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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 (Obw

2 ), 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 modeling showed that at postulated glacial Obw

2
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 transport-reaction modeling demonstrated that with 
increasing Obw

2 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 Obw

2 , 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 generally consist of irregular, concentrically 
 under the CC BY-NC-ND license 

https://doi.org/10.1016/j.epsl.2019.116012
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2019.116012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jessica.volz@awi.de
https://doi.org/10.1016/j.epsl.2019.116012
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 J.B. Volz et al. / Earth and Planetary Science Letters 532 (2020) 116012
banded micro-layers of Mn and Fe (oxyhydr)oxides forming around 
a nucleus (e.g., Halbach et al., 1988). They precipitate either (1) hy-
drogenetically 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., Hal-
bach 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 grow at rates of several hundred millimeters per million 
years (e.g., Halbach et al., 1988). Most CCZ nodules show alter-
nating 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 character-
ized 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; We-
gorzewski 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 condi-
tions 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 Mn enrichments buried 
deeper in the sediments have also been observed in early stud-
ies from the eastern equatorial Pacific (Lynn and Bonatti, 1965; 
Berger et al., 1983; Finney et al., 1988; Piper, 1988), in the At-
lantic 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 for-
mation of such sedimentary Mn maxima is controlled by primary 
input and diagenetic redistribution associated with the reductive 
dissolution of Mn (oxyhydr)oxides, during which 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 sediment redox zonation in 
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 surface sediments have revealed that the 
enrichment is dominated by mobilizable Mn(IV), which is reduc-
tively dissolved under slightly reducing conditions (Koschinsky et 
al., 2001; Mewes et al., 2014). Considering 10Be/9Be-based sedi-
mentation 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 sedi-
ment deposits of the last glacial maximum (LGM; ∼ 21 kyr BP), 
which are currently located at ∼ 10 cm depth. Thus, a more com-
pressed 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/inter-
glacial 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 sedi-
ments into surface sediments (e.g., Jaccard et al., 2009; 2016; Wu 
et al., 2018), or even, into suboxic bottom waters (e.g., Mangini 
et al., 1990). At the last glacial termination (LGT) and, presum-
ably, 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 (Obw

2 ) 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 sedi-
ment depths during the LGP as authigenic U(IV) enrichments are 
found in glacial deposits at various locations in the eastern Pa-
cific (e.g., Bradtmiller et al., 2010; Jacobel et al., 2017). Authigenic 
U(IV) precipitates under similar reducing sediment redox condi-
tions at which pore-water nitrate is consumed and the dissimila-
tory Fe(III) reduction commences (e.g., Froelich et al., 1979; Jacobel 
et al., 2017). Based on paleomagnetic sediment data of the abyssal 
NW Pacific, Korff et al. (2016) have identified magnetite-depleted 
glacial sediments, which were attributed to low Obw

2 causing the 
reductive dissolution of magnetite.

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 leach-
ing 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 Mn and Fe pools, includ-
ing (1) carbonate-associated Fe and Mn, (2) easily reducible Mn 
(oxyhydr)oxides, (3) easily reducible Fe oxides, (4) reducible Fe ox-
ides 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 Obw

2 during the LGP allowed up-
ward diffusing Mn2+ to precipitate as authigenic Mn(IV) close to 
the sediment surface. Furthermore, we propose that the authi-
genic Mn(IV) peak was continuously mixed into subsequently de-
posited sediments due to bioturbation, which caused the observed 
Mn(IV) enrichments in the upper 10-15 cm of the CCZ sediments. 
We applied one-dimensional transport-reaction modeling to assess 
whether significantly lower glacial Obw

2 could have created a much 
more compressed oxic zone than currently observed in CCZ sedi-
ments.

2. Material and methods

As part of the BMBF-EU JPI Oceans pilot action “Ecological As-
pects of Deep-Sea Mining (MiningImpact)”, multicorer (MUC) and 
10-m-long gravity corer (GC) sediment cores were collected during 
RV SONNE cruise SO239 in 2015 (Martínez Arbizu and Haeckel, 
2015). The MUC sediment cores were retrieved from four Euro-
pean 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 ac-
tivities. 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 de-



J.B. Volz et al. / Earth and Planetary Science Letters 532 (2020) 116012 3

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). Note that the threefold higher POC flux for the BGR-PA site compared to the 
other sites is highly unlikely and probably an artifact derived from the choice of the organic matter degradation coefficient in the transport-reaction model by Mogollón et 
al. (2016).

Site Latitude 
(N)

Longitude 
(W)

Water depth 
(m)

Sed. rate 
(cm kyr−1)

POC flux 
(mg Corg m−2 d−1)

Bioturb. depth 
(cm)

OPD 
(m)

Nodule size

SO205-65 13◦10.50′ 118◦06.30′ 4283.0 0.38a 1.2a 5a oxica small to mediumb

BGR-PA 11◦50.64′ 117◦03.44′ 4132.0 ∼0.53c ∼6.9c ∼5c ∼2c,d mediume

BGR-RA 11◦49.13′ 117◦33.13′ 4314.8 0.65 1.99 7 0.5 medium
IOM 11◦04.73′ 119◦39.48′ 4430.8 1.15 1.54 13 3 medium
GSR 13◦51.25′ 123◦15.30′ 4517.7 0.21 1.51 8 >7.4 big
IFRE-1 14◦02.62′ 130◦08.32′ 4918.8 0.64 1.47 7 4.5 medium
IFRE-2 14◦02.45′ 130◦05.11′ 5005.5 0.48 1.5 8 3.8 no nodules
APEI3 18◦47.46′ 128◦22.42′ 4816.6 0.2 1.07 6 >5.7 small

a Mewes et al. (2016).
b Rühlemann et al. (2010).
c Mogollón et al. (2016).
d Mewes et al. (2014).
e Martínez Arbizu and Haeckel (2015).
Fig. 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).

velopment 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 MAN-
GAN project (Fig. 1; Table 1; Rühlemann et al., 2010; Mewes et al., 
2016).

The surface sediments throughout the investigated contract ar-
eas are characterized by clay-dominated siliceous oozes with vari-
able nodule sizes (1-10 cm) and distributions at the seafloor (Ta-
ble 1; Mewes et al., 2014; Volz et al., 2018). All MUC sediment 
cores investigated in this study are oxic throughout (Volz et al., 
2018). In order to characterize the investigated sites, key parame-
ters, 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 pre-
sented elsewhere and are based on studies of 10 to 14-m-long 
GC and piston cores (Mewes et al., 2014, 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 sites 
(Mogollón et al., 2016; Volz et al., 2018).
2.1. Sediment sampling

Immediately after core recovery, all MUC sediment cores were 
transferred into the cold room at a temperature of ∼ 4 ◦C. Sedi-
ment 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 Xpress-
Vap. 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 de-
termined using inductively coupled plasma optical emission spec-
trometry (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 sediment composition (Volz et 
al., 2018). Bulk Mn and Fe contents 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 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 dif-
ferent sedimentary Fe pools. In order to determine the availability 
and reactivity of both Mn and Fe mineral phases, and to recon-
struct the potential past redox cycling of Mn and Fe, we have 
combined these two procedures.

2.3.1. Combined leaching protocol: method testing
The protocols by Koschinsky et al. (2001) and Poulton and Can-

field (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 ho-
mogenized sediment were sequentially treated with 10 mL of the 
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Fig. 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). 
For the respective extraction reagents used during each leaching step see Table 2. Note that Mnox, Feox after the protocol of Koschinsky et al. (2001) is extracted with 0.2 M 
ammonium oxalate/0.2 M oxalic acid.

Table 2
Protocol for the combined leaching scheme combining the methods after Koschinsky et al. (2001) and Poulton and Canfield (2005).

Step Associated mineral phase Terminology Extraction reagenta Extraction time pH

I Carbonate-associated Fe and Mn Mncarb 1 M Na-acetate 24 h 4.5
Fecarb

II Mobilizable Mn and associated Fe Mnmobil 0.1 M hydroxylamine-HCl 2 h 2
Femobil

III Easily reducible Fe oxides and associated Mn Feox1 1 M hydroxylamine-HCl 48 h
Mnox1

IV Reducible Fe oxides Feox2 Na-dithionite (50 g L−1)/0.2 M Na-citrate solution 2 h 4.8

V Magnetite Femag 0.2 M ammonium oxalate/0.17 M oxalic acid 6 h

a All extraction steps performed at ∼ 20 ◦C.
respective extraction reagents for given reaction times (Koschinsky 
et al., 2001; Poulton and Canfield, 2005) and centrifuged after-
wards (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, re-
spectively (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 pro-
tocol (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 mobiliz-
able Mn fraction, 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 extrac-
tion 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 (oxy-
hydr)oxides (Mnmobil) from easily reducible Fe (oxyhydr)oxides 
(Feox1) in the combined extraction protocol, the sediment sam-
ples 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 (oxy-
hydr)oxides (Fig. 2A). The remaining fraction of easily reducible 
Fe (oxyhydr)oxides is extracted with 1 M hydroxylamine-HCl (Ta-
ble 2). Using the protocol after Poulton and Canfield (2005), an av-
erage of 20% of Fetotal is extracted by Na-dithionite (Feox2) and 5% 
by ammonium oxalate (Femag; Fig. 2B). Therefore, we have imple-
mented these extraction steps into the combined leaching protocol 
(Table 2, step IV and V, respectively).

2.3.2. 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 intersti-
tial water (Volz et al., 2018). In 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 recov-
ery 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 sedi-
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Fig. 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 ratios of Mn/Al and Fe/Al for the upper continental crust (diamond) and mid-ocean 
ridge basalts (circle) are taken from Rudnick and Gao (2004) and Klein (2004), respectively.
ment 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 be-
tween 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 ana-
lytical precision was < 6% for Fe and Mn (n = 12).

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, 1997) was used 
to assess whether postulated glacial Obw

2 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 simula-
tions 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) (Sup-
plementary Table S1). Additionally, a transient transport-reaction 
model (Eq. S1; S2) was applied in order to simulate the depth dis-
tribution of mobilized Mn(IV) contents for the last 21 kyr. For this 
simulation, we have assumed that Obw

2 of 35 μM have prevailed 
between 15-21 kyr BP (Hoogakker et al., 2018; Anderson et al., 
2019). Between 14-15 kyr BP, Obw

2 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

3.1. 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 
downward decreasing contents 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 downward decreasing solid-phase Mn con-
tents at most sites, Mntotal contents remain relatively constant in 
the sediments at the APEI3 site at 0.6 wt% throughout the sedi-
ment 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).
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Fig. 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).
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).

3.2. Leachable Mn and Fe (oxyhydr)oxides

In total, more than 85% of Mntotal is extracted (Mnleachable) dur-
ing 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 be-
low 0.2 wt% (Fig. 4A). Between 92 and 96% of Feleachable is leached 
in the Feox1 (including Femobil), Feox2 and Femag fractions with con-
tents of 0.25-0.65 wt%, 0.75-1 wt% and 0.22-0.32 wt%, respectively 
(Table 2; Fig. 4B).

3.3. Transport-reaction modeling

Transport-reaction simulations were performed for the BGR-
RA, IFRE-2 and APEI3 sites (Fig. 5). At current Obw

2 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 Obw

2 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 Obw of 35 μM, the oxic-suboxic re-
2
dox 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 Obw

2 of 35 μM induce overall lower oxy-
gen concentrations in the sediments but suboxic conditions are not 
reached (Fig. 5C). Therefore, the Mnmobil fraction shows constant 
contents of 0.45 wt% over depth at the APEI3 site resulting from 
the initial depositional flux of Mn (see Supplementary Tables S1). 
The transient transport-reaction model reveals that after the in-
crease of Obw

2 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 re-
mains constant over time (Fig. 5C).

4. Discussion

4.1. 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 sites with 
bulk Mn/Al values well above the average ratios of the upper con-
tinental crust and mid-ocean ridge basalts (Fig. 3A; Rudnick and 
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Fig. 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: Simula-
tions were performed for current bottom-water oxygen concentrations (Obw

2 ) 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 Obw

2 of 35 μM (dashed line). The depth distribution of Mnmobil is simulated for every site for the respective current Obw
2 between 120 

μM and 160 μM (solid line) and glacial Obw
2 of 35 μM (dashed line) using the steady state model. Right: Transient simulations for the depth distribution of Mnmobil in the 

upper 100 cm of the sediments after linearly increasing Obw
2 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).
Gao, 2004; Klein, 2004). Similar bulk Mn distribution patterns have 
been reported for other sites within the CCZ (e.g., Finney et al., 
1988; Piper, 1988; Mewes et al., 2014; Heller et al., 2018). The 
modern geochemical zonation in CCZ sediments 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 shallower depth in the 
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past. This assumption is supported by the applied combined leach-
ing procedure to determine the mobilizable Mn contents (Mnmobil), 
which represents > 70% of Mntotal (Fig. 4A). The Mnmobil frac-
tion 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 nod-
ules and buried nodules, which consist of alternating hydrogenetic 
and suboxic-diagenetic Mn layers (e.g., Halbach et al., 1988; We-
gorzewski 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 layers found in buried nodules in oxic sediments 
strongly suggest that the OPD must have been located at shallower 
depth in the past (Heller et al., 2018). The 230Th/231Pa-based sedi-
mentation rates at the investigated sites determined by Volz et al. 
(2018) range between 0.2-1.2 cm kyr−1 (Table 1), and thus, sedi-
ments containing the authigenic Mnmobil enrichment were usually 
deposited within the last 20-30 kyr, including deposits from the 
LGM (Fig. 4A).

The observed Mnmobil enrichments in the uppermost 10 cm of 
the sediments at most of the investigated sites in the CCZ indi-
cate that diagenetic redistribution of Mn has occurred widespread 
throughout the NE Pacific (Figs. 3 and 4; Mewes et al., 2014). 
In contrast, constant Mnmobil contents throughout the upper 25 
cm at the APEI3 site suggest that Mn(IV) has not been diageneti-
cally mobilized at this site in the past (Figs. 3 and 4). The depth 
position of the sedimentary oxic-suboxic boundary is controlled 
by the burial flux of POC, Obw

2 , availability of Mn (oxyhydr)ox-
ides and sedimentation rate (e.g., Froelich et al., 1979; Burdige 
and Gieskes, 1983; Gingele and Kasten, 1994). Compared to the 
other study sites, 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 domi-
nated by an extensive oxic zone, penetrating 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 sed-
imentation rates of 0.2 cm kyr−1 result in TOC burial rates that 
are two- to threefold lower than at the other study sites (Ta-
ble 1; Volz et al., 2018). Due to these significantly lower carbon 
burial rates, the sediments at the APEI3 site have most likely never 
reached suboxic conditions in the past, and thus, did not experi-
ence significant suboxic-diagenetic Mn mobilization (Figs. 3A and 
5C). This assumption is consistent with nodules at the sediment 
surface of APEI3 site, which are significantly smaller than at the 
sites within the exploration areas (Table 1). These small nodules 
most likely formed exclusively by hydrogenetic and oxic-diagenetic 
accretion and not via an alternation of hydrogenetic and suboxic-
diagenetic accumulation as observed at the other CCZ study sites 
(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 nod-
ules were shown to have formed exclusively by hydrogenetic and 
oxic-diagenetic growth (Menendez et al., 2018). Almost constant 
Mnmobil contents in the surface sediments of the APEI6 area fur-
ther indicate that Mn has not been subject to suboxic mobilization 
(Menendez et al., 2018). Accordingly, solid-phase Mn contents in 
the sediments at the APEI3 site are assumed to be exclusively of 
hydrogenetic origin. As the 230Th/231Pa-based age record for the 
APEI3 site indicates relatively steady sedimentation rates over the 
past 125.000 years (Volz et al., 2018), we suggest that hydroge-
netic Mn has been uniformly deposited over time from the water 
column to the CCZ seabed. As the APEI3 site shows the overall 
lowest sedimentation rates of 0.2 cm kyr−1, dilution of hydroge-
netic Mn with other sediment components (terrigenous particles) 
is lower compared to the other study sites, and thus, Mn contents 
are similar.

In order to allow for the diagenetic redistribution of Mn in the 
sediments at most of the CCZ study sites, several factors have been 
reported to potentially cause a more condensed oxic zone than 
currently observed: (1) higher burial fluxes of particulate organic 
carbon (POC) to the seafloor due to higher surface water produc-
tivity, (2) lower Obw

2 inducing better preservation of organic matter 
or (3) a combination of both factors (e.g., Mewes et al., 2014; We-
gorzewski 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 
CCZ sediments. 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; Winck-
ler et al., 2016; Costa et al., 2017). Studies using biogenic opal, Baxs
and dust fluxes in the equatorial Pacific as well as selectively pre-
served 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 Obw

2 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 Obw

2 during the LGP, including (1) sub-surface solid-phase 
Mn enrichments (Mangini et al., 1990), (2) the enrichment of au-
thigenic U(IV) in LGP deposits (e.g., Jaccard et al., 2009; Bradtmiller 
et al., 2010; Jacobel et al., 2017), (3) the carbon isotope composi-
tion 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 signifi-
cantly lower Obw

2 than today (Jaccard et al., 2009; Hoogakker et al., 
2018; Anderson et al., 2019).

4.2. Diagenetic Mn mobilization during the last glacial period

In order to assess whether lower glacial Obw
2 may have facil-

itated the development of a shallow oxic-suboxic redox bound-
ary, we have performed steady state transport-reaction model-
ing for the BGR-RA, IFRE-2 and APEI3 sites (Fig. 5). Furthermore, 
we used a transient model to simulate the authigenic Mnmobil
depth distribution during the downward migration of the oxic-
suboxic boundary at the last glacial termination (LGT; Fig. 5; e.g., 
Hoogakker et al., 2018). Hoogakker et al. (2018) and Anderson et 
al. (2019) have reconstructed low Obw

2 for the LGM in the eastern 
equatorial Pacific within the range of 35-55 μM, which we have 
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Table 3
Model-derived downward O2 fluxes and upward Mn2+ fluxes at the sediment-water interface (SWI) for glacial 
bottom-water oxygen concentrations (Obw

2 ) of 35 μM (e.g., Hoogakker et al., 2018; Anderson et al., 2019) and 
current Obw

2 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) and recycling of 60% of the upward diffusing Mn2+ by hydrogenetic re-precipitation in the water column 
using the recycling coefficient εMn after Katsev et al. (2007).

Site Obw
2 O2 flux at SWI 

(μmol O2 cm−2 yr−1)
Mn2+ flux at SWI 
(μmol Mn cm−2 yr−1)

Mn2+ recycling (εMn) at SWI 
(μmol Mn cm−2 yr−1)

BGR-RA 35 μM 5.976 −0.052 0.0312
BGR-RA 120 μM 6.009 −0.003 0.0018
IFRE-2 35 μM 4.215 −0.037 0.0222
IFRE-2 150 μM 4.537 −6E-5 3.6E-5
APEI3 35 μM 0.327 −6E-6 3.6E-6
APEI3 160 μM 0.324 −1E-7 6E-8
applied for the glacial scenario in the transport-reaction model
(Supplementary Table S1). For the transient approach, we assumed 
that Obw

2 increased between 14-15 kyr from 35 μM to current oxy-
gen 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 Obw

2 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 re-
distributed after deposition as indicated by the lack of a surface 
Mn enrichment (Figs. 3A and 4A). In a study on the effects of pro-
gressive Obw

2 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 re-
cycling 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 (Table 3). The remain-
ing 40% of upward diffusing Mn2+ may accumulate onto nodules 
at the sediment-water interface (SWI), contributing to the nod-
ule 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 hydro-
genetically precipitated Mnmobil (Fig. 4A). The content of Mnmobil
may be underestimated as we have not considered the pool of 
Mnmobil in surface nodules and 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 cru-
cial (see Supplementary Fig. S1). Based on the transport-reaction 
model presented in Volz et al. (2018), we have assumed bioturba-
tion coefficients of 0.5 cm2 yr−1 for all simulated sites with logis-
tically declining bioturbation coefficients below Obw

2 of 62.5 μM as 
suggested by Katsev et al. (2007).

Due to current Mn2+ upward fluxes of less than 0.04
ng Mn 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 precipitat-
ing at the APEI3 site due to an entirely oxic sediment column 
(Fig. 5; Mogollón et al., 2016; Volz et al., 2018). At lower Obw

2 of 
∼ 100 μM, the redox boundary reaches the lowermost bioturbated 
layer at ∼ 7 cm depth at the BGR-RA and IFRE-2 sites with diffu-
sive upward fluxes of Mn2+ at the SWI (Fig. 5; Table 3). Assuming 
that 40% of upward diffusing Mn2+ at the SWI accrete onto nod-
ules (Katsev et al., 2007), the suboxic-diagenetic Mn2+ flux into 
the nodules is about 1.2 μg Mn 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 esti-
mated as 2 μg Mn cm−2 yr−1 (Wegorzewski and Kuhn, 2014). Once 
Obw

2 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 effi-
ciently 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 Obw

2 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 sedi-
ment 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)ox-
ides (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 com-
pletely degraded during aerobic respiration at the BGR-RA site, 
while Mnmobil is reductively dissolved in the suboxic zone at the 
IFRE-2 site due to incomplete consumption of the labile TOC frac-
tion 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, respec-
tively (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 condi-
tions were at steady state with Obw

2 of 35 μM between 21-15 kyr, 
the Mnmobil depth distribution remained the same during this time 
(Figs. 5 and 6). Increasing Obw

2 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 sediment oxygen 
concentrations, the Mnmobil maximum was probably mixed within 
the bioturbated upper 7 cm of the sediments over time (Figs. 5
and 6).

4.3. Spatial variation in sediment redox conditions during the LGP

The enrichment of authigenic U(IV) in glacial deposits at sev-
eral 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 some areas in the deep Pacific 
(e.g., Korff et al., 2016). Postulated glacial Obw

2 of 35 μM may have 
caused sediment redox conditions in CCZ allowing for the reduc-
tive dissolution of Fe(III). Bulk Fe contents (Fetotal) at the investi-



10 J.B. Volz et al. / Earth and Planetary Science Letters 532 (2020) 116012

Fig. 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 Obw

2 increase from 
35 μM to ∼ 150 μM within 1000 years.
gated sites are in good agreement with other studies, which have 
reported 4-7 wt% Fe for CCZ surface sediments (e.g., Piper, 1988). 
Only 30-40% of Fetotal are extracted during the entire combined 
leaching process (Feleachable; Fig. 3B; Table 2), while the remain-
ing 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 
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 Obw

2 , sediment redox 
conditions did not go beyond Mn reduction and post-depositional 
Fe redistribution did most likely not occur within CCZ surface sed-
iments. These findings are in line with the study of Heller et al. 
(2018) on buried CCZ nodules, 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 nod-
ules within the eastern Clarion-Clipperton Zone in the NE Pacific 
Ocean and one site north of the CCZ in an Area of Particular En-
vironmental Interest (APEI3). Except for the APEI3 site, all sites 
show 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 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 dia-
genetic relocation induced by more reducing redox conditions in 
the past. Lower bottom-water oxygen concentrations (Obw

2 ) have 
been suggested to have prevailed basin-wide in the Pacific Ocean 
during the last glacial period (LGP). As a consequence, the sedi-
mentary oxic zone was probably more condensed. Using a steady-
state transport-reaction model, we demonstrate that at proposed 
glacial Obw of 35 μM, the oxic-suboxic redox boundary is located 
2
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+ possi-
bly contributed to the suboxic-diagenetic nodule growth. Transient 
transport-reaction modeling reveals that with the onset of ocean 
ventilation at the glacial termination, (1) the oxic-suboxic bound-
ary 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 indi-
cates 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 dif-
fers significantly with respect to geochemical conditions as well as 
nodule size and coverage, it is not representative for the sites lo-
cated in the European contract areas. Although evidence has been 
provided that reducing sediment redox conditions have allowed for 
dissimilatory Fe(III) reduction to occur at several locations in the 
Pacific during the LGP, our data on sequentially extracted Fe (oxy-
hydr)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 cy-
cling 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 sedimen-
tary 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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