Mn(IV) (Mnmobil) precipitates at the current oxic-suboxic redox boundary at 0.5 m
and 3.8 m depth, respectively (Table 1; Volz et al., 2018). At current O2bw of 160 µM at the
APEI3 site, oxygen penetrates at least 5.7 m into the sediments, and thus, authigenic Mnmobil is
currently not forming in the recovered sediments (Table 1; Volz et al., 2018). At postulated
glacial O2bw of 35 µM, the oxic-suboxic redox boundary is located at 5 cm depth at the BGR-RA
and IFRE-2 sites. Consequently, high Mnmobil contents of 0.95 wt% and 0.55 wt% form in the
upper 5 cm of the sediments at the BGR-RA and IFRE-2 sites, respectively (Fig. 5A and 5B).
Below, Mnmobil contents decrease sharply with depth with a residual Mnmobil fraction below the
oxic-suboxic redox boundary at the BGR-RA site. At the APEI3 site, postulated glacial O2bw of
35 µM induce overall lower oxygen concentrations in the sediments but suboxic conditions are
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not reached (Fig. 5C). Therefore, the Mnmobil fraction shows constant contents of 0.45 wt% over
depth at the APEI3 site as a result of the initial depositional flux of Mn (see Supplementary
Tables S1). The transient transport-reaction model reveals that after the increase of O2bw from
35 µM to current oxygen levels between 14–15 kyr BP, Mnmobil contents are mostly steady
throughout the upper 7 cm of the sediments with Mnmobil contents of almost 0.6 wt% and
0.4 wt% at the BGR-RA and IFRE-2 sites, respectively (Fig. 5). At present, Mnmobil contents
are 0.5 wt% and 0.3 wt% at the BGR-RA and IFRE-2 sites, respectively. Below a subsurface
Mnmobil peak at 15 cm depth, Mnmobil contents decrease sharply with depth at the BGR-RA and
IFRE-2 sites. The transient transport-reaction model for the APEI3 site shows that the depth
distribution of Mnmobil remains constant over time (Fig. 5C).
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Figure 5: Model results for the BGR-RA site (A), the IFRE-2 site (B) and the APEI3 site (C)
including the steady state transport-reaction simulations (left) and the transient
transport-reaction simulations (right). Concentrations of oxygen (grey dots) and Mn2+ (black
dots) for 10-m-long GC cores were taken from Volz et al. (2018). Left: Simulations were
performed for bottom-water oxygen concentrations (O2bw) of 120 µM for the BGR-RA site
(solid line), 150 µM for the IFRE-2 site (solid line), 160 µM for the APEI3 site (solid line) and
glacial O2bw of 35 µM (dashed line). Right: Simulations for the depth distribution of Mnmobil
after linearly increasing O2bw from 35 µM to 120 µM (BGR-RA), 150 µM (IFRE-2) and
160 µM (APEI3) between 14–15 kyr. Measured contents of mobilizable Mn(IV) (Mnmobil) are
indicated (black dots).
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4.

Discussion
Past redox changes in sediments of the CCZ
Highest bulk Mn contents (Mntotal) of up to 1 wt% occur in the upper 10 cm of the oxic

sediments at most of the investigated sites with bulk Mn/Al values well above the average ratios
of the upper continental crust and mid-ocean ridge basalts (Fig. 3A; Rudnick and Gao, 2004;
Klein, 2004). Similar bulk Mn distribution patterns have been reported for other sites within
the CCZ (e.g., Piper, 1988; Mewes et al., 2014; Heller et al., 2018). The modern geochemical
zonation in the sediments of the CCZ does not allow for upward diffusing Mn2+ to precipitate
as authigenic Mn(IV) at a depth shallower than the current OPD below 0.5 m depth (Table 1;
Fig. 5; Mewes et al., 2014; 2016; Kuhn et al., 2017; Volz et al., 2018). Therefore, we suggest
that the near-surface Mntotal maxima (Fig. 3A) has formed under conditions, when the
oxic-suboxic redox boundary was located at a shallower depth in the past. This assumption is
supported by the applied combined leaching procedure to determine the mobilizable content of
Mn (Mnmobil), which represents > 70% of Mntotal (Fig. 4A). The Mnmobil fraction has most likely
been diagenetically redistributed in the past under suboxic conditions and precipitated as
authigenic Mnmobil phase at a shallow oxic-suboxic boundary (e.g., Koschinsky et al, 2001;
Mewes et al., 2014). Further indication for past near-surface suboxic conditions in CCZ
sediments is provided by surface nodules and buried nodules, which consist of alternating Mn
layers of hydrogenetic and suboxic-diagenetic origin (e.g., Halbach et al., 1988; Wegorzewski
and Kuhn, 2014; Heller et al., 2018). While hydrogenetic and oxic-diagenetic accretion
currently dominates nodule growth, older suboxic-diagenetic Mn growth layers found in
nodules of the BGR area provide evidence for a more condensed oxic zone in the past
(e.g., Wegorzewski and Kuhn, 2014). In addition, partially dissolved Mn growth layers found
in buried nodules in oxic sediments strongly suggest that the OPD must have been located at
shallower sediment depth in the past (Heller et al., 2018). The 230Th/231Pa-based sedimentation
rates at the investigated sites determined by Volz et al. (2018) range between 0.2–1.2 cm kyr-1
(Table 1). Based on these accumulation rates, the sediments containing the authigenic Mnmobil
enrichment were usually deposited within the last 20–30 kyr, including sediment deposits from
the LGM (Fig. 4A).
Several factors have been reported to potentially cause a more condensed oxic zone than
currently observed in the sediments of the CCZ: (1) higher burial fluxes of particulate organic
carbon (POC) to the seafloor due to higher surface water productivity, (2) lower O2bw inducing
better preservation of organic matter or 3) a combination of both factors (e.g., Mewes et
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al., 2014; Wegorzewski and Kuhn, 2014; Heller et al., 2018). Compared to the CCZ, sediments
of the manganese nodule field in the Peru Basin (PB) are currently characterized by much
shallower OPDs of 5–15 cm depth (e.g., Haeckel et al., 2001). About twofold higher POC
fluxes to the seafloor in the PB compared to the CCZ cause this condensed oxic zone, which
allows suboxic-diagenetic accretion to contribute to nodule growth in the PB (e.g., Haeckel et
al., 2001; Koschinsky et al., 2001). Thus, in order to have exceeded the flux of oxygen into the
sediments and consequently compress the oxic zone in the sediments of the CCZ during the
LGP, the POC flux to the seafloor must have been at least twofold higher than today
(e.g., Wegorzewski and Kuhn, 2014). Studies have proposed that surface water productivity
and POC burial in the eastern Pacific might have been increased during the LGP due to
intensified trade winds and therefore enhanced nutrient upwelling and aeolian dust input
(e.g., Thomas et al., 2000), which could have affected the sediments of the CCZ. However, a
variety of complementary approaches has indicated that ocean dynamics, i.e. upwelling and
stratification, impose a strong regulative effect on surface water productivity and the POC
export to the deep ocean (e.g., Perks et al., 2002; Winckler et al., 2016; Costa et al., 2017).
Studies using biogenic opal, Baxs and dust fluxes in the equatorial Pacific as well as selectively
preserved organic matter compounds in the sediments have shown that higher POC fluxes have
occurred after the LGP, namely during the last deglaciation (e.g., Bradtmiller et al., 2006;
Anderson et al., 2019). Additionally, there is strong indication that lower O2bw have prevailed
in the eastern Pacific during the LGP due to changes in ocean circulation rather than enhanced
POC burial (e.g., Perks et al., 2002; Winckler et al., 2016; Costa et al., 2017). Throughout the
eastern Pacific Ocean, independent proxies have provided evidence for lower O2bw during the
LGP, including (1) sub-surface solid-phase Mn enrichments (Mangini et al., 1990), (2) the
enrichment of authigenic U(IV) in LGP deposits (e.g., Jaccard et al., 2009; Bradtmiller et
al., 2010; Jacobel et al., 2017), (3) the carbon isotope composition and I/Ca ratios in planktonic
foraminifera (e.g., Hoogakker et al., 2018) and (4) geochemical proxies for the differences in
POC rain rate and the preservation of organic compounds (Anderson et al., 2019). Although the
glacial bottom water was not suboxic, which has been suggested by Mangini et al. (1990),
oxygen was probably mostly consumed in the sediments as a result of significantly lower O2bw
than today (Jaccard et al., 2009; Hoogakker et al., 2018; Anderson et al., 2019).
Diagenetic Mn mobilization during the last glacial period
In order to assess whether lower glacial O2bw may have facilitated the development of a
shallow oxic-suboxic redox boundary, we have performed steady state transport-reaction
modelling for the BGR-RA, IFRE-2 and APEI3 sites (Fig. 5). Furthermore, we used a transient
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model to simulate the authigenic Mnmobil depth distribution during the downward migration of
the oxic-suboxic boundary at the last glacial termination~ 15 kyr ago (LGT; Fig. 5;
e.g., Hoogakker et al., 2018). Hoogakker et al. (2018) and Anderson et al. (2019) have
reconstructed low O2bw for the LGM in the eastern equatorial Pacific within the range of 35–
55 µM, which we have applied for the glacial scenario in the transport-reaction model
(Supplementary Table S1). For the transient approach, we assumed that O2bw increased between
14–15 kyr from 35 µM to current oxygen levels of 120 µM at the BGR-RA site, 150 µM at the
IFRE-2 site, and 160 µM at the APEI3 site (Volz et al., 2018; Hoogakker et al., 2018). The
initial depositional flux of Mn (oxyhydr)oxides was assumed to be independent of O2bw and has
been estimated based on the terrigenous-free bulk Mn accumulation rate at the APEI3 site,
where Mn(IV) most probably has not been diagenetically redistributed after deposition as
indicated by the lack of a surface Mn enrichment (Figs. 3A and 4A; further discussed in the
next section). In a study on the effects of progressive O2bw depletion on biogeochemical
processes and element fluxes in estuarine sediments, Katsev et al. (2007) have considered that
a fraction of upward diffusing Mn2+, which is released into the bottom water re-precipitates as
hydrogenetic Mn(IV) phases. Our steady state transport-reaction model for the glacial scenario
indicates that due to relatively slow reaction kinetics during the oxidation of Mn2+ at the
oxic-suboxic boundary in the uppermost 5 cm of the sediments, a fraction of Mn2+ might diffuse
into the bottom water (Fig. 5; Table 3). Therefore, we have adapted the recycling coefficient
introduced by Katsev et al. (2007) assuming that 60% of Mn2+, which diffuses into the bottom
water is oxidized and re-precipitates hydrogenetically as Mnmobil. The remaining 40% of upward
diffusing Mn2+ may accumulate onto nodules at the sediment-water interface (SWI),
contributing to the nodule growth via suboxic-diagenetic accretion (e.g., Wegorzewski and
Kuhn, 2014). At the BGR-RA site, comparably high Mnmobil contents of 0.8 wt% at ~ 4 cm
depth are probably dominated by hydrogenetically precipitated Mnmobil (Fig. 4A). The content
of Mnmobil may be underestimated as we have not considered the pool of Mnmobil in nodules at
the sediment surface and in buried nodules in the transport-reaction model. For the precipitation
of authigenic Mnmobil at the oxic-suboxic boundary in the upper few centimeters of the LGP
sediments, the choice of the bioturbation coefficient becomes crucial (see Supplementary
Fig. S1). Based on the transport-reaction model presented in Volz et al. (2018), we have
assumed bioturbation coefficients of 0.5 cm2 yr-1 for all simulated sites with logistically
declining bioturbation coefficients below O2bw of 62.5 µM as suggested by Katsev et al. (2007).
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Table 3: Model-derived downward O2 fluxes and upward Mn2+ fluxes [μmol cm-2 yr-1] at the
sediment-water interface for glacial bottom-water oxygen concentrations (O2bw) of 35 μM
(e.g., Hoogakker et al., 2018; Anderson et al., 2019) and current O2bw of 120 μM at the BGR-RA
site, 150 μM at the IFRE-2 site and 160 μM at the APEI3 site (Volz et al., 2018).
Site
BGR-RA
BGR-RA
IFRE-2
IFRE-2
APEI3
APEI3

O2bw

O2 flux

Mn2+ flux

35 μM
120 μM
35 μM
150 μM
35 μM
160 μM

5.976
6.009
4.215
4.537
0.327
0.324

-0.052
-0.003
-0.037
-6E-5
-6E-6
-1E-7

Due to current Mn2+ upward fluxes of less than 0.04 ng cm-2 yr-1, low amounts of authigenic
Mnmobil precipitate at ~ 80 cm and at 400 cm depth at the BGR-RA and IFRE-2 sites,
respectively, while authigenic Mnmobil is presently not precipitating at the APEI3 site due to an
entirely oxic sediment column (Fig. 5; Mogollón et al., 2016; Volz et al., 2018). At lower O2bw
of ~ 100 µM, the redox boundary reaches the lowermost bioturbated layer at ~ 7 cm depth at
the BGR-RA and IFRE-2 sites with diffusive upward fluxes of Mn2+ at the SWI (Fig. 5;
Table 3). Assuming that 40% of upward diffusing Mn2+ at the SWI accrete onto nodules (Katsev
et al., 2007), the suboxic-diagenetic Mn2+ flux into the nodules is about 1.2 µg cm-2 yr-1. This
Mn2+ flux is in the same range as the suboxic-diagenetic nodule accumulation rates for surface
nodules adjacent to the BGR-RA site, which was estimated as 2 µg cm-2 yr-1 (Wegorzewski and
Kuhn, 2014). Once O2bw drop below 62.5 µM, the bioturbated layer reaches oxygen levels at
which bioturbation decreases (e.g., Diaz and Rosenberg, 1995; Katsev et al., 2007).
Consequently, authigenic Mnmobil is efficiently precipitated at the oxic-suboxic boundary in the
upper few centimeters of the sediments at the BGR-RA and IFRE-2 sites (see Supplementary
Fig. S1). At glacial O2bw of 35 µM, the oxic-suboxic boundary was located in the upper 5 cm
of the sediments where authigenic Mnmobil precipitated (Fig. 5). As expected, all Mnmobil is
reductively dissolved and mobilized under suboxic conditions at the IFRE-2 site, while a
fraction of Mnmobil remains in the sediment below the oxic-suboxic boundary at the BGR-RA
site (Fig. 5). Depending on the degradability of the labile TOC fraction, it can be entirely
consumed during aerobic respiration or may be further degraded during the dissimilatory
reduction of Mn (oxyhydr)oxides (e.g., Froelich et al., 1979; Arndt et al., 2013). Associated
with the lateral gradient of POC fluxes to the seafloor (Fig. 1; Table 1; Volz et al., 2018), the
degradation coefficient for the labile TOC fraction may be higher at the BGR-RA site than at
the IFRE-2 site (see Supplementary Table S1). Thus, the labile TOC fraction is completely
degraded during aerobic respiration at the BGR-RA site, while Mnmobil is reductively dissolved
112

CHAPTER IV: Post-depositional Mn mobilization
in the suboxic zone at the IFRE-2 site as a result of incomplete consumption of the labile TOC
fraction during aerobic respiration (Fig. 5).
The LGM sediment surface was buried with sedimentation rates of 0.65 and 0.48 cm kyr-1 at
the BGR-RA and IFRE-2 sites, respectively (Table 1; Fig. 6; Volz et al., 2018). During the
enhancement of ocean ventilation during the last deglaciation (e.g., Hoogakker et al., 2018), the
LGM sediment surface was located at about 3 cm depth at the BGR-RA and IFRE-2 sites
(Fig. 6). As diagenetic conditions were at steady state with O2bw of 35 µM between 21–15 kyr,
the Mnmobil depth distribution remained the same during this time (Figs. 5 and 6). Increasing
O2bw at the LGT caused the downward migration of the oxic-suboxic boundary, where only
small amounts of authigenic Mnmobil precipitated (Figs. 5 and 6). After the re-establishment of
bioturbation during increasing oxygen concentrations in the sediments, the Mnmobil maximum
was probably mixed within the bioturbated upper 7 cm of the sediments over time (Figs. 5 and
6).

Figure 6: Conceptual model for the depth distribution of authigenic Mn(IV) (Mnmobil) since the
last glacial maximum (LGM) 21 kyr before present (BP) and under current geochemical
conditions in the sediments of the CCZ. During the last glacial termination (LGT) between 14–
15 kyr BP, bottom-water oxygen concentrations O2bw increase from 35 µM to ~ 150 µM within
1000 years.
Spatial variation in sediment redox conditions during the LGP
The observed Mnmobil enrichments in the uppermost 10 cm of the sediments at most of
the investigated sites in the CCZ indicates that diagenetic redistribution of Mn has occurred
widespread throughout the NE Pacific (Figs. 3 and 4; Mewes et al., 2014). In contrast, Mnmobil
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contents are constant throughout the upper 25 cm at the APEI3 site, suggesting that Mn(IV) has
not been diagenetically mobilized at this site in the past (Figs. 3 and 4). The depth position of
the oxic-suboxic boundary in the sediments is controlled by the burial flux of POC, O2bw,
availability of Mn (oxyhydr)oxides and sedimentation rate (e.g., Froelich et al., 1979; Burdige
and Gieskes, 1983; Gingele and Kasten, 1994). Compared to the other investigated sites within
the CCZ, the POC flux to the seafloor at the APEI3 site is almost twofold lower (e.g., Lutz et
al., 2007; Volz et al., 2018). Therefore, the sediments at the APEI3 site are currently dominated
by an extensive oxic zone, which penetrates more than 5.7 m into the sediment (Table 1). At
this location, low POC fluxes to the seafloor of 1 mg Corg m-2 d-1 in combination with low
sedimentation rates of 0.2 cm kyr-1 result in TOC burial rates that are two- to threefold lower
than at the BGR-RA and IFRE-2 sites (Table 1; Volz et al., 2018). Due to these significantly
lower carbon burial rates, the sediments at the APEI3 site have most likely not reached suboxic
conditions at glacial O2bw of 35 µM, and thus, did not experience significant suboxic-diagenetic
Mn mobilization (Figs. 3A and 5C). This assumption is consistent with nodules at the sediment
surface of the APEI3 site, which are significantly smaller than at the sites within the exploration
areas (Table 1). These small nodules most likely have been formed exclusively by hydrogenetic
and oxic-diagenetic accretion and not via an alternation of hydrogenetic and suboxic-diagenetic
accumulation as observed at the other study sites in the CCZ (Halbach et al., 1988;
Wegorzewski and Kuhn, 2014; Heller et al., 2018). These findings are in agreement with a
study on nodules and surface sediments from the adjacent APEI6 area, where the nodules have
formed exclusively by hydrogenetic and oxic-diagenetic growth (Menendez et al., 2018).
Almost constant Mnmobil contents in the uppermost 15 cm of the sediments in the APEI6 area
further indicate that Mn has not been subject to suboxic mobilization (Menendez et al., 2018).
The enrichment of authigenic U(IV) in glacial deposits at several locations throughout the
Pacific further indicates that the oxic-suboxic redox boundary was located at shallow depth
during glacial periods (e.g., Jaccard et al., 2009; Bradtmiller et al., 2010; Jacobel et al., 2017),
and thus, reductive Fe(III) dissolution may have occurred during the LGP in sediments of some
areas in the deep Pacific Ocean (e.g., Korff et al., 2016). Thus, postulated glacial O2bw of 35 µM
may have caused redox conditions in the sediments of the CCZ allowing for the reductive
dissolution of Fe(III). Bulk Fe contents (Fetotal) at the investigated sites are in good agreement
with other studies, which have reported 4–7 wt% Fe for surface sediments of the CCZ
(e.g., Piper, 1988). Only 30–40% of Fetotal are extracted during the entire combined leaching
process (Feleachable; Fig. 3B; Table 2), while the remaining 60–70% of Fetotal are most likely
bound to clay minerals (e.g., Rateev et al., 1969). The contents of the Fe(oxyhydr)oxide phases
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do not vary significantly over depth at all investigated sites with mostly constant proportions of
Feox1, Feox2 and Femag (Fig. 4B). Thus, even with significantly lower glacial O2bw, sediment
redox conditions did not go beyond Mn reduction and post-depositional Fe redistribution did
most likely not occur within the surface sediments of the CCZ. These findings are in line with
the study of Heller et al. (2018) on buried nodules of the CCZ, which shows that Mn layers are
partly dissolved while reductive mobilization of Fe upon burial did not occur.
5.

Conclusion
We have studied surface sediments from six sites located in European contract areas for

the exploration of polymetallic nodules within the eastern Clarion-Clipperton Zone in the NE
Pacific Ocean and one site north of the CCZ in an Area of Particular Environmental Interest
(APEI3). Except for the APEI3 site, all sites show bulk solid-phase Mn maxima of up to 1 wt%
in the uppermost 10 cm of the sediments. Through the application of a combined leaching
protocol for the sequential extraction of both mobilizable Mn (oxyhydr)oxides and various Fe
(oxyhydr)oxide pools, we show that the surface sediment bulk Mn maxima are dominated
(> 70%) by easily mobilizable Mn(IV). Due to oxygen penetration depths of > 0.5 m, the
determined mobilizable Mn(IV) enrichments cannot have formed diagenetically under modern
redox conditions. Thus, the mobilizable Mn(IV) fraction may have been formed by diagenetic
relocation induced by more reducing redox conditions in the past. Lower bottom-water oxygen
concentrations (O2bw) have been suggested to have prevailed basin-wide in the Pacific Ocean
during the last glacial period (LGP). As a consequence, the oxic zone in the sediments was
probably more condensed. Using a steady-state transport-reaction model, we demonstrate that
at proposed glacial O2bw of 35 µM, the oxic-suboxic redox boundary is located at a much
shallower sediment depth than at present. Under these conditions, authigenic Mn(IV)
precipitated in the upper 5 cm of the sediments, while a fraction of upward diffusing Mn2+
possibly contributes to the suboxic-diagenetic nodule growth. Transient transport-reaction
modelling reveals that with the onset of ocean ventilation at the glacial termination 15 kyr ago,
(1) the oxic-suboxic boundary shifted downward to current sediment depths, while (2) the
authigenic Mn(IV) peak was mixed into subsequently depositing Holocene sediments by
bioturbation. The absence of a mobilizable Mn(IV) maximum in the surface sediments of the
APEI3 site indicates that the oxic zone was not as compressed during the LGP at this site due
to two- to threefold lower carbon burial rates than at the sites located within the contract areas.
As the APEI3 site differs significantly with respect to geochemical conditions as well as nodule
size and coverage, it is not representative for the sites located in the European contract areas.
Although evidence has been provided that reducing sediment redox conditions have allowed
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for dissimilatory Fe(III) reduction to occur at several locations in the Pacific during the LGP,
our data on sequentially extracted Fe (oxyhydr)oxides indicate that Fe was not diagenetically
redistributed in the sediments of our study sites.
This study represents the first baseline study on the redox cycling of Mn and Fe in deep-sea
sediments of the CCZ and advances our knowledge about past changes in the oxygenation state
of deep-waters of the Pacific Ocean. Our findings provide important aspects, which may
improve the interpretation of Pacific sedimentary archives, and, more precisely, contribute to
the long-standing discussion about the origin of Mn-rich layers widely observed in glacial
deep-sea sediments.
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Abstract
The thriving interest in harvesting deep-sea mineral resources, such as polymetallic nodules,
calls for environmental impact studies, and ultimately, for regulations for environmental
protection. Industrial-scale deep-sea mining of polymetallic nodules most likely has severe
consequences for the natural environment. However, the effects of mining activities on deep-sea
ecosystems, sediment geochemistry and element fluxes are still poorly conceived. Predicting
the environmental impact is challenging due to the scarcity of environmental baseline studies
as well as the lack of mining trials with industrial mining equipment in the deep sea. Thus,
currently we have to rely on small-scale disturbances simulating deep-sea mining activities as
a first-order approximation to study the expected impacts on the abyssal environment.
Here, we investigate surface sediments in disturbance tracks of seven small-scale benthic
impact experiments, which have been performed in four European contract areas for the
exploration of polymetallic nodules in the Clarion-Clipperton Zone (CCZ). These small-scale
disturbance experiments were performed 1 day to 37 years prior to our sampling program in the
German, Polish, Belgian and French contract areas using different disturbance devices. We
show that the depth distribution of solid-phase Mn in the upper 20 cm of the sediments in the
CCZ provides a reliable tool for the determination of the disturbance depth, which has been
proposed in a previous study (Paul et al., 2018). We found that the upper 5–15 cm of the
sediments were removed during various small-scale disturbance experiments in the different
exploration contract areas. Transient transport-reaction modelling for the Polish and German
contract areas reveals that the removal of the surface sediments is associated with the loss of
reactive labile organic carbon. As a result, oxygen consumption rates decrease significantly
after the removal of the surface sediments, and consequently, oxygen penetrates up to tenfold
deeper into the sediments inhibiting denitrification and Mn(IV) reduction. Our model results
show that the post-disturbance geochemical re-equilibration is controlled by diffusion until the
reactive labile TOC fraction in the surface sediments is partly re-established and the
biogeochemical processes commence. While the re-establishment of bioturbation is essential,
the geochemical re-equilibration of the sediments is ultimately controlled by the burial rates of
organic matter. Hence, under current depositional conditions, the new geochemical equilibrium
in the sediments of the CCZ is reached only on a millennia scale even for these small-scale
disturbances simulating deep-sea mining activities.
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1.

Introduction
The accelerating global demand for metals and rare-earth elements are driving the

economic interest in deep-sea mining (e.g., Glasby, 2000; Hoagland et al., 2010; Wedding et
al., 2015). Seafloor minerals of interest include (1) polymetallic nodules (e.g., Mero, 1965),
(2) massive sulfide deposits (e.g., Scott, 1987) and (3) cobalt-rich crusts (e.g., Halkyard, 1985).
As the seafloor within the Clarion-Clipperton Zone (CCZ) in the NE Pacific holds one of the
most extensive deposits of polymetallic nodules with considerable base metal quantities,
commercial exploitation of seafloor mineral deposits may focus on the CCZ (e.g., Mero, 1965;
Halbach et al., 1988; Rühlemann et al., 2011; Hein et al., 2013; Kuhn et al., 2017a). The
exploration, and ultimately, industrial exploitation of polymetallic nodules demands for
international regulations for the protection of the environment (e.g., Halfar and Fujita, 2002;
Glover and Smith, 2003; Davies et al., 2007; van Dover, 2011; Ramirez-Llodra et al., 2011;
Boetius and Haeckel, 2018). The International Seabed Authority (ISA) is responsible for
regulating the exploration and exploitation of marine mineral resources as well as for protecting
and conserving the marine environment beyond the exclusive economic zones of littoral states
from harmful effects (ISA, 2010). The ISA has granted temporal contracts for the exploration
of polymetallic nodules in the CCZ, engaging all contract holders to explore resources, test
mining equipment and assess the environmental impacts of deep-sea mining activities
(ISA 2010; Lodge et al., 2014; Madureira et al., 2016).
Although a considerable number of environmental impact studies have been conducted in
different nodule fields, the prediction of environmental consequences of potential future
deep-sea mining is still difficult (e.g., Ramirez-Llodra et al., 2011; Jones et al., 2017; Gollner
et al., 2017; Cuvelier et al., 2018). In case of the CCZ, the evaluation of the environmental
impact of deep-sea mining activities is challenging due to the fact that baseline data on the
natural spatial heterogeneity and temporal variability of depositional conditions, benthic
communities and the biogeochemical processes in the sediments are scarce (e.g., Mewes et
al., 2014; 2016; Vanreusel et al., 2016; Mogollón et al., 2016; Juan et al., 2018; Volz et
al., 2018; Menendez et al., 2018; Hauquier et al., 2019). In addition, there is no clear consensus
on the most appropriate mining techniques for the commercial exploitation of nodules, and
technical challenges due to the inaccessibility of nodules at great water depths between 4000–
5000 m have limited the deployment of deep-sea mining systems until today
(e.g., Chung, 2010; Jones et al., 2017).
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The physical removal of nodules as hard-substrate habitats has severe consequences for the
nodule-associated sessile fauna as well as the mobile fauna (Bluhm, 2001; Smith et al., 2008;
Purser et al., 2016; Vanreusel et al., 2016). With slow nodule growth rates of a few
millimeters per million years (e.g., Halbach et al., 1988; Kuhn et al., 2017a), the deep-sea fauna
may not recover for millions of years (Vanreusel et al., 2016; Jones et al., 2017; Gollner et
al., 2017; Stratmann et al., 2018). In addition to the removal of deep-sea fauna as well as
seafloor habitats, the exploitation of nodules is associated with (1) the removal, mixing and
re-suspension of the upper 4 cm to more than several tens of centimeters of the sediments,
(2) the re-deposition of material from the suspended sediment plume, and (3) potentially also
the compaction of the surface sediments due to weight of the nodule collector (Thiel, 2001;
Oebius et al., 2001; König et al., 2001; Grupe et al., 2001; Radziejewska, 2002; Khripounoff et
al., 2006; Cronan et al., 2010; Paul et al., 2018; Gillard et al., 2019). The wide range of
estimations for the disturbance depth may be associated with (1) various devices used for the
deep-sea disturbance experiments (Brockett and Richards, 1994; Oebius et al., 2001; Jones et
al., 2017), (2) distinct sediment properties in different nodule fields of the Pacific Ocean
(e.g., Cronan et al., 2010; Hauquier et al., 2019) as well as (3) different approaches for the
determination of the disturbance depth (e.g., Oebius et al., 2001; Grupe et al., 2001;
Khripounoff et al., 2006). Based on the observation that bulk solid-phase Mn contents decrease
over depth in the surface sediments of the DISCOL area, Paul et al. (2018) have suggested that
the depth distribution of solid-phase Mn and associated metals (e.g., Mo, Ni, Co, Cu) could be
used to trace the sediment removal by disturbances. In addition, other solid-phase properties
such as organic carbon contents (TOC), porosity and radioisotopes may be suitable for the
determination of the disturbance depth.
The most reactive TOC compounds, found in the bioturbated uppermost sediment layer, are the
main drivers for early diagenetic processes (e.g., Froelich et al., 1979; Berner, 1981) and are
expected to be removed during mining activities (König et al., 2001). Thus, strong
biogeochemical implications can be expected in the sediments after deep-sea mining activities.
König et al. (2001) have applied numerical modelling to study the consequences of the removal
of the upper 10 cm of the sediments in the DISCOL area in the Peru Basin. They showed that
the degradation of TOC during aerobic respiration, denitrification and Mn(IV) reduction may
be decreased for centuries strongly influencing the oxygen penetration depth (OPD).
Here, we investigate the impact of various small-scale disturbances on geochemical conditions,
biogeochemical processes and element fluxes in surface sediments of the CCZ. These
small-scale disturbance tracks were created up to 37 years ago in four different European
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contract areas for the exploration of polymetallic nodules, including the German BGR
(Bundesanstalt für Geowissenschaften und Rohstoffe) area, the Belgian GSR (Global Sea
Mineral Resources NV) area, the French IFREMER (Institut Français de Recherche pour
l'Exploitation de la Mer) area and the Polish IOM (InterOceanMetal) area. In order to determine
the disturbance depths of the different small-scale disturbances in the different European
contract areas, we correlate the depth distributions of solid-phase Mn and total organic carbon
(TOC) between disturbed sites and undisturbed reference sites using the Pearson
product-moment correlation coefficient. On this basis, we (1) assess the short- and long-term
consequences of small-scale disturbances on redox zonation and element fluxes and
(2) determine how much time is needed for the re-establishment of a geochemical equilibrium
in the sediments after the disturbances. Our work includes pore-water and solid-phase analyses
as well as the application of a transient one-dimensional transport-reaction model.
2.

Material and methods
As part of the European JPI Oceans pilot action “Ecological Aspects of Deep-Sea

Mining (MiningImpact)”, multiple corer (MUC) and gravity corer (GC) sediment cores were
taken during RV SONNE cruise SO239 in March/April 2015 from undisturbed sites in various
European contract areas for the exploration of polymetallic nodules (Fig. 1; Table 1; Martínez
Arbizu and Haeckel, 2015). These undisturbed reference sites were chosen in close proximity
(< 5 km) to small-scale disturbance experiments for the simulation of deep-sea mining, which
were created up to 37 yr ago and re-visited during cruise SO239 (Table 1; see Sect. 2.1.1.;
Martínez Arbizu and Haeckel, 2015). The sampling of sediments in the disturbance tracks of
these experiments were conducted by video-guided push-coring (PC) between 1 day and 37 yr
after the initial disturbances using the ROV Kiel 6000 (Table 1; Fig. 2; Martínez Arbizu and
Haeckel, 2015).
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Figure 1: Sampling sites (black circles, black star) in various European contract areas for the
exploration of manganese nodules within the Clarion-Clipperton Fracture Zone (CCZ).
Investigated stations are located in the German BGR area (blue), eastern European IOM area
(yellow), Belgian GSR area (green) and French IFREMER area (red). The two stations within
the German BGR area are located in the “prospective area” (BGR-PA, black star) and in the
“reference area” (BGR-RA, black circle). The contract areas granted by the International
Seabed Authority (ISA) are surrounded by nine Areas of Particular Environmental Interest
(APEI), which are excluded from any mining activities (green shaded squares). Geographical
data provided by the ISA.
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Table 1: MUC and PC cores investigated in this study including information on geographic
position, water depth, type and age of the disturbances (years: yr; months: mth; days: d).
Coring Disturbance Disturbance Latitude Longitude Water
device
device/type
age
[N]
[W]
depth [m]
39
MUC
11°50.64' 117°03.44' 4132.0
BGR-PA
41
PC
EBS1
3 yr
11°50.92' 117°03.77' 4099.2
BGR-PA
62
GC
11°49.12’ 117°33.22’ 4312.2
BGR-RA
64
PC
EBS2
1d
11°48.27' 117°30.18' 4332
BGR-RA
66
MUC
11°49.13' 117°33.13' 4314.8
BGR-RA
84
MUC
11°04.73' 119°39.48' 4430.8
IOM
87
GC
11°04.54’ 119°39.83’ 4436
IOM
101 PC
IOM-BIE3
20 yr
11°04.38' 119°39.38' 4387.4
IOM
121 MUC
13°51.25' 123°15.3'
4517.7
GSR
131 PC
EBS2
1d
13°52.38' 123°15.1'
4477.6
GSR
141 PC
dredge4
8 mth
13°51.95' 123°15.33' 4477
GSR
dredge5
37 yr
14°02.06' 130°07.23' 4944.5
IFREMER 157 PC
EBS1
3 yr
14°02.20' 130°05.87' 4999.1
IFREMER 161 PC
14°02.45' 130°05.11' 5005.5
IFREMER 175 MUC
1
Epibenthic sledge (EBS) during BIONOD cruises in 2012 onboard L’Atalante (Brenke, 2005; Rühlemann
and Menot, 2012; Menot and Rühlemann, 2013)
2
Epibenthic sledge (EBS) during RV SONNE cruise SO239 in 2015 (Brenke, 2005; Martínez Arbizu and
Haeckel, 2015)
3
Benthic impact experiment (BIE); disturbance created with the Deep-Sea Sediment Re-suspension System
(DSSRS; e.g., Brocket and Richards, 1994; Kotlinski et al., 1998)
4
Towed dredge sampling during GSR cruise in 2014 onboard M.V. Mt Mitchell (Jones et al., 2017)
5
Towed dredge sampling by the Ocean Minerals Company (OMCO) in 1978 onboard Hughes Glomar
Explorer (Morgan et al., 1993; Spickermann, 2012)
Area

Site

The different investigated European contract areas within the CCZ include the BGR, IOM, GSR
and IFREMER areas. Comprehensive pore-water and solid-phase analyses on the MUC and
GC sediment cores from undisturbed sites have been conducted in previous baseline studies
and are presented elsewhere (Volz et al., 2018; Volz et al., under review). These analyses
include the determination of pore-water oxygen, NO3-, Mn2+ and NH4+ concentrations and
contents of total organic carbon (TOC) for MUC and GC sediment cores (Volz et al., 2018) as
well as solid-phase bulk Mn contents for the MUC sediment cores (Volz et al., under review).
In the framework of this study, we have used these previously published pore-water and
solid-phase data as undisturbed reference data for geochemical conditions and sediment
composition (Table 1). On this basis, here, we investigate seven small-scale disturbances for
the simulation of deep-sea mining (Table 1; see Sect. 2.1.1.; Martínez Arbizu and Haeckel,
2015).
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Figure 2: Examples of undisturbed reference sediments in the German BGR-PA area and the
French IFREMER area and pictures of small-scale disturbances for the simulation of deep-sea
mining within the CCZ, which are investigated in the framework of this study (years: yr;
months: mth; days: d). Copyright: ROV KIEL 6000 Team, GEOMAR Helmholtz Centre for
Ocean Research Kiel, Germany.
2.1

Site Description
The CCZ is defined by two transform faults, the Clarion Fracture Zone in the north and

the Clipperton Fracture Zone in the south and covers an area of about 6 million km2 (Fig. 1;
e.g., Halbach et al., 1988). The sediments at the investigated sites (Table 1) are dominated by
clayey siliceous oozes with various Mn nodule sizes (1–10 cm) and spatial densities (0–30 kg
m-2) at the sediment surface (Berger, 1974; Kuhn et al., 2012; Mewes et al., 2014; Volz et
al., 2018). In order to characterize the investigated sediments with respect to redox zonation,
sedimentation rates, fluxes of particulate organic carbon (POC) to the seafloor and bioturbation
depths, we have summarized these key parameters, which are originally presented elsewhere,
in Table 2 (Volz et al., 2018). Steady state transport-reaction models have shown that aerobic
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respiration is the dominant biogeochemical process at all investigated sites, consuming more
than 90% of the organic matter delivered to the seafloor (Mogollón et al., 2016; Volz et
al., 2018). Below the OPD at more than 0.5 m depth, Mn(IV) and nitrate reduction succeeds in
the suboxic zone, where oxygen and sulfide are absent (e.g., Mewes et al., 2014; Mogollón et
al., 2016; Kuhn et al., 2017b; Volz et al., 2018). At several sites investigated in this study,
including the BGR “reference area” (BGR-RA) and IOM sites, decreasing Mn2+ concentrations
at depth are probably associated with the oxidation of Mn2+ by upward diffusing oxygen
circulating through the underlying basaltic crust (Mewes et al., 2016; Kuhn et al., 2017b; Volz
et al., 2018).
Table 2: Information of sedimentation rate (Sed. rate), flux of particulate organic carbon (POC)
to the seafloor, bioturbation depth (Bioturb. depth), oxygen penetration depth (OPD) based on
GC cores from the investigated sites and determined in the study by Volz et al. (2018).
Information for the BGR-PA area is taken from an adjacent site (A5-2-SN; 11°57.22’N,
117°0.42’W) studied by Mewes et al. (2014) and Mogollón et al. (2016).
Area
BGR-PA

Sed. rate
[cm kyr-1]
~0.53a

BGR-RA 0.65
1.15
IOM
0.21
GSR
0.64
IFRE-1
0.48
IFRE-2
0.2
APEI3
a
Mogollón et al. (2016)
b
Mewes et al. (2014)

POC flux
[mg m-2 d-1]
~6.9a

Bioturb.
depth [cm]
~5a

1.99
1.54
1.51
1.47
1.5
1.07

7
13
8
7
8
6

OPD [m]
~2a,b
0.5
3
>7.4
4.5
3.8
>5.7

2.1.1 Small-scale disturbances
Since the 1970s, several comprehensive environmental impact studies of deep-sea
mining simulations have been carried out in the CCZ, including the Benthic Impact Experiment
(BIE; e.g., Trueblood and Ozturgut, 1997; Radziejewska, 2002) and the Japan Deep Sea Impact
Experiment (JET; Fukushima, 1995). In addition, numerous small-scale seafloor disturbances
have been carried out in the CCZ in the past 40 yr using various tools such as epibenthic sleds
(EBS) and dredges (e.g., Vanreusel et al., 2016; Jones et al., 2017). The EBS is towed along the
seabed for the collection of benthic organisms (and nodules) thereby also removing the upper
few centimeters of the sediments (e.g., Brenke, 2005). In 2015, some of these disturbances were
re-visited as part of the BMBF-EU JPI Oceans pilot action “Ecological Aspects of Deep-Sea
Mining (MiningImpact)” project in order to evaluate the long-term consequences of such
small-scale disturbances on the abyssal benthic ecosystem (Martínez Arbizu and
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Haeckel, 2015). For comparison, the Disturbance and Recolonization Experiment (DISCOL),
which was conducted in a nodule field in the Peru Basin (PB) in 1989 was re-visited as part of
MiningImpact (Boetius, 2015; Greinert, 2015). In the framework of DISCOL, a seafloor area
of ~ 11 km2 was disturbed with a plough harrow. The impact of the DISCOL experiment was
studied 0.5, 3 and 7 yr after the disturbance had been set (e.g., Thiel, 2001).
Comparably small-scale, up to 37 yr old simulations of deep-sea mining in various European
contract areas within the CCZ were re-visited in 2015 during the RV SONNE cruise SO239
(Table 1; Fig. 2; Martínez Arbizu and Haeckel, 2015). New small-scale disturbance tracks were
created during SO239 in the BGR-RA and in the GSR area “B6” using an EBS in order to add
also initial temporal datasets (Table 1; Fig. 2; Martínez Arbizu and Haeckel, 2015). The EBS
weighed about 400 kg under normal atmospheric pressure and created a disturbance track of
about 1.5 m width (Brenke, 2005). The fresh EBS disturbance tracks in the BGR-RA and GSR
areas were re-visited 1 day after their creation. Eight months prior to the cruise SO239, towed
dredge sampling was performed in the GSR area by the Belgian contractor (Martínez Arbizu
and Haeckel, 2015; Jones et al., 2017). During the BIONOD cruises onboard RV L’Atalante in
2012, the same EBS setup as used during cruise SO239 was deployed in the BGR “prospective
area” (BGR-PA) and in the IFREMER area (Table 1; Rühlemann and Menot, 2012; Menot and
Rühlemann, 2013; Martínez Arbizu and Haeckel, 2015). In 1995, the Deep-Sea Sediment
Re-suspension System (DSSRS) was used during the IOM-BIE (Benthic Impact Experiment)
disturbance in the IOM area (Table 1; e.g., Kotlinski and Stoyanova, 1998). The DSSRS
weighed 3.2 tons under normal atmospheric pressure and was designed to dredge the seafloor
while producing a re-suspended particle plume about 5 m above the seafloor (Brockett and
Richards, 1994; Sharma, 2001). Based on the dimensions of the DSSRS device, the disturbance
track created during the IOM-BIE disturbance experiment is about 2.5 m wide (Fig. 2; Brockett
and Richards, 1994). In 1978, the Ocean Mineral Company (OMCO) created disturbance tracks
in the French IFREMER area by towed dredge sampling (Table 1; e.g., Spickermann, 2012).
2.2

Sediment sampling and solid-phase analyses
ROV-operated push cores were sampled at intervals of 1 cm for solid-phase analyses.

Bulk sediment data and TOC contents have been corrected after Kuhn (2013) for the
interference of the pore-water salt matrix with the sediment composition (Volz et al., 2018).
The salt-free volume fraction of the pore water, i.e. the porosity, was determined
gravimetrically before and after freeze drying of the wet sediment samples. The salt-corrected
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sediment composition c’ was calculated from the measured solid-phase composition c using the
mass percentage of H2O of the wet sediment (w), which contains 96.5% H2O (Eq. (1)).
𝑐

𝑐∗
∗

∗

(1)
.

2.2.1 Total acid digestions
Total acid digestions were performed in the microwave system MARS Xpress (CEM)
after the protocols by Kretschmer et al. (2010) and Nöthen and Kasten (2011). Approximately
50 mg of freeze-dried, homogenized bulk sediment were digested in an acid mixture of 65%
sub-boiling distilled HNO3 (3 mL), 30% sub-boiling distilled HCl (2 mL) and 40% suprapur®
HF (0.5 mL) at ~ 230 °C. Digested solutions were fumed off to dryness, the residue was
re-dissolved under pressure in 1 M HNO3 (5 mL) at ~ 200 °C and then filled up to 50 mL with
1 M HNO3. Total bulk Mn and Al contents were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES; IRIS Intrepid ICP-OES Spectrometer, Thermo
Elemental). Based on the standard reference material NIST 2702 accuracy and precision of the
analysis was 3.7% and 3.5% for Mn, respectively (n=67).
2.2.2 Total organic carbon
Total organic carbon (TOC) contents were determined using an Eltra CS2000 element
analyzer. Approximately 100 mg of freeze-dried, homogenized sediment were transferred into
a ceramic cup and decalcified with 0.5 mL of 10% HCl at 250 °C for 2 h before analysis. Based
on an in-house reference material, precision of the analysis was better than 3.7% (n=83).
2.3

Pearson correlation coefficient
In order to determine the disturbance depths, solid-phase bulk Mn contents were

correlated between disturbed sediments and undisturbed reference sediments using the Pearson
product-moment correlation coefficient 𝑟 (Eq. (2); Table 1; Pearson, 1895). The Pearson
correlation coefficient is a statistical measure of the linear relationship between two arrays of
variables with:
𝑟

∑
∑
̅

̅
∑

(2)
̅

where 𝑛 is the sample size, 𝑥 and 𝑦 are individual sample points and 𝑥̅ and 𝑦 are the sample
means 𝑥̅

∑

𝑥 and 𝑦

∑

𝑦.
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While the solid-phase bulk Mn contents of the disturbed sediments were determined in the
framework of this study, solid-phase bulk Mn contents from undisturbed reference sediments
were taken from Volz et al. (under review). The highest positive linear correlations of
solid-phase Mn contents (𝑟Mn ~ 1) between the disturbed sites and the respective undisturbed
reference sites (Table 1) were used to determine the depths of the disturbances. In a second
step, the same correlation was applied to the TOC contents (𝑟TOC) in order to verify the depth
of disturbance. While the TOC contents in the disturbed sediments were determined in the
framework of this study, TOC contents from undisturbed reference sediments were taken from
Volz et al. (2018).
2.4

Geochemical model setup and reaction network
A transient one-dimensional transport-reaction model (Eq. (3); e.g., Boudreau, 1997;

Haeckel et al., 2001) was used (1) to assess the impact of small-scale disturbances on
biogeochemical processes, geochemical conditions and element fluxes in sediments of the CCZ
and (2) to estimate the time required to establish a new geochemical equilibrium after a
small-scale disturbance. We have applied the transient transport-reaction model for the sites in
the BGR-RA and IOM areas (Table 1). These sites were chosen due to distinctively different
sedimentation rates and OPD (Table 2). We have adapted the steady state transport-reaction
model, which was originally presented by Volz et al. (2018) and used pore-water oxygen, NO3, Mn2+ and NH4+ data as well as TOC contents of GC sediment cores from the same study as
undisturbed reference data (Table 1; Table 2). The transient transport-reaction model consists
of four aqueous (O2, NO3-, Mn2+, NH4+), four solid species (TOC1-3, MnO2) and six reactions
(R1–R6; Supplementary Table 1) with:
,

,

,

,

𝛼 𝜗 𝐶,

𝐶

,

𝜗 ∑𝑅 ,

(3)

where 𝑧 is sediment depth, and subscripts 𝑖, 𝑗 represent depth and species-dependence,
respectively; aqueous or solid species concentration are denoted by 𝐶 (Supplementary Table
2); 𝐷 is in case of solutes the effective diffusive mixing coefficient, which has been corrected
for tortuosity (𝐷

,,

; Boudreau, 1997). In the case of solids, 𝐷 represents the bioturbation

coefficient (𝐵 ; Eq. (4)); 𝜗 is the volume fraction representing the porosity 𝜑 for the aqueous
phase and 1

𝜑 for the solid phase; the velocity of either the aqueous (𝑣) or the solid phase

𝑤) is denoted by the symbol 𝜔 ; 𝛼 is the bioirrigation coefficient (0 for solid species; Eq. (5));
and ∑ 𝑅 , is the sum of the reactions affecting the given species.
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The bioturbation and bioirrigation profiles, i.e. biologically induced mixing of sediment and
pore water, respectively, are represented by a modified logistic function:
𝐵

𝐵 exp

/ 1

exp

(4)

𝛼

𝛼 exp

/ 1

exp

(5)

where 𝛼 and 𝐵 are constants indicating the maximum biorrigation and bioturbation intensity
at the sediment-water interface; the depth where the bioturbation and bioirrigation intensity is
halved is denoted by 𝑧
is controlled by 𝑧

; and the attenuation of the biogenically induced mixing with depth

.

Assuming steady-state compaction, the model applies an exponential function that is
parameterized according to the available porosity data at each station (e.g., Berner, 1980;
Supplementary Fig. 1):
𝜑

𝜑

𝜑

𝜑

exp

(6)

𝛽𝑧

where 𝜑 is the porosity at the ‘infinite depth’, at which point compaction is completed; 𝜑 is
the porosity at the sediment water interface (𝑧

0 ; and 𝛽 is the porosity-attenuation

coefficient.
Organic matter was treated in three reactive fractions (3G-model) with first order kinetics. The
rate expressions for the reactions (R1–R6) include inhibition terms, which are listed together
with the rate constants (Supplementary Table 3).
Based on the Pearson correlation coefficient 𝑟Mn, we have removed the upper 7 cm of sediments
in the transport-reaction model for the IOM-BIE site and the upper 10 cm of sediments in the
transport-reaction model for the BGR-RA site. Due to the lack of data on the re-establishment
of bioturbation, i.e. the recovery of the bioturbation ‘pump’ after small-scale disturbance
experiments, we have tested the effect of different bioturbation scenarios in the
transport-reaction model. For the different post-disturbance bioturbation scenarios, we have
assumed that bioturbation is inhibited immediately after the disturbance with a linear increase
to undisturbed reference bioturbation coefficients (Volz et al., 2018). Based on the work by
Miljutin et al. (2011) and Vanreusel et al. (2016), we have assumed that bioturbation should be
fully re-established after 100, 200, and 500 yr. As the modelling results for the different time
spans were almost identical, we only present here the model that assumes bioturbation is at
pre-disturbance intensity 100 yr after the impact (Volz et al., 2018; Supplementary Table 2).
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We have applied the transient transport-reaction model under the assumption that the
sedimentation rates as well as the POC fluxes to the seafloor remain constant over time
(Table 2). The model was coded in MATLAB with a discretization and reaction set-up closely
following the steady state model (Volz et al., 2018).
3.

Results

3.1

Characterization of disturbed sites
Most of the small-scale disturbances investigated in the framework of this study were

created with an EBS (Table 1; Fig. 2). Based on the visual impact inspection of the EBS
disturbance tracks in the CCZ, the sediments were mostly pushed aside by the EBS and piled
up next to the left and right of the tracks (Fig. 2). In particular, the freshly created 1-day old
EBS tracks in the BGR-RA and GSR areas indicate that the sediments were mostly scraped off
and accumulated next to the freshly exposed sediment surfaces (Fig. 2). Small sediment lumps
occur on top of the exposed sediment surfaces on the EBS tracks, which indicates that some
sediment has slid off from the adjacent flanks of the sediment accumulation after the
disturbances (Fig. 2). However, the mostly smooth sediment surfaces of the EBS tracks suggest
that sediment mixing during the EBS disturbance experiments may be mostly negligible (Fig. 2;
Table 1). In the 8-months old dredge track in the GSR area, small furrows occur at the disturbed
sediment surface most likely caused by the shape of the dredge (Fig. 2).
3.2

Sediment porosity and solid-phase composition
The sediment porosity shows little lateral variability and ranges between 0.65 and 0.8

throughout the upper 25 cm of the sediments at all investigated disturbed sites (Fig. 3). At the
disturbed IOM-BIE site, sediment porosity is about 5% higher in the upper 4 cm of the
sediments than below. Total bulk Mn contents in the upper 25 cm of the sediments at the
disturbed sites are between 0.1 and 0.9 wt% (Fig. 3). Solid-phase Mn contents decrease with
depth at all investigated sites. Total organic carbon (TOC) contents in the upper 25 cm of the
sediments at the disturbed sites are within 0.2 and 0.5 wt% (Fig. 3). The TOC contents slightly
decrease with depth at all investigated sites.
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Figure 3: Solid-phase Mn and TOC contents for all disturbed sites investigated in the framework
of this study.
3.3

Pearson correlation coefficient and disturbance depths
The Pearson correlation coefficient 𝑟Mn for the correlation of solid-phase Mn contents

between the disturbed sites and the respective reference sites ranges between 0.72 and 0.97
(Table 3). Based on 𝑟Mn, 5–15 cm of sediment has been removed by various disturbance
experiments in the different contract areas (Fig. 4). Applying these 𝑟Mn-derived disturbance
depths for the correlation of the TOC depth distributions between disturbed sites and respective
adjacent reference sites gives Pearson correlation coefficients 𝑟TOC within 0.73 and 0.91
(Table 3; Fig. 4), which may support the estimates for the disturbance depth based on 𝑟Mn. At
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the BGR-RA site, the correlation of TOC contents between the disturbed site and the reference
site shows negative values. As the sediment porosity in the disturbed sediments correlates well
with the porosity in the respective undisturbed reference sediments (Fig. 4), sediment
compaction due to the weight of the disturbance device may be negligible during the small-scale
disturbances investigated in the framework of this study.
Table 3: Calculated Pearson correlation coefficients 𝑟Mn and 𝑟TOC for the determination of the
disturbance depth of various small-scale disturbances investigated in the framework of this
study (compare Table 1).
Exploration
area
BGR-PA
BGR-RA
IOM
GSR
GSR
IFREMER
IFREMER

Disturbance
device/type
EBS
EBS
IOM-BIE
EBS
dredge
dredge
EBS

Disturbed
Site
41
64
101
131
141
157
161

Reference
Site
39
66
87
121
121
175
175
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𝒓Mn
0.86
0.82
0.97
0.72
0.88
0.74
0.93

Disturbance
depth [cm]
5
15
7
6
6
10
7

𝒓TOC
-0.4
0.77
0.88
0.91
0.73
0.74
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Figure 4: Correlation of solid-phase Mn and TOC contents between the disturbed sites and the
respective undisturbed reference sediments (grey shaded profiles) using the disturbance depths
determined with the Pearson correlation coefficient (compare Table 3). For the undisturbed
reference sediments, solid-phase Mn contents are taken from Volz et al. (under review) and
TOC contents are taken from Volz et al. (2018).
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3.4

Transport-reaction modelling
The removal of the surface sediments in the transient transport-reaction model for the

BGR-RA and IOM-BIE sites is associated with the loss of the reactive labile organic matter
(Fig. 5 and 6). About 10 kyr after the removal of the upper 10 cm of the sediments in the model
for the BGR-RA site, oxygen penetrates about tenfold deeper into the disturbed sediments than
in undisturbed sediments (Table 2; Fig. 5; Volz et al., 2018). At the IOM-BIE site, oxygen
reaches the maximum OPD at about 100 yr after the removal of the upper 7 cm of the sediments.
At this site, the oxygen front migrates only ~ 1 m deeper than the corresponding OPD in
undisturbed sediments (Table 2; Fig. 5; Volz et al., 2018). As a consequence of deeper OPDs
at both sites, the oxic-suboxic redox boundary is located at greater depth, with a significant
consumption of pore-water Mn2+ in the path of the oxygen front. The NH4+ concentrations are
also being diminished, reaching minima within 100–1000 yr and 1–10 yr after the disturbance
experiments in the BGR-RA and IOM areas, respectively. The trend for the NO3- is more
complicated with lower concentrations during the downward migration of the OPD and
augmented concentrations once oxygen concentrations reach their maximum (Figs. 5 and 6).
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Figure 5: Model results of the transient transport-reaction model for (a) EBS disturbance in the
German BGR-RA area and (b) the IOM-BIE disturbance in the eastern European IOM area.
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Figure 6: Detailed model results of the transient transport-reaction model for the upper 1 m of
the sediments for (a) EBS disturbance in the German BGR-RA area and (b) the IOM-BIE
disturbance in the eastern European IOM area.
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Naturally, the solute fluxes across the sediment-water interface (SWI) are strongly affected after
the surface sediment removal (Fig. 7). The transient transport-reaction model suggests that the
oxygen fluxes into the sediments are lowered by a factor of three to six after 10–100 yr at the
IOM-BIE and BGR-RA sites, respectively. This trend is mirrored by the decreased release of
NH4+ and NO3- into the bottom water.

Figure 7: Pore-water fluxes of oxygen (O2), nitrate (NO32-) and ammonia (NH4+) at the
sediment-water interface obtained by the application of the transient transport-reaction model.
Oxygen fluxes into the sediment and fluxes of nitrate and ammonia towards the sediment
surface are shown as a function of time after the EBS and IOM-BIE disturbances in the German
BGR-RA area (blue) and in the eastern European IOM area (black), respectively.
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4.

Discussion

4.1

Depths of small-scale disturbance experiments
Our work demonstrates that the depth distribution of solid-phase Mn provides a reliable

tool for the determination of the disturbance depths in the sediments of the CCZ (Fig. 4;
Table 3). The success of the correlation of solid-phase Mn contents between disturbed and
undisturbed reference sediments benefits from several factors:
(1) Sediment mixing during the small-scale disturbance experiments is negligible: The visual
impact assessment of the investigated disturbance tracks in the CCZ suggests that sediment
mixing during the small-scale disturbance experiments was insignificant (Fig. 2). This
observation is in agreement with a recent EBS disturbance experiment, which has been
conducted in the DISCOL area in 2015 (Greinert, 2015). The freshly created EBS track in the
DISCOL area was re-visited 5 weeks after the disturbance experiment, where the surface
sediment was mostly removed and deeper sediment layers were exposed without visible
sediment mixing (Boetius, 2015; Paul et al., 2018). In a study on the geochemical regeneration
in disturbed sediments of the DISCOL area in the Peru Basin, Paul et al. (2018) have shown
that the bulk Mn-rich top sediment layer, which has been observed in undisturbed sediments, is
removed in the 5-week old EBS disturbance track. Thus, an important pre-requisite for this
method is met and the authors have proposed that the depth distribution of solid-phase Mn may
be suitable for the evaluation of the impact as well as for the monitoring of the recovery of
small-scale disturbance experiments.
(2) The fact that the solid-phase Mn maxima in the surface sediments of the CCZ appear to be
a regional phenomenon (Volz et al., under review): The investigated disturbed sediments as
well as the undisturbed reference sediments in the CCZ show decreasing solid-phase Mn
contents with depth in the upper 20–30 cm of the sediments (Fig. 3; Fig. 4; Volz et al., under
review). In the undisturbed reference sediments, solid-phase Mn contents show maxima of up
to 1 wt% in the upper 10 cm of the sediments with distinctly decreasing contents below (Fig. 4;
Volz et al., under review). Similar bulk solid-phase Mn distribution patterns have been reported
for other sites within the CCZ (e.g., Khripounoff et al., 2006; Mewes et al., 2014; Widmann et
al., 2014). Volz et al. (under review) have suggested that the widely observed solid-phase Mn
enrichments in the surface sediments of the CCZ formed in association with a more compressed
redox zonation, which may have prevailed during the last glacial period as a result of lower
bottom-water oxygen concentrations than today. As a consequence of this condensed redox
zonation, upward diffusing pore-water Mn2+ may have precipitated as authigenic Mn(IV) at a
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shallow oxic-suboxic redox boundary in the upper few centimeters of the sediments. After the
last glacial period, the authigenic Mn(IV) peak was continuously mixed into subsequently
deposited sediments by bioturbation causing the observed broad solid-phase Mn(IV)
enrichment in the surface sediments (Fig. 4; Volz et al., under review).
(3) Lastly, the OPD at all sites is located at sediment depths greater than 0.5 m, and thus,
diagenetic precipitation of Mn(IV) in the surface sediments (e.g. Gingele and Kasten, 1994)
since the last glacial period can be ruled out (Table 2; Mewes et al., 2014; Volz et al., under
review).
Based on the depth distribution of solid-phase Mn, our work suggests that between 5 and 15 cm
of the surface sediments were removed by the different small-scale disturbance experiments in
the CCZ (Table 3; Fig. 4). This range of disturbance depths is in good agreement with other
estimates for small-scale disturbances by similar gear in the CCZ and in the DISCOL area,
which suggest that the upper 4–20 cm of the sediments were removed (e.g., Thiel, 2001; Oebius
et al., 2001; König et al., 2001; Grupe et al., 2001; Radziejewska, 2002; Khripounoff et
al., 2006; Paul et al., 2018). However, as the disturbed sites investigated in this study and the
respective undisturbed reference sites are located up to 5 km apart from each other, the
correlation of solid-phase Mn may be influenced by some spatial heterogeneities in solid-phase
Mn contents (Table 1; Mewes et al., 2014). Furthermore, it should be noted, that for the
correlation of solid-phase Mn contents between the disturbed and undisturbed reference sites,
we have not considered that (1) particles may have re-settled on the freshly exposed sediment
surfaces from re-suspended particle plumes (e.g., Jankowski and Zielke, 2001; Thiel, 2001;
Radziejewska, 2002; Gillard et al., 2019), (2) sediment has slid off from adjacent flanks of the
sediment accumulation after the disturbances (Fig. 2) and (3) sediments have been deposited
after the small-scale disturbances at sedimentation rates between 0.2 and 1.2 cm kyr-1 (Table 2;
Volz et al., 2018). However, only in the case of the IOM-BIE disturbance, the visual impact
assessment suggested that the disturbance surface was concealed, here by re-settling sediments
(Fig. 2). The development of a re-suspended particle plume during the disturbance experiments
highly depends on various factors, such as sediment properties, seafloor topography,
bottom-water currents and the disturbance device (e.g., Gillard et al., 2019). Although local and
regional variations in these factors have been reported for the CCZ, they are not well
constrained (e.g., Mewes et al., 2014; Aleynik et al., 2017; Volz et al., 2018; Gillard et al., 2019;
Hauquier et al., 2019). As the disturbance tracks investigated in the framework of this study are
relatively small with a maximum width of 2.5 m (Fig. 2; Brockett and Richards, 1994; Brenke
2005), re-suspended particles may (1) only partly deposit on the disturbance track and (2)
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mostly be transported laterally by currents and deposit on top of undisturbed sediments in the
proximity of the disturbance tracks (e.g., Fukushima, 1995; Aleynik et al., 2017; Gillard et
al., 2019). This is in accordance with the close correlation of the sediment porosity between the
disturbed and undisturbed reference sites, which indicates that the deposition of re-settling
particles with higher porosity at the sediment surface in the disturbance tracks is insignificant
at all sites, except for the IOM-BIE site (Fig. 4). The porosity data further shows that sediment
compaction, potentially caused by the weight of the disturbance device (Cuvelier et al., 2018;
Hauquier et al., 2019) is insignificant at all disturbed sites.
4.2

Impact of small-scale disturbances on the geochemical system
The geochemical conditions found at the study sites in the CCZ are the result of a

balanced interplay of key factors, such as the input of fresh, labile TOC, sedimentation rate and
bioturbation intensity (e.g., Froelich et al., 1979; Berner, 1981; Zonneveld et al., 2010;
Mogollón et al., 2016; Volz et al., 2018). Together they characterize the upper reactive layer,
which in turn plays a crucial role for the location of the OPD in the sediments of the CCZ
(e.g., Mewes et al., 2014; Mogollón et al., 2016; Volz et al., 2018). Oxygen is consumed via
aerobic respiration during the degradation of organic matter while bioturbation transports fresh,
labile TOC into deeper sediments (e.g., Haeckel et al., 2001; König et al., 2001). The presence
of labile TOC throughout the bioturbated zone significantly enhances the consumption of
oxygen with depth, where oxygen is not as easily replenished by seawater oxygen. Thus, the
availability of labile TOC in the bioturbated layer controls the amount of oxygen that passes
through the reactive layer into deeper sediments (e.g., König et al., 2001). Below the highly
reactive layer, refractory organic matter degradation and secondary redox reactions – such as
oxidation of Mn2+ – control the consumption of oxygen (Supplementary Table 1; Mogollón et
al., 2016; Volz et al., 2018). The oxygen profile, more precisely the position of the OPD, in
turn, strongly influences the distribution of other solutes. Below the OPD, denitrification and
Mn(IV) reduction commence, albeit at much lower rates, consuming pore-water NO3- and
releasing Mn2+ (Mogollón et al., 2016; Volz et al., 2018). The study sites in the CCZ provide
an excellent example for how slight differences in key environmental factors can profoundly
change the overall solute profiles with OPDs ranging between 0.5 m (BGR-RA) and > 7.4 m
(GSR) as outlined by Volz et al. (2018).
Mining-related removal of the upper 5–15 cm of the sediment results, on one hand, in an almost
complete loss of the labile TOC fraction (Fig. 4) as this fraction is restricted to the upper 20 cm
of the sediment in the CCZ (e.g., Müller and Mangini, 1980; Emerson, 1985; Müller et
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al., 1988; Mewes et al., 2014; Mogollón et al., 2016; Volz et al., 2018). On the other hand,
studies on faunal diversity and density in small-scale disturbances in the sediments of the CCZ
and in the DISCOL area show that most of the biota is lost immediately after the disturbance
experiment (Borowski et al., 1998; 2001; Bluhm et al., 2001; Thiel et al., 2001; Vanreusel et
al., 2016; Jones et al., 2017; Gollner et al., 2017). Thus, a drastic decline or stand-still of
bioturbation can be expected in the surface sediments.
Based on the results of the transient transport-reaction model, geochemical recovery after
small-scale sediment disturbances can be divided into two main phases (Fig. 8):
(1) Since the labile TOC fraction and bioturbating fauna is mostly removed, downward
diffusion of oxygen is the main driver shaping solute profiles towards a new geochemical
equilibrium in the absence of the reactive layer (Figs. 5 and 6). This entails the downward
migration of the OPD, as oxygen is no longer effectively consumed in the upper sediment layer.
The presence of oxygen outcompetes denitrification and Mn(IV) reduction and induces NH4+
and Mn2+ oxidation instead, thus, minimizing pore-water NH4+ and Mn2+ concentrations
(Figs. 5 and 6). At the same time, NO3-, as a by-product of aerobic-respiration (e.g., Froelich et
al., 1979; Berner, 1981; Haeckel et al., 2001; Mogollón et al., 2016; Volz et al., 2018), is
accordingly reduced during denitrification and NO3- concentrations are lowered during this first
phase.
(2) The second phase is characterized by the increasing influence of reactive fluxes across the
seafloor. It takes approximately 1000 yr before any significant build-up of an upper labile TOC
layer is re-established (Fig. 6), at which point solute profiles slowly shift towards their
pre-disturbance shape (Fig. 7). Interestingly, during the transition time when oxygen is still
present at depth but aerobic respiration in the upper sediments has already began to pick up,
NO3- concentrations are strongly elevated in the BGR sediments (Figs. 5 and 6). This is due to
the fact that NO3- is not consumed during denitrification or the Mn-annamox reaction in the
presence of oxygen (Mogollón et al., 2016; Volz et al., 2018).
With the importance of bioturbation and the mining-related removal of associated fauna in
mind, solute and in particular nutrient fluxes across the seafloor should also be considered. The
release of nutrients complements the close link between sediment geochemistry and the food
web structure (e.g., Smith et al., 1979; Dunlop et al., 2016; Stratmann et al., 2018) and further
emphasizes their interdependencies. Figure 7 depicts fluxes of oxygen, NO3- and NH4+ across
the seafloor. As expected, with the reactive layer being mostly absent, fluxes across the seafloor
are severely reduced, which particularly affects the oxygen uptake of the sediments as well as
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the release of NO3- and NH4+ into the bottom water. At about 100 to 1000 yr after the
disturbance, concurrent with the build-up of an upper sediment layer containing significant
amounts of labile organic matter, fluxes begin to increase again, albeit much slower than the
rate of the decrease in fluxes subsequently after the disturbances (Fig. 7, note the logarithmic
scale).

Figure 8: Conceptual model for time-dependent pore-water fluxes of oxygen (O2), nitrate
(NO32-) and ammonia (NH4+) at the sediment-water interface after the removal of the upper 7–
10 cm of the sediments. The re-establishment of bioturbation, the maximum oxygen penetration
depth (OPD) as well as the re-establishment of the surface sediment layer dominated by the
reactive labile organic matter fraction are indicated as a function of time after the sediment
removal.
It should be noted that while bioturbation has a pivotal influence on the undisturbed steady-state
profile, it only plays a secondary role in re-establishing the geochemical equilibrium at the
disturbed sites in the CCZ. Studies suggest that faunal abundances fully recover within centuries
after the disturbance even though the benthic community may be different than prior to the
disturbance (e.g., Miljutin et al., 2011; Vanreusel et al., 2016). Due to the extremely slow
build-up of the reactive layer with labile TOC, the bioturbation ‘pump’ is active again before
any significant amount of labile TOC is present about 1–100 kyr after the disturbance. Thus,
full recovery is mainly controlled by the re-establishment of the upper reactive layer, i.e. the
accumulation rate of labile TOC on the seafloor.
The transport-reaction model reveals that under current depositional conditions, the
re-equilibrated geochemical system is established after 1–10 kyr at the IOM-BIE site, while the
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re-establishment of the geochemical equilibrium at the BGR-RA site takes 10–100 kyr
(Figs. 5 and 6). Shorter recovery times at the IOM site compared to the BGR-RA site are related
to higher sedimentation rates (1.15 instead of 0.65 cm kyr-1) and shallower impact on the
sediment (7 cm instead of 10 cm sediment removal). Accordingly, the maximum OPD is
reached after 100 yr and 10 kyr at the IOM and BGR-RA site, respectively (Figs. 5 and 6) while
the reactive layer is clearly established sooner at the IOM site compared to the BGR-RA site
(Fig. 7). Thus, the disturbance depth clearly has a strong influence on the recovery process of
the geochemical system of the sediments, highlighting the importance of low-impact mining
equipment. Considering that in the CCZ areas of about 8500 km2 could be commercially mined
in 20 yr per individual mining operation (Madureira et al., 2016), this impact assessment of
small-scale disturbance experiments may only represent a first approach for the prediction of
the environmental impact of large-scale deep-sea mining activities.
5.

Conclusion
We have studied surface sediments from seven small-scale disturbance experiments for

the simulation of deep-sea mining, which were performed between 1 day and 37 years prior to
our sampling in the NE Pacific Ocean. These small-scale disturbance tracks were created using
various disturbance devices in different European contract areas for the exploration of
polymetallic nodules within the eastern part of the Clarion-Clipperton Zone (CCZ). Through
correlation of solid-phase Mn contents of disturbed and undisturbed reference sediments, we
(1) propose that the depth distribution of solid-phase Mn in the sediments of the CCZ provides
a reliable tool for the estimation of the disturbance depth and (2) show that 5–15 cm of the
sediments were removed during the small-scale disturbance experiments investigated in this
study. As the small-scale disturbances are associated with the removal of the surface sediments
characterized by reactive labile organic matter, the disturbance depth ultimately determines the
impact on the geochemical system in the sediments. The application of a transient
transport-reaction model reveals that the removal of the upper 7–10 cm of the surface sediments
is associated with a meter-scale downward extension of the oxic zone and the shutdown of
denitrification and Mn(IV) reduction. As a consequence of lower respiration rates after the
disturbance experiments, the geochemical system in the sediments is controlled by downward
oxygen diffusion. While the re-establishment of bioturbation within centuries after the
disturbance is important for the geochemical re-equilibration in the disturbed sediments, the
rate at which the new geochemical system re-equilibrates ultimately depends on the burial rate
of organic matter. Assuming the accumulation of labile organic matter to proceed at current
Holocene sedimentation rates in the disturbed sediments, biogeochemical reactions resume in
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the reactive surface sediment layer, and thus, the new geochemical equilibrium in the disturbed
sediments in the CCZ is reached on a millennial time scale after the disturbance of the surface
sediments.
Our study represents the first study on the impact of small-scale disturbance experiments on the
sedimentary geochemical system in the prospective areas for polymetallic nodule mining in the
CCZ. Our findings on the evaluation of the disturbance depths using solid-phase Mn contents
as well as the quantification of the geochemical re-equilibration in the sediments advances our
knowledge about the potential long-term consequences of deep-sea mining activities. We
propose that mining techniques potentially used for the potential commercial exploitation of
nodules in the CCZ may remove less than 10 cm of the surface sediments in order to minimize
the impact on the geochemical system in the sediments. Furthermore, the depth distribution of
solid-phase Mn may be used for environmental monitoring purposes during future mining
activities in the CCZ. This study also provides valuable data for further investigations on the
environmental impact of deep-sea mining, such as during the launched JPI Oceans follow-up
project MiningImpact 2.
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CHAPTER VI:
Conclusions and Perspectives
In this cumulative PhD thesis, we present a complementary study on the natural spatial and
temporal variation of the sediment geochemistry in the CCZ and the assessment of the potential
impact of deep-sea mining in different European areas for the exploration of polymetallic
nodules. We used the great potential of combining comprehensive pore-water and solid-phase
analyses with numerical transport-reaction modelling. This approach revealed that the flux of
organic matter to the seafloor and the rate of sediment accumulation ultimately determine the
rates of biogeochemical processes and the development of the redox zonation in the sediments.
While aerobic respiration represents the most dominant biogeochemical process, denitrification
and manganese(IV) reduction consume only a small fraction of the organic matter delivered to
the seafloor (Fig. 1A). Spatial variations in the meter-scale upper oxic zone are mostly
associated with a lateral gradient in fluxes of organic matter to the seafloor. Further inter-areal
variability is reflected by the depth distribution of REY in the sediments, which are
predominantly bound to calcium phosphates. The oxidation of pore-water manganese at depth
in several European contract areas indicates that upward diffusing oxygen from the basaltic
crust appears to be a widespread phenomenon in the area of the CCZ (Fig. 1A). This finding
has strong implications for the heat extraction of the oceanic crust and for biogeochemical
processes and microbial communities at depth. The results of this first baseline study lead to
the recommendation for the International Seabed Authority (ISA) that one of the protected Area
of Particular Environmental Interest (APEI) located north of the CCZ does not represent the
depositional and geochemical conditions found in the European contract areas.
The findings of this first baseline study led to the investigation of temporal varations in
geochemical conditions in the sediments of the CCZ as a result of postulated climatically-driven
lower oxygen concentrations in Pacific bottom waters during the last glacial period. Solid-phase
manganese maxima in the surface sediments suggest that the redox zonation was more
condensed during the last glacial period during which diagenetically redistributed manganese
re-precipitated in the upper few centimeters of the sediments and was continuously mixed into
subsequently depositing Holocene sediments (Fig. 1A). These findings have strong
implications for paleoceanographic conditions in the Pacific Ocean, biogeochemical processes
and redox conditions in the deep-sea sediments as well as the growth of polymetallic nodules
in the CCZ. The results of this study further demonstrate that the APEI area located north of
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the CCZ differs from the European contract areas as the redox zonation was not as compressed
during the last glacial period in the APEI area due to considerably lower carbon burial rates.
As proposed in a previous study, the depth distribution of solid-phase manganese in the surface
sediments of the CCZ provides a reliable tool for monitoring the disturbance depth of deep-sea
mining (Fig. 1A). The removal of the surface sediments is associated with the loss of the
reactive labile organic carbon fraction driving early diagenetic processes in the sediments. As
a consequence of lower oxygen consumption rates after the sediment removal, the upper oxic
zone extends deeper into the sediment, mostly inhibiting denitrification and manganese(IV)
reduction and compressing the suboxic zone at depth (Fig. 1B). While the establishment of
bioturbation plays a crucial role for the geochemical re-equilibration in the sediments after the
disturbance, the depth of the disturbance as well as the carbon burial rate ultimately determine
the geochemical re-equilibration in the sediments. While the reactive surface layer is mostly
re-established within 103 years after the disturbance, the new geochemical equilibrium in the
sediments is reached 104–105 years after the disturbance once the surface sediment layer is fully
re-established (Fig. 1C).
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Figure 1: Schematic illustration of the geochemical conditions in the sediments of the CCZ
before (A) and after (B, C) anthropogenic disturbances (compare Figure 5 in CHAPTER I:
Introduction). (A): Undisturbed sediment redox zonation and solid-phase Mn and TOC maxima
in the surface sediments. The uppermost 15 cm of the sediments are most likely removed by
anthropogenic disturbances. (B) Redox zonation in the sediments 103 years after the surface
sediment removal with an extended upper oxic zone and a compressed suboxic zone below.
(C) Pre-disturbance redox conditions and the removed sediment surface layer are re-established
104–105 years after the disturbance (Depth distribution of Mn(IV) is roughly estimated).
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In the framework of this PhD project, data have been produced advancing the knowledge in
Pacific paleoceanography, deep-sea sediment geochemistry and the environmental
consequences of potential future deep-sea mining activities. Although the baseline studies
presentend in this thesis fill some knowledge gaps, deep-sea ecosystems are still insufficiently
studied and the environmental consequences of deep-sea mining activities are poorly conceived.
The results of this PhD project produced in the framework of the Joint Programming Initiative
Healthy and Productive Seas and Oceans (JPI Oceans) pilot action “Ecological Aspects of
Deep-Sea Mining (MiningImpact)” may provide fundamental information for the recently
launched JPI Oceans follow-up project “MiningImpact 2”. During this new European project,
the environmental consequences of an industrial component trial of a nodule collector system
by the Belgian contractor DEME-GSR will be monitored by an independent scientific
community.
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APPENDIX I
Supplementary material to CHAPTER II: Natural spatial variability of depositional
conditions, biogeochemical processes and element fluxes in sediments of the eastern
Clarion-Clipperton Zone, Pacific Ocean

Supplementary Figure 1: 230Th/231Pa activity ratios for the uppermost 50 cm of the sediments
of the APEI3, IFREMER, GSR and IOM sites. Only below the bioturbated layer (lower
boundary indicated by dotted line) the activity ratio increases with depth as a result of
radioactive decay.
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Supplementary Figure 2: Model fits for all sites including TOC, oxygen, Mn2+, nitrate and
ammonia.
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Supplementary Table 1: Electron-equivalent redox reactions and associated expressions and
units used in the numerical diagenetic model.
Reaction name
Aerobic
respiration

Reaction
R1

Rate expression
𝜎𝐶

𝜎𝐶

Rate unit [yr-1]

𝐶

𝜎𝐶

𝐶

𝑚𝑀 𝐶

ℎ
𝐶

Heterotrophic
denitrification

R2

𝜎𝐶

𝜎𝐶

𝜎𝐶

𝛾

Dissimilatory
Mn(IV) reduction

R3

𝜎𝐶

𝜎𝐶

𝜎𝐶

𝛾

Mn2+ oxidation

R4

𝑘 𝐶 𝐶

𝜇𝑀 𝑂

Nitrification

R5

𝑘 𝐶 𝐶

𝜇𝑀 𝑁

Mn-annamox

R6

𝑘 𝐶

𝐶

a

dry bulk sediment
ℎ
𝛾
ℎ
𝐶
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𝛾

𝐶

ℎ
𝐶

ℎ

ℎ
ℎ

𝐶

ℎ

𝑚𝑀 𝐶
𝑚𝑀 𝐶

𝜇𝑀 𝑀𝑛
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Supplementary Table 2: Species, parameter values and boundary conditions (BC) used in the
reaction-transport model.
Symbol

Unit

Species and boundary conditions
Porosity at SWI
𝜑
Porosity at
𝜑∞
compaction
Sedimentation
cm kyr-1
𝜔
rate
µM
Oxygenbw
𝑂
Ammoniumbw
µM
𝑁𝐻
Nitratebw
µM
𝑁𝑂
Dissolved
µM
reduced
𝑀𝑛
manganesebw
Fitted parameters
Sediment
m
thickness
Labile Corg
mol m-2 yr-1
𝑇𝑂𝐶
Metabolizable
mol m-2 yr-1
𝑇𝑂𝐶
Corg
mol m-2 yr-1
Refractory Corg
𝑇𝑂𝐶
µM
Oxygenbas
𝑂
Ammoniumbas
µM
𝑁𝐻
Nitratebas
µM
𝑁𝑂
Dissolved
µM
reduced
𝑀𝑛
manganesebas
1st order deg.
yr-1
𝜎
coeff. TOC1
1st order deg.
yr-1
𝜎
coeff. TOC2
1st order deg.
yr-1
𝜎
coeff. TOC3
Bioturbation
cm2 yr-1
𝐵
coefficient
Biomixing half
cm
𝑧
depth
Biomixing
cm
𝑧𝑧
attenuation
Bioirrigation
yr-1
𝛼
coefficient
O2 inhibition
µM
concentration
ℎ
for R1
NO3- inhibition
µM
concentration
ℎ
for R2
µM-1 yr-1
R4 rate constant
𝑘
µM-1 yr-1
R5 rate constant
𝑘
R6 rate constant
µM-1 yr-1
𝑘

BGR

IOM

GSR

IFRE-1

IFRE-2

APEI3

0.82

0.8

0.8

0.83

0.82

0.58

0.69

0.67

0.65

0.67

0.66

0.47

0.65

1.15

0.21

0.64

0.48

0.2

120
1
50

150
1
38

150
1
38

140
1
34

150
1
35

170
1
35

1

1

1

1

1

1

20

83

77

20

102

93

6.0E-02

4.5E-02

4.3E-02

4.4E-02

4.5E-02

3.2E-02

1.2E-04

1.1E-03

2.9E-03

7.0E-04

5.1E-04

2.5E-04

5.0E-04
18
1
19

7.8E-04
55
1
30

1.7E-04
150
1
20

1.2E-04
90
1
30

2.6E-04
15
1
35

1.5E-04
25
1
30

1

1

1

1

1

1

1.0E-03

1.0E-02

2.0E-02

3.0E-02

2.5E-03

1.0E-01

1.0E-06

5.5E-06

7.0E-06

1.0E-06

1.7E-06

2.5E-06

2.0E-09

2.5E-09

2.0E-07

5.0E-09

1.0E-11

4.0E-08

0.5

0.2

0.5

0.1

0.5

0.3

7.0

7.0

7.0

7.0

7.0

13.0

0.1

0.1

0.01

0.1

0.1

0.1

0.65

2.0

5.0

0.1

1.0

2.0

0.008

0.006

5

0.5

0.5

0.001

45

25

40

5

50

30

0.1
0.005
0.001

0.1
0.1
0.001

0.1
0.1
0

0.1
0.1
0

0.1
0.1
0

0.1
0.01
0
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Supplementary material to CHAPTER III: Calcium phosphate control of REY patterns of
siliceous-ooze-rich deep-sea sediments from the central equatorial Pacific

Supplementary Table EA1: Replicate analyses of NIST-2702 certified reference material
(CRM) during ICP-OES measurements (n=12 digested samples; 14 measurements in 5
ICP-OES runs).
NIST-2702 certified NIST-2702 measured
[mg/kg]
[mg/kg]
30-120
Al
84100±2200
79735±1525
8.5-118
Caa
3430±240
3486±69
6.5-103.5
Fe
79100±2400
76739±2430
60.5-951
K
20540±720
19500±386
0.5-17.1
Mn
1757±58
1728±41
169-2983
Na
6810±200
6485±568
7.5-45
P
1552±66
1537±39
8.5-148
Sb
15000
16001±314
4.7-18.5
Ti
8840±820
8302±189
#
LOQ: limit of quantification; 10*standard deviation of acid blanks for each run
a
reference value
b
information value
LOQ# [mg/L]

Element

Accuracy
(%)
-5
2
-3
-5
-2
-5
-1
7
-6

Precision
(%)
2
2
3
2
2
9
3
2
2

Supplementary Table EA2: Replicate analyses of NIST-2702 CRM during ICP-MS
measurements (n=10 digested samples; 26 measurements in 2 ICP-MS runs). Accuracy and
precision calculated from averages of each digested sample.
Average
NIST-2702 certified NIST-2702 measured
Element
LOQ# [mg/kg]
[mg/kg]
[mg/kg]
0.122
Ba
397.4±3.2
393±27.4
0.074
Y
--36.8±2.1
0.030
La
73.5±4.2
71.6±4.4
0.030
Ce
123.4±5.8
125.5±8.2
0.043
Pr
--16.5±1.0
0.051
Ndb
56
61±3.5
0.050
Smb
10.8
11.4±0.7
0.050
Eu
--2.0±0.1
0.041
Gd
--9.0±0.5
0.042
Tb
--1.3±0.1
0.036
Dy
--7.4±0.4
0.033
Ho
--1.4±0.1
0.029
Er
--4.0±0.2
0.023
Tm
--0.6±0.0
0.017
Yb
--3.7±0.2
0.018
Lu
--0.5±0.0
#
LOQ: limit of quantification; 10*standard deviation of acid blanks for each run
b
information value
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Accuracy
(%)
-1
-3
2
9
6

Precision
(%)
7
6
6
7
6
6
6
5
5
5
6
5
5
5
5
4
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Supplementary Table EA3: Replicate analyses of BHVO-2 CRM during ICP-MS
measurements (n=1 digested sample; 2 measurements during 1 ICP-MS run). Accuracy and
precision calculated from multiple measurements of 1 digested sample.
BHVO-2
BHVO-2 measured
Average
Element
recommended [mg/kg] [mg/kg]
LOQ# [mg/kg]
0.122
Ba
130±13
129±6.1
0.074
Y
26±2
24.5±0.4
0.030
La
15±1
15.5±0.8
0.030
Ce
38±2
39±2
0.043
Pr
--5.4±0.28
0.051
Nd
25.0±1.8
24.8±1.1
0.050
Smb
6.2±0.4
6.3±0.3
0.050
Eu
--2.1±0.08
6.3±0.2
6.3±0.2
0.041
Gdb
0.042
Tbb
0.9
0.9±0.03
0.036
Dy
--5.4±0.3
1.04±0.04
0.98±0.03
0.033
Hob
0.029
Er
--2.6±1.12
0.023
Tm
--0.3±0.01
0.017
Ybb
2.0±0.2
2.0±0.07
0.018
Lub
0.28±0.01
0.28±0.01
#
LOQ: limit of quantification; 10*standard deviation of acid blanks for each run
b
information value
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Accuracy
(%)
-1
-6
3
3
-1
1
1
2
-4
1
-2

Precision
(%)
5
2
5
5
5
4
5
4
4
4
5
3
5
3
4
4
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Supplementary data 3: Salt-corrected major element contents and Fe/Al and Mn/Al ratios in
CCZ sediment samples. All concentrations given in wt% (Al, Ca, Fe, K, Mn, Na) or ppm (Ba,
P, S, Ti).
Sample ID

Al

Ca

Fe

K

Mn

Na

Ba

P

S

Ti

Fe/Al

Mn/Al

87GC-35cm
87GC-123cm
87 GC-163cm
87 GC-203cm
87 GC-243cm
87 GC-283cm
87 GC-343cm
87 GC-383cm
87 GC-443cm
87 GC-483cm
87 GC-607cm
87 GC-667cm
87 GC-727cm
87 GC-767cm
87 GC-827cm

6.71
7.51
7.5
7.3
7.96
7.58
7.38
7.16
7.39
7.11
7.19
7.22
6.93
7.11
6.92

0.84
0.91
0.95
0.85
0.97
0.95
0.98
0.96
1.03
1
1
0.96
1.15
1.3
1.3

4.54
5.05
4.84
4.82
5.28
4.99
4.84
4.65
5.08
4.91
5.24
4.89
4.94
5.18
4.81

2.25
2.4
2.42
2.37
2.58
2.4
2.33
2.28
2.42
2.36
2.33
2.3
2.21
2.25
2.1

0.33
0.14
0.58
0.09
0.06
0.08
0.13
0.24
0.07
0.17
0.06
0.06
0.24
0.89
0.9

4.87
3.83
4.05
3.82
4.02
3.87
3.92
3.87
3.89
3.74
3.59
3.41
3.50
3.59
3.59

11747
11070
12549
14579
10556
11338
12973
12332
10457
16073
14798
12948
10602
13043
13614

1030
1226
1347
1075
1370
1224
1479
1423
1709
1713
1599
1484
2229
2690
2708

5386
5172
5660
5868
5001
4999
5242
5378
5010
5945
5871
5294
4872
5426
5423

3288
3678
3615
3586
3911
3736
3570
3484
3547
3409
3594
3471
3366
3482
3455

0.68
0.67
0.65
0.66
0.66
0.66
0.66
0.65
0.69
0.69
0.73
0.68
0.71
0.73
0.7

0.05
0.02
0.08
0.01
0.01
0.01
0.02
0.03
0.01
0.02
0.01
0.01
0.03
0.12
0.13

87 GC-887cm

6.84 1.37 4.87

2.13 0.92 3.39 13207 3100 5108 3423

0.71

0.13

165 GC-47cm
165 GC-127cm
165 GC-187cm
165 GC-267cm
165 GC-367cm
165 GC-407cm
165 GC-467cm
165 GC-517cm
165 GC-612cm
165 GC-672cm
165 GC-732cm
165 GC-792cm
165 GC-832cm

7.84
8.24
7.94
7.9
7.95
6.61
7.92
8.02
8.08
7.83
7.84
6.17
5.69

2.59
2.69
2.6
2.6
2.67
2.28
2.61
2.63
2.6
2.52
2.52
2.21
2.33

3911
4100
3921
3949
4009
3485
3960
3934
3988
3779
3758
2667
2377

0.63
0.63
0.63
0.64
0.63
0.60
0.64
0.64
0.65
0.66
0.66
1.11
1.27

0.03
0.06
0.07
0.05
0.08
1.00
0.01
0.01
0.01
0.03
0.02
0.11
0.27

165 GC-912cm 5.14 2.04 7.46

2.14 1.08 5.15 14305 6149 7300 2110

1.45

0.21

194 GC-5cm
194 GC-85cm
194 GC-157cm
194 GC-201cm
194 GC-261cm
194 GC-321cm
194 GC-381cm
194 GC-461cm
194 GC-521cm

3.03
3.06
3.03
3.02
3
2.98
3.05
2.97
3

4762
4792
4713
4579
4695
4550
4750
4604
4088

0.62
0.63
0.61
0.62
0.63
0.63
0.65
0.66
0.57

0.06
0.07
0.06
0.08
0.09
0.1
0.11
0.15
0.09

5110 2554 3024

1.73

0.31

SO239-

8.77
8.74
8.61
8.48
8.45
8.45
8.64
8.24
8.49

194 GC-561cm 6.8

0.75
0.74
0.74
0.85
0.77
0.83
0.72
0.76
0.76
0.84
0.88
1.8
1.89
0.78
0.73
0.72
0.72
0.76
0.78
0.8
0.88
1.73

4.94
5.16
5.03
5.02
4.98
3.98
5.08
5.16
5.24
5.17
5.17
6.86
7.22
5.41
5.48
5.27
5.24
5.35
5.29
5.6
5.43
4.87

0.26
0.48
0.58
0.43
0.61
6.63
0.11
0.05
0.05
0.27
0.16
0.68
1.56
0.54
0.6
0.53
0.64
0.78
0.85
0.93
1.2
0.77

3.31
3.43
3.64
3.47
3.50
3.53
3.49
3.42
3.43
3.46
3.59
4.79
5.10
2.33
2.38
2.38
2.23
2.24
2.18
2.28
2.38
3.30

5139
4646
5084
5610
5146
5910
6522
5366
4756
5856
6342
14757
14560
3275
3027
3626
3587
3771
3911
3976
3383
3305

1.71 11.77 2.76 2.08 3.33 3106

167

944
850
833
1282
1019
804
810
916
915
1316
1471
4726
5112
961
920
972
1001
1074
1181
1244
1497
3004

3241
3248
3511
3497
3349
3125
3736
3323
3217
3631
3803
7035
7237
1943
1887
2027
1906
1884
2006
2047
1874
2134

APPENDIX II
Supplementary data 3 (continued): Salt-corrected REY concentrations in CCZ sediment
samples. All concentrations given in ppm.
Sample ID

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Y

Ho

87GC-35cm
87GC-123cm
87 GC-163cm
87 GC-203cm
87 GC-243cm
87 GC-283cm
87 GC-343cm
87 GC-383cm
87 GC-443cm
87 GC-483cm
87 GC-607cm
87 GC-667cm
87 GC-727cm
87 GC-767cm
87 GC-827cm

38.7
55.6
58.6
54
63.3
59.6
70.9
64.5
67.9
75.2
71.2
73.3
99.2
114
117

72
91.6
93.7
96
106
98.6
110
95.7
90.5
104
99.8
104
103
109
110

11.1
16.8
17.6
16.1
19.2
17.9
21.6
20.3
20.5
23
22.3
23.5
31.5
34.2
36

47.6
70.7
73.1
67.1
79.5
74.7
90.6
85.4
85.3
96
92.2
97.8
134
146
153

11.6
17.3
17.9
16.4
19.4
18.3
22.6
21.2
21.1
23.5
23.1
24.5
33.6
36.1
36.8

2.5
3.64
3.68
4.27
4
4.82
4.56
4.73
4.98
4.95
5.32
7.81
8.18
8.65

11.6
17.1
17.7
16.4
19.5
18.4
22.5
21.1
22
24.3
23.7
24.9
34.4
38.2
40

1.8
2.58
2.65
2.55
2.95
2.8
3.41
3.25
3.36
3.69
3.6
3.82
5.15
5.64
5.92

10.9
15.5
16.2
15.1
17.9
17
20.8
19.4
20.2
22.5
21.4
22
30.8
34.1
36.4

52.4
76.3
81.1
74.5
86.6
83.9
102
95.1
100
107
107
106
148
177
191

2.1
2.97
3.19
2.9
3.46
3.25
4.06
3.84
3.97
4.32
4.08
4.23
5.91
6.78
7.26

87 GC-887cm

130

113

39.4

168

40.5

9.4

43.4

6.5

39.7 208

7.73

165 GC-47cm
165 GC-127cm
165 GC-187cm
165 GC-267cm
165 GC-367cm
165 GC-407cm
165 GC-467cm
165 GC-517cm
165 GC-612cm
165 GC-672cm
165 GC-732cm
165 GC-792cm
165 GC-832cm

45.1
46.0
46.9
55.3
53.5
51.0
44.3
48.7
48.3
56.3
63.7
110
107

98.1
101.6
103.2
105.6
108.1
100.6
103.0
99.5
100.6
99.2
110.8
75.1
77.6

12.5
12.7
13.3
15.5
15.1
15.0
12.6
13.9
14.1
16.5
19.3
29.5
30.1

49.8
50.3
52.3
63.1
60.4
60.9
50.2
55.6
55.9
68.9
79.3
125
127

11.7
11.8
12.1
15.0
14.5
14.7
12.0
13.1
13.5
16.7
19.4
28.0
28.9

2.5
2.5
2.6
3.3
3.1
3.2
2.5
2.8
3.0
3.8
4.4
6.0
6.3

10.9
11.0
11.4
15.1
13.8
13.8
11.2
12.5
13.0
16.7
19.4
30.2
30.5

1.8
1.7
1.7
2.3
2.2
2.2
1.7
1.9
2.0
2.5
3.0
4.4
4.4

10.3
10.2
10.6
14.2
13.0
12.7
10.5
11.7
12.1
15.7
18.1
27.7
27.8

54.9
51.7
53.4
74.2
64.9
59.9
52.8
57.8
60.4
82.0
90.2
155
149

2.04
1.98
2.03
2.75
2.49
2.41
2.03
2.26
2.33
3.05
3.45
5.58
5.54

165 GC-912cm 127

75.0

33.0

140

30.4

6.8

33.8

4.8

30.9 184

6.42

194 GC-5cm
194 GC-85cm
194 GC-157cm
194 GC-201cm
194 GC-261cm
194 GC-321cm
194 GC-381cm
194 GC-461cm
194 GC-521cm

123.7
124.8
127.1
129.6
146.1
138.6
141.9
157.3
122.9

13.6
13.8
14.7
15.3
17.4
17.8
19.5
23.3
28.5

53.1
54.1
57.1
61.1
69.2
72.1
78.6
95.7
118.8

11.9
12.3
12.8
14.0
16.0
17.2
18.6
22.8
28.1

2.5
2.7
2.8
3.0
3.5
3.8
4.2
5.3
6.6

10.6
11.1
12.0
12.9
14.9
16.2
17.8
22.2
28.6

1.7
1.7
1.8
1.9
2.2
2.4
2.7
3.3
4.2

10.0
10.4
11.1
12.1
13.7
14.7
16.0
20.1
25.5

2.0
2.0
2.1
2.3
2.6
2.9
3.1
3.8
5.0

163.1 36.7

8.7

37.9

5.5

34.1 187.2 6.8

SO239-

52.0
51.7
54.6
55.6
62.8
61.2
66.9
77.5
94.7

194 GC-561cm 138.0 137.0 38.8

168

54.7
54.5
56.0
60.9
68.0
75.0
81.3
99.4
136.3

APPENDIX II
Supplementary data 3 (continued): Salt-corrected REY concentrations in CCZ sediment
samples. All concentrations given in ppm.
Er

Tm

Yb

Lu

ΣREY

Ce/Ce*

Y/Ho

HREE/
LREE

MREE/
MREE*

87GC-35cm
87GC-123cm
87 GC-163cm
87 GC-203cm
87 GC-243cm
87 GC-283cm
87 GC-343cm
87 GC-383cm
87 GC-443cm
87 GC-483cm
87 GC-607cm
87 GC-667cm
87 GC-727cm
87 GC-767cm
87 GC-827cm

6.0
8.4
8.9
8.2
9.8
9.3
11.6
10.7
11.4
12.4
11.7
11.8
16.4
18.9
19.9

0.8
1.2
1.2
1.1
1.4
1.3
1.6
1.5
1.6
1.7
1.6
1.6
2.2
2.6
2.8

5.6
7.7
8.0
7.5
9.0
8.6
10.8
9.8
10.4
11.2
10.3
10.3
14.1
16.3
17.7

0.8
1.1
1.2
1.1
1.3
1.3
1.6
1.4
1.5
1.7
1.5
1.5
2.1
2.4
2.5

276.0
388.0
405.0
444.0
419.0
498.0
458.0
465.0
515.0
498.0
515.0
668.0
749.0
785.0

0.8
0.7
0.7
0.8
0.7
0.7
0.6
0.6
0.6
0.6
0.6
0.6
0.4
0.4
0.4

24.9
25.7
25.4
25.7
25.1
25.8
25.1
24.7
25.3
24.8
26.1
25.1
25.0
26.1
26.3

0.090
0.091
0.093
0.090
0.093
0.095
0.101
0.102
0.109
0.105
0.102
0.099
0.111
0.116
0.121

0.104
0.110
0.109
0.099
0.109
0.110
0.115
0.119
0.122
0.120
0.122
0.123
0.137
0.136
0.137

87 GC-887cm

21.6

2.9

18.7

2.7

851.0

0.4

26.9

0.119

0.138

165 GC-47cm
165 GC-127cm
165 GC-187cm
165 GC-267cm
165 GC-367cm
165 GC-407cm
165 GC-467cm
165 GC-517cm
165 GC-612cm
165 GC-672cm
165 GC-732cm
165 GC-792cm
165 GC-832cm

5.8
5.6
5.8
8.0
7.1
6.9
6.0
6.5
6.7
8.8
10.0
16.1
15.9

0.8
0.8
0.8
1.1
1.0
1.0
0.8
0.9
0.9
1.2
1.4
2.3
2.2

5.5
5.2
5.3
7.3
6.5
6.4
5.3
5.9
6.2
8.1
9.1
14.0
13.8

0.8
0.8
0.8
1.1
1.0
0.9
0.8
0.9
0.9
1.2
1.4
2.1
2.0

312.5
313.9
322.2
384.0
366.7
351.5
315.6
334.0
340.0
400.7
453.0
631.3
628.4

0.9
1.0
1.0
0.8
0.9
0.8
1.0
0.9
0.9
0.7
0.7
0.3
0.3

26.9
26.1
26.3
27.0
26.1
24.8
26.0
25.6
25.9
26.9
26.1
27.9
26.9

0.073
0.068
0.068
0.084
0.076
0.078
0.071
0.076
0.078
0.093
0.093
0.118
0.115

0.084
0.083
0.083
0.096
0.091
0.095
0.084
0.090
0.092
0.105
0.108
0.127
0.128

165 GC-912cm

18.3

2.5

15.8

2.3

710.8

0.3

28.7

0.121

0.127

194 GC-5cm
194 GC-85cm
194 GC-157cm
194 GC-201cm
194 GC-261cm
194 GC-321cm
194 GC-381cm
194 GC-461cm
194 GC-521cm

5.7
5.8
6.1
6.7
7.5
8.0
8.8
10.6
14.3

0.8
0.8
0.9
0.9
1.0
1.1
1.2
1.5
2.0

5.2
5.3
5.7
6.1
6.8
7.1
7.8
9.3
12.6

0.8
0.8
0.8
0.9
1.0
1.0
1.1
1.4
1.8

348.2
351.9
365.7
383.3
432.8
439.3
469.5
553.3
629.9

1.1
1.1
1.0
1.0
1.0
1.0
0.9
0.8
0.5

27.4
27.3
26.1
26.0
25.8
26.1
26.0
26.0
27.2

0.060
0.060
0.062
0.065
0.065
0.070
0.072
0.075
0.098

0.071
0.074
0.075
0.079
0.080
0.088
0.090
0.097
0.116

194 GC-561cm

19.7

2.7

16.9

2.5

835.6

0.4

27.3

0.102

0.117

Sample ID
SO239-
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APPENDIX II
Supplementary data 3 (continued): Salt-corrected major element contents and REY
concentrations for leached CCZ sediment samples. All concentrations given in ppm.
Sample ID

Fe

Mn

P

La

Ce

Pr

Nd

Sm

Eu

Na acetate 87_163
Na acetate 87_827
Na acetate 165_407
Na acetate 165_812
Na acetate 194_157
Na acetate 194_561
0.1M HA 87_163
0.1M HA 87_827
0.1M HA 165_407
0.1M HA 165_812
0.1M HA 194_157
0.1M HA 194_561
1M HA 87_163
1M HA 87_827
1M HA 165_407

17.6
3.2
5.87
21.7
9.08
3
355
290
568
1686
1180
4792
2032
1776
1977

80.6
570
457
112
8.28
6.37
4999
8553
55286
15842
4530
17706
827
1936
4225

1122
3247
623
4662
576
2748
nm
nm
nm
nm
nm
nm
68
130
109

37.2
117
22
96
20.5
73.9
1.25
4.22
1.49
5.87
0.943
16
3.33
9.97
3.46

13.1
34.4
4.75
9.52
4.3
1.3
3.55
5.96
6.69
15.3
6.66
30.9
42.1
62.5
39.9

13.2
37.9
8.52
27.9
7.42
22.8
0.422
1.38
0.476
1.64
0.31
4.24
0.897
2.7
0.932

57.8
168
37.6
122
32.9
108
1.81
5.89
1.99
6.37
1.27
16.1
3.31
9.63
3.45

15.3
42.6
10.2
28.3
8.67
27.2
0.461
1.47
0.476
1.34
0.315
2.97
0.712
2.05
0.788

3.85
10.7
2.55
6.96
2.17
6.69
0.123
0.37
0.123
0.315
0.075
0.641
0.164
0.488
0.17

1M HA 165_812

6302

2287

144

8.17

40.9

2

6.67

1.21

0.247

1M HA 194_157
1M HA 194_561
Na-dithionite 87_163
Na-dithionite 87_827
Na-dithionite 194_561
NH4 oxalat 87_163
NH4 oxalat 87_827
NH4 oxalat 165_407
NH4 oxalat 165_812
NH4 oxalat 194_157
NH4 oxalat 194_561
Na-dithionite 87_163
Na-dithionite 87_827

3658
22188
6371
6563
56683
2664
3213
2271
4054
2883
3956
6371
6563

666
2487
81.3
192
209
34
114
42.7
18.9
19.4
18.7
81.3
192

87
692
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ

4.09
36
0.469
0.889
2.27
0.601
1.07
0.614
0.218
0.882
0.399
0.469
0.889

53.1
82.6
2.4
4.19
6.62
1.21
2.09
1.26
0.61
1.83
0.876
2.4
4.19

1.07
9.45
< LOQ
< LOQ
0.575
0.129
0.248
0.134
0.0481
0.206
0.0929
< LOQ
< LOQ

3.9
32.1
0.303
0.626
2.07
0.484
0.864
0.49
0.19
0.719
0.322
0.303
0.626

0.845
5.98
< LOQ
< LOQ
0.399
0.0859
0.151
0.0843
0.0312
0.129
0.0634
< LOQ
< LOQ

0.17
1.27
< LOQ
< LOQ
< LOQ
0.03
< LOQ
< LOQ
< LOQ
< LOQ
-

Na-dithionite 165_407

5813

237

< LOQ

0.491

2.65

< LOQ

0.349

-

-

87_163

1190

42.9

62.4

14.6

63.7

16.6

4.1

87_827

3377

133.1

109.1

42.2

185.0

46.3

11.6

165_407

732

28.1

55.3

10.1

43.9

11.5

2.8

165_812

4806

110.6

68.2

31.6

135.5

30.9

7.5

194_157

663

27.1

69.5

9.0

39.2

10.0

2.4

194_561

4703

128.6

122.3

37.2

158.6

36.6

8.6

Sum leaching

nm: not measured
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APPENDIX II
Supplementary data 3 (continued): Salt-corrected major element contents and REY
concentrations for leached CCZ sediment samples. All concentrations given in ppm.
Sample ID

Gd

Tb

Dy

Y

Ho

Er

Tm

Yb

Na acetate 87_163
Na acetate 87_827
Na acetate 165_407
Na acetate 165_812
Na acetate 194_157
Na acetate 194_561
0.1M HA 87_163
0.1M HA 87_827
0.1M HA 165_407
0.1M HA 165_812
0.1M HA 194_157
0.1M HA 194_561
1M HA 87_163
1M HA 87_827
1M HA 165_407

16.8
47.6
10.7
31.4
9.25
31
0.468
1.56
0.469
1.31
0.324
2.69
0.663
2
0.671

2.52
6.98
1.59
4.58
1.39
4.4
0.0694
0.226
0.074
0.193
0.0498
0.394
0.102
0.326
0.113

15
42.3
9.42
28
8.01
26.8
0.422
1.4
0.451
1.18
0.293
2.39
0.609
1.97
0.658

79.9
235
43.9
153
42.5
152
2.16
7.15
1.67
6.33
1.43
12.3
2.79
9.77
2.27

2.87
8.2
1.73
5.55
1.54
5.36
0.079
0.256
0.0842
0.23
0.0551
0.469
0.111
0.361
0.118

8.02
23.1
4.81
15.9
4.24
14.9
0.228
0.736
0.251
0.683
0.165
1.4
0.333
1.05
0.356

1.08
3.1
0.637
2.12
0.567
1.93
0.0281
0.1
0.0343
0.0942
< LOQ
0.202
0.0456
0.155
0.0537

7.1
19.7
4.16
13.3
3.59
11.9
0.208
0.683
0.259
0.63
0.146
1.33
0.358
1.08
0.387

1M HA 165_812

1.03

0.166

1.04

4.99

0.2

0.596

0.0887

0.619

1M HA 194_157
1M HA 194_561
Na-dithionite 87_163
Na-dithionite 87_827
Na-dithionite 194_561
NH4 oxalat 87_163
NH4 oxalat 87_827
NH4 oxalat 165_407
NH4 oxalat 165_812
NH4 oxalat 194_157
NH4 oxalat 194_561
Na-dithionite 87_163
Na-dithionite 87_827

0.747
5.02
< LOQ
0.369
0.0679
0.123
0.0711
0.0262
0.104
0.0566
< LOQ

0.118
0.88
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ

0.693
5.42
< LOQ
0.461
0.05
0.104
0.0467
< LOQ
0.0768
0.0568
< LOQ

2.84
23.6
0.3
0.598
2.15
0.202
0.377
0.192
< LOQ
0.291
0.208
0.3
0.598

0.127
1.04
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ

0.383
3.14
< LOQ
0.294
< LOQ
0.04
0.0345
0.0264
< LOQ

0.0582
0.486
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ

0.402
3.34
< LOQ
< LOQ
0.386
0.04
0.0219
< LOQ
0.0313
0.0269
< LOQ
< LOQ

Na-dithionite 165_407

< LOQ

< LOQ

-

0.308

< LOQ

-

< LOQ

-

87_163

18.0

2.7

16.1

85.4

3.1

8.6

1.2

7.7

87_827

51.3

7.5

45.8

252.9

8.8

24.9

3.4

21.5

165_407

11.9

1.8

10.6

48.3

1.9

5.4

0.7

4.8

165_812

33.8

4.9

30.2

164.6

6.0

17.2

2.3

14.5

194_157

10.4

1.6

9.1

47.6

1.7

4.8

0.6

4.2

39.1

5.7

35.1

190.3

6.9

19.8

2.6

17.0

Sum leaching

194_561
nm: not measured
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Supplementary data 3 (continued): Salt-corrected major element contents and REY
concentrations for leached CCZ sediment samples. All concentrations given in ppm.

27.8
28.7
25.4
27.6
27.6
28.4
27.3
27.9
19.8
27.5
26.0
26.2
25.1
27.1
19.2

HREE/
LREE
0.166
0.160
0.164
0.152
0.161
0.174
0.081
0.107
0.062
0.059
0.040
0.053
0.018
0.033
0.020

MREE/
MREE*
0.189
0.181
0.203
0.169
0.195
0.199
0.102
0.130
0.070
0.070
0.055
0.064
0.022
0.039
0.025

2.33

25.0

0.027

0.031

5.85
1.03

22.4
22.7

0.016
0.053

0.020
0.055

0.059

0.050
0.042
0.046
0.040
0.027
0.042
0.051

Sample ID

Lu

Ce/Ce*

Y/Ho

Na acetate 87_163
Na acetate 87_827
Na acetate 165_407
Na acetate 165_812
Na acetate 194_157
Na acetate 194_561
0.1M HA 87_163
0.1M HA 87_827
0.1M HA 165_407
0.1M HA 165_812
0.1M HA 194_157
0.1M HA 194_561
1M HA 87_163
1M HA 87_827
1M HA 165_407

1.06
2.95
0.612
1.97
0.535
1.79
0.0257
0.0973
0.0347
0.0878
< LOQ
0.183
0.0474
0.146
0.0553

0.13
0.12
0.08
0.04
0.08
0.01
1.11
0.56
1.81
1.13
2.80
0.86
5.60
2.77
5.11

1M HA 165_812

0.0763

1M HA 194_157
1M HA 194_561
Na-dithionite 87_163
Na-dithionite 87_827
Na-dithionite 194_561
NH4 oxalat 87_163
NH4 oxalat 87_827
NH4 oxalat 165_407
NH4 oxalat 165_812
NH4 oxalat 194_157
NH4 oxalat 194_561
Na-dithionite 87_163
Na-dithionite 87_827

0.0538
0.449
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ

Na-dithionite 165_407

< LOQ

1.00
0.94
1.01
1.37
0.99
1.05

Sum leaching
87_163

1.1

87_827

3.2

165_407

0.7

165_812

2.1

194_157

0.6

194_561
nm: not measured

2.4
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0.019
0.009
0.000
0.018
0.032
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Supplementary data 3 (continued): Leached percentages of major elements and REY for CCZ
sediment samples.
Sample ID

P

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Y

Ho

Na acetate 87_163

83

63

14

75

79

85

105

95

95

93

99

90

Na acetate 87_827
Na acetate 165_407
Na acetate 165_812
Na acetate 194_157
Na acetate 194_561
0.1M HA 87_163
0.1M HA 87_827
0.1M HA 165_407
0.1M HA 165_812
0.1M HA 194_157
0.1M HA 194_561
1M HA 87_163
1M HA 87_827
1M HA 165_407
1M HA 165_812

120
77
97
59
54

5
5
14
3

100
43
87
38
54
2
4
3
5
2
12
6
9
7
7

31
5
13
3
1
4
5
7
20
5
23
45
57
40
54

105
57
95
51
59
2
4
3
6
2
11
5
8
6
7

110
62
98
58
66
2
4
3
5
2
10
5
6
6
5

116
70
101
68
74
3
4
3
5
2
8
4
6
5
4

124
80
115
78
77
3
4
4
5
3
7
4
6
5
4

119
77
104
77
82
3
4
3
4
3
7
4
5
5
3

118
74
103
77
80
3
4
3
4
3
7
4
6
5
4

116
74
101
72
79
3
4
4
4
3
7
4
5
5
4

123
73
98
76
81
3
4
3
4
3
7
3
5
4
3

113
72
100
72
78
2
4
3
4
3
7
3
5
5
4

1M HA 194_157

9

7

42

7

7

7

6

6

7

6

5

6

1M HA 194_561
Na-dithionite 87_163
Na-dithionite 87_827
Na-dithionite 165_407
Na-dithionite 165_812
Na-dithionite 194_157
Na-dithionite 194_561
NH4 oxalat 87_163
NH4 oxalat 87_827
NH4 oxalat 165_407
NH4 oxalat 165_812
NH4 oxalat 194_157
NH4 oxalat 194_561

14

26
1
1
1
0
1
2
1
1
1
0
2
0

60
3
4
3
2
3
5
1
2
1
1
1
1

24

20
0
0
1
0
1
1
1
1
1
0
1
0

16

15

13

16

16

15

1
0
0
0

13
0
0
1
0
1
1
0
0
0

1
0

1
0

25

1
1
1
1
0
1
0

1
0
0
1
0
1
0

0

1
0
0
1
0
1
0

Bulk content
87_163
87_827
165_407
165_812 (REY from
792cm)
194_157
194_561

1347 58.6
2708 117
804 51.0

93.7 17.6 73.1
110
36
153
100.6 15.0 60.9

17.9 3.68 17.7 2.65 16.2 81.1
36.8 8.65 40
5.92 36.4 191
14.7 3.2 13.8 2.2 12.7 59.9

3.19
7.26
2.4

4793 110

75.1

28.0 6.0

30.2 4.4

27.7 155

5.58

972 54.6 127.1 14.7 57.1 12.8 2.8
5110 138.0 137.0 38.8 163.1 36.7 8.7

12.0 1.8
37.9 5.5

11.1 56.0 2.1
34.1 187.2 6.8

29.5 125
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Supplementary data 3 (continued): Leached percentages of major elements and REY for CCZ
sediment samples.
Sample ID

Er

Tm

Yb

Lu

Na acetate 87_163

90

89

89

90

Na acetate 87_827
Na acetate 165_407
Na acetate 165_812
Na acetate 194_157
Na acetate 194_561
0.1M HA 87_163
0.1M HA 87_827
0.1M HA 165_407
0.1M HA 165_812
0.1M HA 194_157
0.1M HA 194_561
1M HA 87_163
1M HA 87_827
1M HA 165_407
1M HA 165_812

116
70
99
69
76
3
4
4
4
3
7
4
5
5
4

112
66
94
63
72
2
4
4
4

118
65
95
65
73
2
4
4
4

7
4
6
6
4

111
65
95
63
70
3
4
4
5
3
8
4
6
6
4

1M HA 194_157

6

7

7

6

1M HA 194_561
Na-dithionite 87_163
Na-dithionite 87_827
Na-dithionite 165_407
Na-dithionite 165_812
Na-dithionite 194_157
Na-dithionite 194_561
NH4 oxalat 87_163
NH4 oxalat 87_827
NH4 oxalat 165_407
NH4 oxalat 165_812
NH4 oxalat 194_157
NH4 oxalat 194_561

16

18

20

18

1

2

0

0
0

1
0

1
0

7
4
6
6
4

Bulk content
87_163
8.94
1.22 8.01
1.18
87_827
19.9
2.76 17.7
2.51
165_407
6.9
1.0
6.4
0.9
165_812 (REY from 792cm)
16.11 2.25 13.97 2.07
194_157
6.1
0.9
5.7
0.8
194_561
19.7
2.7
16.9
2.5
No bulk REY data for 165GC 812 cm. To calculate the approximate % that was leached, REY data from 792 cm
was used. REY concentrations in this layer are similar to the next sampled layers below 812 cm and it can therefore
be assumed that the REY content is representative.
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Supplementary data 3 (continued): Pore-water REY concentrations from 194GC. All
concentrations given in mg/kg.
Sample ID

194GC 511 cm

194GC 551 cm

194GC 571 cm

Average Blank

La

3.20E-04

5.52E-05

7.57E-05

6.64E-06

Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Y
Ho
Er
Tm
Yb
Lu
Ce/Ce*

4.85E-05
8.55E-05
3.96E-04
8.83E-05

5.63E-05
1.23E-05
6.62E-05
1.50E-05

3.86E-05
1.79E-05
7.81E-05
1.58E-05

1.04E-04

1.22E-05

1.58E-05

9.47E-05
6.35E-04
2.01E-05
5.44E-05
6.22E-06
4.68E-05
5.66E-06
0.07

1.21E-05
7.93E-05

1.56E-05
1.17E-04

3.06E-05
2.51E-06
9.83E-06
6.61E-06
3.21E-06
6.23E-06
5.53E-06
2.52E-06
8.04E-06
1.52E-06
2.49E-06
9.72E-07
2.52E-06
1.66E-06

Y/Ho

3.16E+01

HREE/LREE
MREE/MREE*

0.157
0.146

1.01E-05
4.22E-06

8.14E-06

0.50

0.24

0.022
0.101

0.087
0.103
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APPENDIX III
Supplementary material to CHAPTER IV: Post-depositional manganese mobilization
during the last glacial period in sediments of the eastern Clarion-Clipperton Fracture
Zone, Pacific Ocean
S1. Model setup and parameterization
The reactive transport-reaction was slightly modified after the steady state transport-reaction
model presented in Volz et al. (2018) including all parameters. It consists of 5 species (O2,
Mn2+, labile Corg, metabolizable Corg, refractory Corg; Supplementary Table S1) and 3 redox
reactions using the advection-transport-reaction equation (e.g., Mewes et al., 2016; Mogollón
et al., 2016; Volz et al., 2018) for dissolved species (Eq. S1) and solid species (Eq. S2):
𝜑
1

,

𝜑

,

𝜑
,

𝐷

𝐷

,

,

1

,

𝜑

,

𝛼𝜑 𝐶

,

,

𝐶,

,

1

𝜑

𝜑 ∑𝑅 ,

(S1)

∑𝑅 ,

(S2)

where t is time, 𝑧 is sediment depth and 𝑖, 𝑗 represent subscripts depicting depth and speciesdependence, respectively; 𝜑 is the porosity; 𝐶 and 𝐺 are the concentrations of the aqueous phase
and the solid phase, respectively; 𝐷 is the diffusion coefficient; 𝜃 is the tortuosity ( 𝜃

1

2 ln 𝜑 ; Boudreau, 1996); 𝐷 is the bioturbation coefficient; 𝛼 is the bioirrigation coefficient;
𝑣, 𝑤 are the burial velocity of the aqueous phase and the solid phase, respectively; ∑ 𝑅 , is the
sum of the reactions affecting the given species 𝑗 (see Supplementary Table S2).
Porosity data were fit for each station and showed an exponential decrease with depth typical
of compacting sediment and were fit with the following equation:
𝜑

𝜑

where 𝜑

𝜑

𝜑

exp

(S3)

𝛽𝑧

is the porosity at compaction; 𝜑 is the porosity at the sediment-water interface

(SWI), and 𝛽 is the depth-attenuation coefficient.
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Based on the assumption of steady state sediment compaction, the burial velocities of the
aqueous phase (v) and the solid phase (w) follow the conservation law:
𝑣

𝜔

(S4)

𝑤

𝜔

(S5)

where 𝜔 is the compacted burial velocity of the sediments at depth obtained from
230

Th/231Pa-based sedimentation rate determined by Volz et al. (2018) and the porosity

correction.
Bioturbation-induced mixing profiles were assumed to follow a modified logistic function with
the break attenuation depths after Mogollón et al. (2016) and Volz et al. (2018):
𝐷

𝐷 exp

/ 1

(S6)

exp

where 𝐷 is constant, representing the maximum bioturbation coefficients at the SWI; 𝑧
the depth, where 𝐷 becomes half their value and 𝑧

is

is the attenuation of the biogenically

induced mixing with depth. The bioirrigation coefficient 𝛼 for the dissolved phases is
approximated (Boudreau, 1997a):
𝛼

𝛼 exp

(S7)

𝑧/𝑧

where 𝛼 and 𝑧

describe the bioirrigation intensity at the SWI and its depth attenuation,

respectively. The effect of low 𝑂

on bioturbation was assumed to logistically alleviate the

bioturbation coefficient 𝐷 within a relatively narrow range of 𝑂

(Katsev et al., 2007;

Supplementary Fig. S1A):
𝐷

𝐷

where 𝑂

1

𝜂

+ 𝜂𝐷

(S8)

= 62.5 µM is the threshold concentration after Katsev et al. (2007), below which

the bioturbation is reduced due to the onset of benthic hypoxia (e.g., Diaz and Rosenberg, 1995;
Supplementary Fig. S1A); 𝜏 characterizes 𝐷 as a function of 𝑂
𝜏 = 0.3 µM-1 (Katsev et al., 2007); 𝐷

and was chosen as

is the bioturbation coefficient at current 𝑂

of

~ 150 µM, while the dimensionless parameter 𝜂 represents the residual bioturbation in less
oxygenated sediments (Katsev et al., 2007). Based on a sensitivity test of the residual
bioturbation 𝜂 as a function of 𝑂

using the threshold concentration of 62.5 µM proposed by

Katsev et al. (2007), we have set the residual bioturbation factor 𝜂 to 0.000125 (Supplementary
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Fig. S1; Supplementary Table 2). The bioirrigation coefficient 𝛼 at the SWI is considered to
have the same logistic dependency on 𝑂

as 𝐷 .

The redox reactions include aerobic respiration (Eq. S9), the dissimilatory reduction of Mn
(oxyhydr)oxides (Eq. S10) and the oxidation of pore-water Mn2+ (Eq. S11) adapted from
Burdige and Gieskes (1983). As pore-water Mn2+ concentrations are below detection limit
throughout all investigated MUC sediment cores (Table 1), we have used pore-water oxygen
and Mn2+ data and contents of organic matter (CH2O) from GC sediment cores presented by
Volz et al. (2018) with:
𝐶𝐻 𝑂

𝑂 → 𝐶𝑂

𝐶𝐻 𝑂

2𝑀𝑛𝑂

2𝑀𝑛

𝑂

(S9)

𝐻 𝑂
4𝐻 → 2𝑀𝑛

2𝐻 𝑂 → 2𝑀𝑛𝑂

𝐶𝑂

(S10)

3𝐻 𝑂

(S11)

4𝐻

The organic matter degradation rate (RTOC) was modeled by using a 3-G model to account for
the heterogeneity of organic matter and its evolution during burial (Arndt et al., 2013). The 3-G
model is based on the assumption that organic matter is composed in three discrete compound
classes (labile 𝐶

, metabolizable 𝐶

and refractory 𝐶

), each characterized by a specific

degradability 𝜎 - 𝜎 . (Supplementary Table 2). The degradation coefficients 𝜎 - 𝜎 were
adapted from Volz et al. (2018) in order to fit the depth profiles of Mn2+ and O2. The apparent
reactivity of the bulk organic matter and its evolution during burial is related to the reactivity
of each class by 𝑅

∑

𝜎𝐶

(Arndt et al., 2013).

The rate expressions 𝑅 -𝑅 for the organic matter degradation pathways and the oxidation of
pore-water Mn2+ are given with the saturation constants ℎ -ℎ
al. (2016) and Volz et al. (2018). The saturation constants ℎ -ℎ

taken from Mogollón et
are assumed to be equal to

the inhibition constants, which characterize the reagent concentration above which the less
energetically favorable reagents are inhibited (Boudreau, 1997b) with:
𝑅

𝑅

(S12)

𝑅

𝑅

(S13)

𝑅

𝑘

(S14)

The formulation of Eq. S12 ensures that when oxygen becomes limited, aerobic mineralization
is reduced. If oxygen concentrations are "high", i.e. 𝐶
of the oxygen concentration. Conversely, when 𝐶
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≫ ℎ , the rate 𝑅 becomes independent

≪ ℎ the reaction rate 𝑅 becomes linearly
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dependent on the oxygen concentration. Similarly, the expression 𝑅 in Eq. S13 incorporates
the saturation constant ℎ once MnO2 is used as oxidant. This implies that the organic matter
consumption by the other successive oxidant such as Fe(III) and SO42- (𝑅
as 𝑅

𝑅

𝑅

) can be expressed

𝑅 . The expression 𝑅 in Eq. S14 is the manganese oxidation rate

where the parameters ℎ and ℎ are the saturation constants for oxygen and Mn2+, respectively.
The boundary conditions at the SWI are imposed concentrations and fluxes for the aqueous and
solid species, respectively, while a no-gradient boundary condition is used for all species at the
bottom of the domain. Katsev et al. (2007) introduced the recycling coefficient 𝜀, which
considers that upward diffusing aqueous species released into the bottom water are
re-precipitated. The recycling coefficient 𝜀 is defined as

, where 𝐹

is the total molar flux

into the bottom water and 𝐹

is the molar flux that is recycled by oxidation. We have integrated

the recycling coefficient 𝜀

for Mn after Katsev et al. (2007) assuming that 60% of the total

molar flux 𝐹

is recycled and immediately precipitated as an authigenic Mn(IV) phase.

The model was coded in R (version 3.2.4) using the ReacTran package (Soetaert and Meysman,
2012) to solve Eq. S1 and S2 and the marelac package (Soetaert et al., 2010) to solve the
molecular diffusion coefficients for the modeled species (𝐷 ). The advective velocities of solid
phases and pore-water species were solved using the compact grid function within the ReacTran
package, which takes sediment compaction into account.
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Supplementary Figure S1: (A) Sensitivity test of the residual bioturbation 𝜂 in dependency of
bottom-water oxygen concentrations (O2bw) using the threshold concentration of 62.5 µM for
the onset of benthic hypoxia after Katsev et al. (2007). (B) Impact of different residual
bioturbation factors 𝜂 in the transient transport-reaction model on the depth distribution of
authigenic Mn(IV) in the sediments of the BGR-RA site. The bioturbation factor 𝜂 1
represents the current bioturbation activity at O2bw of 150 µM which has been assumed in the
steady state model after Volz et al. (2018) and does not reproduce the depth distribution of
authigenic Mn(IV).
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Supplementary Table S1: Species, parameter values and boundary conditions used in the
one-dimensional steady state transport-reaction model and transient transport-reaction model
for the BGR-RA, IFRE-2 and APEI3 sites.
Symbol
Species and boundary conditions
Porosity at SWI
𝜑
Porosity at compaction
𝜑
Sedimentation rate
𝜔
Oxygenbw
𝑂
Dissolved reduced
𝑀𝑛
manganesebw
Fitted parameters
Sediment thickness
Labile Corg
𝑇𝑂𝐶
Metabolizable Corg
𝑇𝑂𝐶
Refractory Corg
𝑇𝑂𝐶
1st order deg. coeff. TOC1
𝜎
st
1 order deg. coeff. TOC2
𝜎
st
1 order deg. coeff. TOC3
𝜎
MnO2 sedimentation rate
𝐹
Bioturbation coeff.
𝐷
Biomixing half depth
𝑧
Biomixing attenuation
𝑧𝑧
Bioirrigation coeff.
𝛼
Biomixing attenuation
Residual of bioturbation
factor
Threshold O2 concentration
𝑫𝟎𝒃

steepness attenuation
Mn recycling coefficient
O2 inhibition concentration
for R1
MnO2 inhibition
concentration for R2
R3 rate constant
O2 inhibition concentration
for R3
MnO2 inhibition
concentration for R3
SWI: sediment-water interface
bw: bottom water
deg. coeff: degradation coefficient

Unit

BGR-RA

IFRE-2

APEI3

cm kyr-1
µM
µM

0.82
0.69
0.65
35-120
0

0.82
0.66
0.48
35-150
0

0.58
0.47
0.2
35-160
0

cm
mol m-2 yr-1
mol m-2 yr-1
mol m-2 yr-1
yr-1
yr-1
yr-1
µg Mn cm-2 yr-1
cm2 yr-1
cm
cm
yr-1

200
6.0E-02
1.2E-04
5.0E-04
5.0E-04
5.0E-06
7.0E-07
1.2
0.5
7.0
0.1
0.65

750
4.5E-02
6.0E-04
2.0E-04
2.0E-04
1.0E-06
5.0E-8
0.5
0.5
7.0
0.1
1.0

600
3.2E-02
2.5E-04
1.5E-04
1.0E-03
2.5E-06
4.0E-08
1
0.3
13.0
0.1
0.3

cm
-

1.0
0.000125

1.0
0.000125

1.0
0.000125

𝜏
𝜀
ℎ

µM
µM-1
µM

62.5
0.3
0.6
0.008

62.5
0.3
0.6
0.008

62.5
0.3
0.6
0.008

ℎ

mM

100

1200

100

𝑘
ℎ

mM-1 yr-1
µM

0.1
0.008

0.1
0.008

0.1
0.008

ℎ

mM

0.1

0.1

0.1

𝑧
𝜂
𝑂
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Supplementary Table S2: Reaction term for species used in the model.
Species
Total organic carbon

Symbol
𝐶𝐻 𝑂

Unit
µM

𝑂

µM

Dissolved manganese

Mn

µM

Manganese oxide

𝑀𝑛𝑂

Oxygen

µM

Conversion factor: 𝑓
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Reaction term ∑ 𝑹𝒊,𝒋
𝑅
𝑓𝑅
2𝑓 𝑅
𝑅

𝑅
2𝑅
2𝑅
𝑓
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Supplementary Table 1: Species, parameter values and boundary conditions used in the
one-dimensional steady state transport-reaction model and transient transport-reaction model.
Symbol
Species and boundary conditions
Porosity at SWI
Porosity at compaction
Sedimentation rate
Oxygenbw
Dissolved reduced manganesebw
Fitted parameters
Sediment thickness
Labile Corg
Metabolizable Corg
Refractory Corg
1st order deg. coeff. TOC1
1st order deg. coeff. TOC2
1st order deg. coeff. TOC3
MnO2 sedimentation rate
Bioturbation coeff.
Biomixing half depth
Biomixing attenuation
Bioirrigation coeff.
Biomixing attenuation
Residual of bioturbation factor
Threshold O2 concentration
𝑫𝟎𝒃

𝒔teepness attenuation
Mn recycling coefficient
O2 inhibition concentration for R1a
MnO2 inhibition concentration for R2a
R3a rate constant
O2 inhibition concentration for R3a
MnO2 inhibition concentration for R3a

𝜑
𝜑
𝜔
𝑂
𝑀𝑛

𝑇𝑂𝐶
𝑇𝑂𝐶
𝑇𝑂𝐶
𝜎
𝜎
𝜎
𝐹
𝐷
𝑧
𝑧𝑧
𝛼
𝑧
𝜂
𝑂
𝜏
𝜀
ℎ
ℎ
𝑘
ℎ
ℎ

SWI: sediment-water interface
bw: bottom water
deg. coeff: degradation coefficient
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Unit

BGR-RA

IFRE-2

cm kyr-1
µM
µM

0.82
0.69
0.65
35-120
0

0.82
0.66
0.48
35-150
0

cm
mol m-2 yr-1
mol m-2 yr-1
mol m-2 yr-1
yr-1
yr-1
yr-1
µg cm-2 yr-1
cm2 yr-1

200
6.0E-02
1.2E-04
5.0E-04
5.0E-04
5.0E-06
7.0E-07
1.2
0.5

750
4.5E-02
6.0E-04
2.0E-04
2.0E-04
1.0E-06
5.0E-8
0.5
0.5

cm
cm
yr-1
cm
µM
µM-1
µM
mM
mM-1 yr-1
µM
mM

7.0
0.1
0.65
1.0
0.00125
62.5
0.3
0.6
0.008
100
0.1
0.008
0.1

7.0
0.1
1.0
1.0
0.00125
62.5
0.3
0.6
0.008
1200
0.1
0.008
0.1
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APPENDIX IV
Supplementary material to CHAPTER V: Impact of small-scale disturbances on
geochemical conditions, biogeochemical processes and element fluxes in sediments of the
eastern Clarion-Clipperton Zone, Pacific Ocean

Supplementary Table 1: Electron-equivalent redox reactions used in the transient
transport-reaction model for the 1-day old EBS disturbance in the BGR-RA area and for the
20-year old IOM-BIE disturbance in the IOM area.
Reaction name

Reaction

Redox reaction

Aerobic respiration

R1

Heterotrophic
denitrification

R2

Dissimilatory
Mn(IV) reduction

R3

Mn2+ oxidation

R4

2𝑀𝑛

Nitrification

R5

𝑁𝐻

Mn-anammox

R6

3𝑀𝑛𝑂

𝐶𝐻 𝑂 𝑁𝐻
5 𝐶𝐻 𝑂 𝑁𝐻

4𝑁𝑂
→ 2𝑁

𝐶𝐻 𝑂 𝑁𝐻

2𝑀𝑛𝑂

2𝑁𝐻
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2𝐻

5

16
𝑁𝐻
106

7𝐻 𝑂

16
𝑁𝐻
106

3𝐻 𝑂

4𝐻
𝐶𝑂

2𝐻 𝑂 → 2𝑀𝑛𝑂

2𝑂 → 𝑁𝑂

𝐻𝑂

4𝐻
5𝐶𝑂

→ 2𝑀𝑛
𝑂

16
𝑁𝐻
106

𝑂 → 𝐶𝑂

4𝐻

𝐻𝑂

4𝐻 → 3𝑀𝑛

𝑁

6𝐻 𝑂
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Supplementary Table 2: Species, parameter values and boundary conditions used in the
transient transport-reaction models for the 1-day old EBS disturbance in the BGR-RA area and
the 20-year old IOM-BIE disturbance in the IOM area.
Symbol
Species and boundary conditions
Porosity at SWI
Porosity at compaction
Sedimentation rate
Oxygenbw
Ammoniumbw
Nitratebw
Dissolved reduced manganesebw
Fitted parameters
Sediment thickness
Removed sediment thickness
Labile Corg
Metabolizable Corg
Refractory Corg
Oxygenbas
Ammoniumbas
Nitratebas
Dissolved reduced manganesebas
1st order deg. coeff. TOC1
1st order deg. coeff. TOC2
1st order deg. coeff. TOC3
Bioturbation coefficient
Biomixing half depth
Biomixing attenuation
Bioirrigation coefficient
O2 inhibition concentration for R1
NO3- inhibition concentration for R2
R4 rate constant
R5 rate constant
R6 rate constant

𝜑
𝜑∞
𝜔
𝑂
𝑁𝐻
𝑁𝑂
𝑀𝑛

𝑇𝑂𝐶
𝑇𝑂𝐶
𝑇𝑂𝐶
𝑂
𝑁𝐻
𝑁𝑂
𝑀𝑛
𝜎
𝜎
𝜎
𝐵
𝑧
𝑧𝑧
𝛼
ℎ
ℎ
𝑘
𝑘
𝑘
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Unit

BGR

IOM

cm kyr-1
µM
µM
µM
µM

0.82
0.69
0.65
120
1
50
1

0.8
0.67
1.15
150
1
38
1

m
cm
mol m-2 yr-1
mol m-2 yr-1
mol m-2 yr-1
µM
µM
µM
µM
yr-1
yr-1
yr-1
cm2 yr-1
cm
cm
yr-1
µM
µM
µM-1 yr-1
µM-1 yr-1
µM-1 yr-1

10
10
6.0E-02
1.2E-04
5.0E-04
18
1
19
1
1.0E-03
1.0E-06
2.0E-09
0.5
7.0
0.1
0.65
0.008
45
0.1
0.005
0.001

10
7
4.5E-02
1.1E-03
7.8E-04
55
1
30
1
1.0E-02
5.5E-06
2.5E-09
0.2
7.0
0.1
2.0
0.006
25
0.1
0.1
0.001
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Supplementary Table 3: Electron-equivalent redox reactions and associated expressions used
in the numerical diagenetic model.

𝛾

Reaction name

Reaction

Rate expression

Aerobic respiration

R1

𝜎𝐶

𝜎𝐶

𝜎𝐶

Heterotrophic
denitrification

R2

𝜎𝐶

𝜎𝐶

𝜎𝐶

𝛾

Dissimilatory
Mn(IV) reduction

R3

𝜎𝐶

𝜎𝐶

𝜎𝐶

𝛾

Mn2+ oxidation

R4

𝑘 𝐶 𝐶

Nitrification

R5

𝑘 𝐶 𝐶

Mn-annamox

R6

𝑘 𝐶

𝐶

ℎ
ℎ

𝐶
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𝛾

ℎ
𝐶

ℎ

𝐶
𝐶

ℎ
𝐶

𝐶

ℎ
ℎ

𝐶

ℎ
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