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Abstract. The thriving interest in harvesting deep-sea min-
eral resources, such as polymetallic nodules, calls for en-
vironmental impact studies and, ultimately, for regulations
for environmental protection. Industrial-scale deep-sea min-
ing of polymetallic nodules most likely has severe conse-
quences for the natural environment. However, the effects
of mining activities on deep-sea ecosystems, sediment geo-
chemistry and element fluxes are still poorly understood. Pre-
dicting 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 distur-
bances 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) in the NE Pacific. These small-scale
disturbance experiments were performed 1 d 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 up-
per 20cm 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 from the SE Pacific (Paul
et al., 2018). We found that the upper 5-15 cm of the sed-

iments was removed during various small-scale disturbance
experiments in the different exploration contract areas. Tran-
sient transport-reaction modeling for the Polish and German
contract areas reveals that the removal of the surface sedi-
ments is associated with the loss of the reactive labile to-
tal organic carbon (TOC) fraction. As a result, oxygen con-
sumption rates decrease significantly after the removal of the
surface sediments, and, consequently, oxygen penetrates up
to 10-fold deeper into the sediments, inhibiting denitrifica-
tion and Mn(IV) reduction. Our model results show that the
return to steady-state geochemical conditions after the dis-
turbance 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, steady-state geo-
chemical conditions are ultimately controlled by the deliv-
ery rate of organic matter to the seafloor. Hence, under cur-
rent depositional conditions, new steady-state geochemical
conditions in the sediments of the CCZ are reached only on
a millennium scale even for these small-scale disturbances
simulating deep-sea mining activities.

1 Introduction

The accelerating global demand for metals and rare-earth el-
ements drives the economic interest in deep-sea mining (e.g.,
Glasby, 2000; Hoagland et al., 2010; Wedding et al., 2015).
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Seafloor minerals of interest include (1) polymetallic nod-
ules (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 quan-
tities, commercial exploitation of seafloor mineral deposits
may focus on the CCZ (e.g., Mero, 1965; Halbach et al.,
1988; Rithlemann et al., 2011; Hein et al., 2013; Kuhn et al.,
2017a). The exploration and, ultimately, industrial exploita-
tion of polymetallic nodules demand international regula-
tions 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 exploita-
tion 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 explo-
ration of polymetallic nodules in the CCZ, engaging all con-
tract holders to explore resources, test mining equipment and
assess the environmental impacts of deep-sea mining activi-
ties (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 environmen-
tal impact of deep-sea mining activities is challenging due to
the fact that baseline data on the natural spatial heterogeneity
and temporal variability in depositional conditions, benthic
communities and the biogeochemical processes in the sedi-
ments are scarce (e.g., Mewes et al., 2014, 2016; Vanreusel et
al., 2016; Mogollén et al., 2016; Juan et al., 2018; Volz et al.,
2018, 2020; Menendez et al., 2018; Hauquier et al., 2019).
In addition, there is no clear consensus on the most appro-
priate mining techniques for the commercial exploitation of
nodules, and technical challenges due to the inaccessibility
of nodules at great water depths between 4000 and 5000 m
have limited the deployment of deep-sea mining systems un-
til today (e.g., Chung, 2010; Jones et al., 2017).

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 sedi-
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ments; (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 and Forschungsverband Tiefsee-Umweltschutz, 2001;
Oebius et al., 2001; Konig 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 estimates for the disturbance depth may be associated with
(1) various devices used for the deep-sea disturbance exper-
iments (Brockett and Richards, 1994; Oebius et al., 2001;
Jones et al., 2017), (2) distinct sediment properties in differ-
ent nodule fields of the Pacific Ocean (e.g., Cronan et al.,
2010; Hauquier et al., 2019) and (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 Distur-
bance and Recolonization Experiment (DISCOL) area in the
Peru Basin, SE Pacific, Paul et al. (2018) have suggested that
the depth distribution of solid-phase Mn and associated met-
als (e.g., Mo, Ni, Co, Cu) could be used to trace the sediment
removal by disturbances. In addition, other solid-phase prop-
erties such as total organic carbon (TOC) contents, porosity
and radioisotopes may be suitable for the determination of
the disturbance depth.

The most reactive TOC compounds, found in the biotur-
bated 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 ac-
tivities (Konig et al., 2001). Thus, strong biogeochemical
implications can be expected in the sediments after deep-
sea mining activities. Konig et al. (2001) have applied nu-
merical modeling to study the consequences of the removal
of the upper 10cm of the sediments in the DISCOL area.
They showed that the degradation of TOC during aerobic
respiration, denitrification and Mn(IV) reduction may be
decreased for centuries, increasing the oxygen penetration
depth (OPD).

Here, we investigate the impact of various small-scale dis-
turbances on geochemical conditions, biogeochemical pro-
cesses 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 contract areas for the
exploration of polymetallic nodules, including the German
BGR (Bundesanstalt fiir Geowissenschaften und Rohstoffe)
area, the Belgian GSR (Global Sea Mineral Resources NV)
area, the French IFREMER (Institut Francais de Recherche
pour I’Exploitation de la Mer) area and the Polish IOM (In-
teroceanmetal) area. In order to determine the disturbance
depths of the different small-scale disturbances in the differ-
ent European contract areas, we correlate the depth distri-
butions of solid-phase Mn and 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 distur-
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bances on redox zonation and element fluxes and (2) deter-
mine how much time is needed for the re-establishment of a
new steady-state geochemical system 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 the 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;
Martinez Arbizu and Haeckel, 2015). These undisturbed ref-
erence sites were chosen in close proximity (<5km) to
small-scale disturbance experiments for the simulation of
deep-sea mining, which were created up to 37 years ago
and revisited during cruise SO239 (Table 1; see Sect. 2.1.1.;
Martinez Arbizu and Haeckel, 2015). The sampling of sedi-
ments in the disturbance tracks of these experiments was con-
ducted by video-guided push coring (PC) between 1d and
37 years after the initial disturbances using the ROV Kiel
6000 (Table 1; Fig. 2; Martinez Arbizu and Haeckel, 2015).

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 pre-
sented elsewhere (Volz et al., 2018, 2020). These analyses in-
clude the determination of pore-water oxygen; NO;, Mn?*
and NH;‘F concentrations; and TOC contents 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.,
2020). In the framework of this study, we used these pre-
viously published pore-water and solid-phase data as undis-
turbed reference data for geochemical conditions and sedi-
ment composition (Table 1). On this basis, here we inves-
tigate seven small-scale disturbances for the simulation of
deep-sea mining (Table 1; see Sect. 2.1.1.; Martinez Arbizu
and Haeckel, 2015).

2.1 Site description

The CCZ is defined by two transform faults, the Clarion Frac-
ture Zone in the north and the Clipperton Fracture Zone in
the south, and covers an area of about 6x 10° km? (Fig. 1;
e.g., Halbach et al., 1988). The sediments at the investigated
sites (Table 1) are dominated by clayey siliceous oozes, with
Mn nodules varying in size (1-10 cm) and spatial density (0—
30kg m_z) 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
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zonation, sedimentation rates, fluxes of particulate organic
carbon (POC) to the seafloor and bioturbation depths, we
summarized these key parameters, which are originally pre-
sented elsewhere, in Table 2 (Volz et al., 2018). Steady-state
transport-reaction models have shown that aerobic respira-
tion is the dominant biogeochemical process at all investi-
gated sites, consuming more than 90 % of the organic matter
delivered to the seafloor (Mogollén et al., 2016; Volz et al.,
2018). Below the OPD at more than 0.5 m depth, Mn(IV) and
nitrate reduction succeed in the suboxic zone, where oxygen
and sulfide are absent (e.g., Mewes et al., 2014; Mogollén 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 Mn%t concen-
trations at depth are probably associated with the oxidation
of Mn2* by upwardly diffusing oxygen circulating through
the underlying basaltic crust (Mewes et al., 2016; Kuhn et al.,
2017b; Volz et al., 2018).

2.1.1 Small-scale disturbances

Since the 1970s, several comprehensive environmental im-
pact studies of deep-sea mining simulations have been car-
ried out in the CCZ, including the Benthic impact experi-
ment (BIE; e.g., Trueblood and Ozturgut, 1997; Radziejew-
ska, 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 years using various tools such as epibenthic sledge
(EBS) and dredges (e.g., Vanreusel et al., 2016; Jones et al.,
2017). The EBS is towed along the seabed for the collec-
tion of benthic organisms (and nodules), thereby also remov-
ing the upper few centimeters of the sediments (e.g., Brenke,
2005). In 2015, some of these disturbances that were up to
37 years old were revisited as part of the BMBF-EU JPI
Oceans pilot action “Ecological aspects of deep-sea min-
ing (Mininglmpact)” project in order to evaluate the long-
term consequences of such small-scale disturbances on the
abyssal benthic ecosystem (Table 1; Fig. 2; Martinez Arbizu
and Haeckel, 2015). For comparison, DISCOL, which was
conducted in a nodule field in the Peru Basin (PB) in 1989,
was revisited as part of MiningImpact (Boetius, 2015; Grein-
ert, 2015). In the framework of DISCOL, a seafloor area of
~ 11km? was disturbed with a plow harrow. The impact of
the DISCOL experiment was studied 0.5, 3 and 7 years after
the disturbance had been set (e.g., Thiel and Forschungsver-
band Tiefsee-Umweltschutz, 2001). Furthermore, new small-
scale disturbance tracks were created during SO239 in the
BGR-RA and in the GSR area “B6” using an EBS in or-
der to add also initial temporal datasets (Table 1; Fig. 2;
Martinez Arbizu and Haeckel, 2015). The EBS weighed
about 400 kg and created a disturbance track of about 1.5m
width (Brenke, 2005). The fresh EBS disturbance tracks in
the BGR-RA and GSR areas were revisited 1d after their
creation. Eight months prior to the cruise SO239, towed
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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 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 and governed by the International
Seabed Authority (ISA; white areas) are surrounded by nine areas of particular environmental interest (APEIs), which are excluded from any
mining activities (green shaded squares). Geographical data provided by the ISA.

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).

Area Site  Coring Disturbance device and  Disturbance  Latitude Longitude =~ Water depth

S0239- device type age N) (W) (m)
BGR-PA 39 MUC - - 11°50.64'  117°03.44 4132.0
BGR-PA 41 PC EBS! 3yr 11°50.92"  117°03.77 4099.2
BGR-RA 62 GC - - 11°49.12"  117°33.22 43122
BGR-RA 64 PC EBS? 1d 11°48.27"  117°30.18’ 4332
BGR-RA 66 MUC - - 11°49.13"  117°33.13’ 4314.8
IOM 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’ 43874
GSR 121 MUC - - 13°51.25  123°15.3’ 4517.7
GSR 131 PC EBS? 1d 13°52.38'  123°15.1 4477.6
GSR 141 PC Dredge® 8 mth 13°51.95"  123°15.33’ 4477
IFREMER 157 PC Dredge5 37 yr 14°02.06"  130°07.23’ 4944.5
IFREMER 161 PC EBS! 3yr 14°02.20"  130°05.87 4999.1
IFREMER 175 MUC - - 14°02.45"  130°05.11" 5005.5

1 Epibenthic sledge (EBS) during BIONOD cruises in 2012 aboard L’Atalante (Brenke, 2005; Riihlemann et al., 2013; Menot et al., 2013). 2 Epibenthic
sledge (EBS) during RV SONNE cruise SO239 in 2015 (Brenke, 2005; Martinez 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 and Stoyanova, 1998). 4 Towed
dredge sampling during GSR cruise in 2014 aboard MV Mt. Mitchell (Jones et al., 2017). 5 Towed dredge sampling by the Ocean Minerals Company
(OMCO) in 1978 aboard Hughes Glomar Explorer (Morgan et al., 1993; Spickermann, 2012).
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Table 2. Information of sedimentation rate (Sed. rate), flux of particulate organic carbon (POC) to the seafloor, bioturbation depth (Bioturb.
depth), and 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

Mogollén et al. (2016).

Area Sed. rate POC flux  Bioturb. depth OPD
(emkyr™!)  (mg Cogm™2d™") (cm)  (m)
BGR-PA ~0.532 ~6.92 ~58  ~oab
BGR-RA 0.65 1.99 7 0.5
IOM 1.15 1.54 13 3
GSR 0.21 1.51 8 >7.4
IFRE-1 0.64 1.47 7 4.5
IFRE-2 0.48 1.5 8 3.8
APEI3 0.2 1.07 6 >5.7
@ Mogollén et al. (2016). b Mewes et al. (2014).

dredge sampling was performed in the GSR area by the H,0 (Eq. 1):

Belgian contractor (Martinez Arbizu and Haeckel, 2015; 100

Jones et al., 2017). During the BIONOD cruises aboard ~ ¢ =c¢" o . 6]

RV L’Atalante in 2012, the same EBS setup as used during 100 — (100- %)

cruise SO239 was deployed in the BGR “prospective area”
(BGR-PA) and in the IFREMER area (Table 1; Riihlemann et
al., 2013; Menot et al., 2013; Martinez Arbizu and Haeckel,
2015). In 1995, the deep-sea sediment re-suspension system
(DSSRS) was used during the [OM-BIE (Benthic Impact Ex-
periment) disturbance in the IOM area (Table 1; e.g., Kotlin-
ski and Stoyanova, 1998). The DSSRS weighed 3.2 t 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 de-
vice, the disturbance track created during the IOM-BIE dis-
turbance experiment is about 2.5m 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 con-
tents have been corrected after Kuhn (2013) for the interfer-
ence of the pore-water salt matrix with the sediment com-
position (Volz et al., 2018). The mass percentage of the
pore water was determined gravimetrically before and af-
ter freeze-drying of the wet sediment samples. The salt-
corrected sediment composition ¢’ was calculated from the
measured solid-phase composition ¢ using the mass percent-
age of H,O of the wet sediment (w), which contains 96.5 %

www.biogeosciences.net/17/1113/2020/

2.2.1 Total acid digestions

Total acid digestions were performed in the microwave sys-
tem MARS Xpress (CEM) after the protocols by Kretschmer
et al. (2010) and Nothen and Kasten (2011). Approximately
50 mg of freeze-dried, homogenized bulk sediment was di-
gested in an acid mixture of 65 % sub-boiling distilled HNO3
(3mL), 30% sub-boiling distilled HCl (2mL) and 40 %
Suprapur® HF (hydrofluoric acid; 0.5 mL) at ~ 230°C. Di-
gested solutions were fumed off to dryness; the residue was
re-dissolved under pressure in 1 M HNOs3 (5 mL) at ~ 200 °C
and then filled up to 50 mL with 1 M HNOs3. Total bulk Mn
and Al contents were determined using inductively coupled
plasma optical emission spectrometry (ICP-OES; IRIS In-
trepid ICP-OES Spectrometer, Thermo Elemental). Based on
the standard reference material NIST 2702, accuracy and
precision of the analysis were 3.7 % and 3.5 % for Mn, re-
spectively (n = 67).

2.2.2 Total organic carbon

Total organic carbon (TOC) contents were determined using
an Eltra CS-2000 element analyzer. Approximately 100 mg
of freeze-dried, homogenized sediment was transferred into
a ceramic cup and decalcified with 0.5 mL of 10 % HCI at
250°C for 2 h before analysis. Based on an in-house refer-
ence 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 sedi-
ments and undisturbed reference sediments using the Pearson

Biogeosciences, 17, 1113-1131, 2020
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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.

product-moment correlation coefficient r (Eq. 1; Table 1;
Pearson, 1895). The Pearson correlation coefficient is a sta-
tistical measure of the linear relationship between two arrays
of variables, with

o X =D0i—Y)

* n . —2 n . — 2 ’
D i =) i =)

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

points, and X and y are the sample means X = %Z;‘zlx,- and

Y= a1
While the solid-phase bulk Mn contents of the disturbed
sediments were determined in the framework of this study,

@
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solid-phase bulk Mn contents from undisturbed reference
sediments were taken from Volz et al. (2020). The high-
est positive linear correlations of solid-phase Mn contents
(rvn ~ 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 cor-
relation was applied to the TOC contents (rroc) 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 sed-
iments were taken from Volz et al. (2018).

www.biogeosciences.net/17/1113/2020/
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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 biogeo-
chemical processes, geochemical conditions and element
fluxes in sediments of the CCZ and (2) to estimate the time
required to establish a new steady-state geochemical sys-
tem after a small-scale disturbance. We applied a transient
transport-reaction model for the sites in the BGR-RA and
IOM areas (Table 1). These sites were chosen due to distinc-
tively different sedimentation rates and OPD (Table 2). We
adapted the code of the steady-state transport-reaction model,
which was originally presented by Volz et al. (2018), and
used pore-water oxygen, NO;, Mn** and NH;fIr data as well
as TOC contents of GC sediment cores from the same study
as undisturbed reference data (Tables 1, 2). Thus, the model
parameters and baseline input data used for the transient
transport-reaction model are the same as presented in the
study by Volz et al. (2018). The transient transport-reaction
model consists of four aqueous species (O3, NO3_, Mn?T,
NHI), four solid species (TOC;, TOC,, TOC3, MnO») and
six reactions (R1-R6; Supplement Table S1), with

0(6;Ci,j) _ 3D;,;6: (0 Ci,j/0z)  dwibiCi;
a dz 9z
+a;6; (Ci,j — Co,j) + 6i ZRI',,/, 3

where z is sediment depth, and subscripts i and j represent
depth and species dependence, respectively; aqueous or solid
species concentration is denoted by C (Table S2), and D is, in
the case of solutes, the effective diffusive mixing coefficient,
which has been corrected for tortuosity (D ;, j; Boudreau,
1997). In the case of solids, D represents the bioturbation
coefficient (B;; Eq. 4), ¥ is the volume fraction represent-
ing the porosity ¢ for the aqueous phase and 1 — ¢ for the
solid phase, the velocity of either the aqueous (v) or the solid
phase (w) is denoted by the symbol w, «; is the bioirrigation
coefficient (0 for solid species; Eq. 5), and Y R;, ;j is the sum
of the reactions affecting the given species.

The bioturbation and bioirrigation profiles, i.e., biologi-
cally induced mixing of sediment and pore water, respec-
tively, are represented by a modified logistic function:

B; = Bpexp (—Zmix_zi>/<1+exp (—Zmix_zi>>, “)
Zatt Zatt

o = apexp (u) / (1 +exp (u)) 6
Zatt Zatt

where «p and By are constants indicating the maximum bioir-
rigation and bioturbation intensity at the sediment—water in-
terface (SWI), the depth where the bioturbation and bioir-
rigation intensity is halved is denoted by zmix, and the at-
tenuation of the biogenically induced mixing with depth is
controlled by zu.
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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;
Supplement Fig. S1):

®i = QYoo (P0 — Poo) €Xp (—B2), (6)

where ¢ is the porosity at the “infinite depth”, at which
point compaction is completed, ¢o is the porosity at the
sediment water interface (z =0), and B 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 (Table S3).

Based on the Pearson correlation coefficient ryy,, we re-
moved the upper 7 cm of sediments in the transport-reaction
model for the IOM-BIE site and the upper 10cm of sedi-
ments in the transport-reaction model for the BGR-RA site.
Due to the lack of data on the re-establishment of bioturba-
tion, i.e., the recovery of the bioturbation “pump” after small-
scale disturbance experiments, we tested the effect of dif-
ferent bioturbation scenarios in the transport-reaction model.
For the different post-disturbance bioturbation scenarios, we
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
assumed that bioturbation should be fully re-established after
100, 200 and 500 years. As the modeling results for the dif-
ferent time spans were almost identical, we only present here
the model that assumes that bioturbation is at pre-disturbance
intensity 100 years after the impact (Volz et al., 2018; Ta-
ble S2). We 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 dis-
cretization and reaction setup 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 side of the tracks (Fig. 2). In particular, the freshly cre-
ated 1d old EBS tracks in the BGR-RA and GSR areas indi-
cate that the sediments were mostly scraped off and accumu-
lated 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 sedi-
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Table 3. Calculated Pearson correlation coefficients ryi, and rroc for the determination of the disturbance depth of various small-scale dis-
turbances investigated in the framework of this study (compare Table 1). For both correlations, the highest positive linear Pearson coefficient

for solid-phase Mn contents (rnp ~ 1) between the disturbed sites and the respective undisturbed reference sites was used.

Exploration = Disturbance device and Disturbed Reference  ryp — Disturbance depth  rroc
area type site SO239-  site SO239- (cm)

BGR-PA EBS 41 39 0.86 5 -
BGR-RA EBS 64 66 0.82 15 -04
IOM IOM-BIE 101 87 0.97 7 077
GSR EBS 131 121 0.72 6 0.88
GSR Dredge 141 121  0.88 6 0091
IFREMER  Dredge 157 175 0.74 10 0.73
IFREMER  EBS 161 175 093 7 074

ment slid off from the adjacent flanks of the sediment accu-
mulation after the disturbances (Fig. 2). However, the mostly
smooth sediment surfaces of the EBS tracks suggest that sed-
iment mixing during the EBS disturbance experiments may
be mostly negligible (Fig. 2; Table 1). In the 8-month-old
dredge track in the GSR area, small furrows occur at the dis-
turbed 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. Bulk
Mn contents in the upper 25 cm of the sediments at the dis-
turbed 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 wt % and
0.5wt % (Fig. 3). The TOC contents slightly decrease with
depth at all investigated sites.

3.3 Pearson correlation coefficient and disturbance
depths

The Pearson correlation coefficient ryg, for the correlation of
solid-phase Mn contents between the disturbed sites and the
respective reference sites ranges between 0.72 and 0.97 (Ta-
ble 3). Based on 7y, 5—15 cm of sediment was removed by
various disturbance experiments in the different contract ar-
eas (Fig. 4). Applying these ry,-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 dis-
turbance depth based on ryp. At the BGR-RA site, the corre-
lation of TOC contents between the disturbed site and the ref-
erence site shows negative values. As the sediment porosity
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in the disturbed sediments correlates well with the porosity in
the respective undisturbed reference sediments (Fig. 4), sedi-
ment compaction due to the weight of the disturbance device
may be negligible during the small-scale disturbances inves-
tigated in the framework of this study.

3.4 Transport-reaction modeling

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 or-
ganic matter (Figs. 5 and 6). About 10 kyr after the removal
of the upper 10cm of the sediments in the model for the
BGR-RA site, oxygen penetrates about 10-fold deeper into
the disturbed sediments than in undisturbed sediments (Ta-
ble 2; Fig. 5; Volz et al., 2018). At the IOM-BIE site, oxy-
gen reaches the maximum OPD at about 100 years after the
removal of the upper 7cm of the sediments. At this site,
the oxygen front migrates only ~ 1 m deeper than the cor-
responding 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
Mn?* in the path of the oxygen front. The NH concen-
trations are also being diminished, reaching minima within
100-1000 years and 1-10 years after the disturbance experi-
ments 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 max-
imum (Figs. 5 and 6).

Naturally, the solute fluxes across the 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 3-6 af-
ter 10-100 years at the [OM-BIE and BGR-RA sites, respec-
tively. This trend is mirrored by the decreased release of NHA|r
and NOj' into the bottom water.

www.biogeosciences.net/17/1113/2020/
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Figure 3. Solid-phase Mn and TOC contents for all disturbed sites investigated in the framework of this study (years: yr; months: mth; days:

d).

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 sedi-
ments benefits from several factors.

1. Sediment mixing during the small-scale disturbance ex-

periments 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 experi-
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ment, which was conducted in the DISCOL area in the
Peru Basin in 2015 (Greinert, 2015). The freshly created
EBS track in the DISCOL area was revisited 5 weeks
after the disturbance experiment, where the surface sed-
iment was mostly removed and deeper sediment layers
were exposed without visible sediment mixing (Boetius,
2015; Paul et al., 2018). In a study on the geochemi-
cal regeneration in disturbed sediments of the DISCOL
area, Paul et al. (2018) have shown that the bulk Mn-rich
top sediment layer, which has been observed in undis-
turbed sediments, is removed in the 5-week old EBS
disturbance track. Thus, an important prerequisite for
this method is met, and the authors have proposed that
the depth distribution of solid-phase Mn may be suit-
able for the evaluation of the impact as well as for the

Biogeosciences, 17, 1113-1131, 2020
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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. (2020) and TOC contents are taken from Volz et al. (2018; years: yr;
months: mth; days: d).

monitoring of the recovery of small-scale disturbance
experiments.

. The solid-phase Mn maxima in the surface sediments
appear to be a regional phenomenon across the CCZ
area as has been observed throughout the different ex-
ploration areas studied in the framework of this study
(Volz et al., 2020): 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 (Figs. 3;
4; Volz et al., 2020). In the undisturbed reference sedi-
ments, solid-phase Mn contents show maxima of up to
1wt % in the upper 10cm of the sediments, with dis-

Biogeosciences, 17, 1113-1131, 2020

tinctly decreasing contents below this level (Fig. 4; Volz
et al., 2020). 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., 2015). Volz et al. (2020) have suggested
that the widely observed solid-phase Mn enrichments
in CCZ surface sediments formed in association with a
more compressed oxic zone, which may have prevailed
as a result of lower bottom-water oxygen concentrations
during the last glacial period than today. Strong indica-
tion for lower glacial bottom-water oxygen concentra-
tions throughout the eastern Pacific Ocean have been
provided by a number of independent proxies (e.g., An-
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Figure 5. Model results of the transient transport-reaction model showing depth profiles of TOC, O, NO5, Mn2* and NHI for (a) the EBS
disturbance in the German BGR-RA area and (b) the IOM-BIE disturbance in the eastern European IOM area. The model is adapted after
the steady-state transport-reaction model presented in Volz et al. (2018) and shows the response of the geochemical system in the sediments
if steady-state conditions are disturbed by the removal of the upper 10 cm (BGR-RA; average disturbance depth of BGR-PA and BGR-RA;
see Table 3) and 7cm (IOM; see Table 3) of the sediments while maintaining the same boundary conditions but with reduced bioturbation

over the first 100 years after the disturbance.
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Figure 6. Detailed model results of the transient transport-reaction model (Fig. 5) showing depth profiles of TOC, Oy, NO5’, Mn2t and

NHI for the upper 1 m of the sediments with the fit of the simulated profiles with the analytical data for undisturbed sediments at current
steady-state geochemical conditions and for the new steady-state geochemical system after the disturbance (dark blue profiles) for (a) EBS
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Figure 7. Pore-water fluxes of oxygen (Oy), nitrate (NO3) and am-
monia (NHI) at the sediment—water interface obtained by the ap-
plication 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.

derson et al., 2019, and references therein). As a conse-
quence of the condensed oxic zone, upwardly diffusing
pore-water Mn>t may have precipitated as authigenic
Mn(IV) at a shallow oxic—suboxic redox boundary in
the upper few centimeters of the sediments. After the
last glacial period, the authigenic Mn(IV) peak was con-
tinuously 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., 2020).

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 Kas-
ten, 1994) since the last glacial period can be ruled out
(Table 2; Mewes et al., 2014; Volz et al., 2020).

Based on the depth distribution of solid-phase Mn, our
work suggests that between 5 and 15 cm of the surface sedi-
ments was removed and pushed aside by the different small-
scale disturbance experiments in the CCZ (Table 3; Fig. 4).
This range of disturbance depths is in good agreement with
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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 was removed (e.g., Thiel and
Forschungsverband Tiefsee-Umweltschutz, 2001; Oebius et
al., 2001; Konig et al., 2001; Grupe et al., 2001; Radziejew-
ska, 2002; Khripounoff et al., 2006; Paul et al., 2018). How-
ever, as the disturbed sites investigated in this study and the
respective undisturbed reference sites are located up to 5Skm
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 did not consider 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 and Forschungsverband Tiefsee-Umweltschutz, 2001;
Radziejewska, 2002; Gillard et al., 2019), (2) sediment slid
off from adjacent flanks of the sediment accumulation after
the disturbances (Fig. 2), and (3) sediments were deposited
after the small-scale disturbances at sedimentation rates be-
tween 0.2 and 1.2 cm kyr_1 (Table 2; Volz et al., 2018). How-
ever, only in the case of the IOM-BIE disturbance, the vi-
sual impact assessment suggested that the disturbance sur-
face 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 dis-
turbance 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) mostly be transported laterally by currents and de-
posit 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 dis-
turbed 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 poros-
ity data further show that sediment compaction, potentially
caused by the weight of the disturbance device (Cuvelier et
al., 2018; Hauquier et al., 2019), is insignificant at all dis-
turbed sites.

Biogeosciences, 17, 1113-1131, 2020
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4.2 TImpact 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; Mogollén et al., 2016; Volz
et al., 2018). Together they characterize the upper reactive
layer, which in turn plays a crucial role in the location of the
OPD in the sediments of the CCZ (e.g., Mewes et al., 2014;
Mogollén et al., 2016; Volz et al., 2018). Oxygen is con-
sumed via aerobic respiration during the degradation of or-
ganic matter, while bioturbation transports fresh, labile TOC
into deeper sediments (e.g., Haeckel et al., 2001; Konig et
al., 2001). The presence of labile TOC throughout the biotur-
bated zone significantly enhances the consumption of oxy-
gen 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.,
Konig et al., 2001). Below the highly reactive layer, refrac-
tory organic matter degradation and secondary redox reac-
tions — such as oxidation of Mn** — control the consump-
tion of oxygen (Table S1; Mogollén 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 so-
lutes. Below the OPD, denitrification and Mn(IV) reduction
commence, albeit at much lower rates, consuming pore-water
NOS_ and releasing Mn2* (Mogollén et al., 2016; Volz et al.,
2018). The study sites in the CCZ provide an excellent ex-
ample 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).

The removal of the upper 5-15cm of the sediment re-
sults, 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., Miiller and
Mangini, 1980; Emerson, 1985; Miiller et al., 1988; Mewes
et al., 2014; Mogollén 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 and Thiel, 1998;
2001; Bluhm et al., 2001; Thiel et al., 2001; Vanreusel et al.,
2016; Jones et al., 2017; Gollner et al., 2017). Thus, a dras-
tic decline or standstill 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 dis-
turbances can be divided into two main phases (Fig. 8).

1. Since the labile TOC fraction and bioturbating fauna are
mostly removed, downward diffusion of oxygen is the
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Figure 8. Conceptual model for time-dependent pore-water fluxes
of oxygen (O3), nitrate (NO3) and ammonia (NHI) at the
sediment—water interface after the removal of the upper 7-10cm
of the sediments. The re-establishment of bioturbation, the maxi-
mum oxygen penetration depth (OPD) and 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 (years: yr).

main driver shaping solute profiles towards a new geo-
chemical steady-state system in the absence of the re-
active 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) reduc-
tion and induces NHI and Mn2" oxidation instead, thus
minimizing pore-water NH;L'r and Mn?* concentrations
(Figs. 5 and 6). At the same time, NO; , produced dur-
ing nitrification in the presence of oxygen (e.g., Froelich
et al., 1979; Berner, 1981; Haeckel et al., 2001; Mogol-
I6n et al., 2016; Volz et al., 2018), is accordingly re-
duced during denitrification, and NOS_ concentrations
are lowered during this first phase.

2. The second phase is characterized by the increasing in-
fluence of reactive fluxes across the seafloor. It takes ap-
proximately 1000 years 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, NO; concentrations are strongly ele-
vated in the BGR sediments (Figs. 5 and 6). This is due
to the fact that NO5 is not consumed during denitrifi-
cation or the Mn—anammox reaction in the presence of
oxygen (Mogollén 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
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considered. The release of nutrients complements the close
link between sediment geochemistry and the food web struc-
ture (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 NHZ 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 the release of NO; and NHI into the bottom wa-
ter. At about 100 to 1000 years after the disturbance, concur-
rent 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 de-
crease in fluxes subsequently after the disturbances (Fig. 7;
note the logarithmic scale).

It should be noted that while bioturbation has a pivotal in-
fluence on the undisturbed steady-state profile, it only plays
a secondary role in re-establishing the steady-state geochem-
ical system at the disturbed sites in the CCZ. Studies sug-
gest that faunal abundances fully recover within centuries af-
ter 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 bioturba-
tion “pump” is active again before any significant amount
of labile TOC is present about 1-100kyr after the distur-
bance. Thus, full recovery is mainly controlled by the re-
establishment of the upper reactive layer, i.e., the delivery
rate of labile TOC to the seafloor.

The transport-reaction model reveals that under current de-
positional conditions, the new steady-state geochemical sys-
tem is established after 1-10 kyr at the IOM-BIE site, while
the re-establishment of steady-state geochemical conditions
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
0.65cm kyr~!) and shallower impact on the sediment (7 cm
instead of 10 cm sediment removal). Accordingly, the maxi-
mum OPD is reached after 100 years and 10kyr 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 pro-
cess of the geochemical system of the sediments, highlight-
ing the importance of low-impact mining equipment. Con-
sidering that in the CCZ areas of about 8500 km? could be
commercially mined in 20 years per individual mining op-
eration (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.
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5 Conclusion

We studied surface sediments from seven small-scale dis-
turbance experiments for the simulation of deep-sea mining,
which were performed between 1 d and 37 years prior to our
sampling in the NE Pacific Ocean. These small-scale distur-
bance 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 sedi-
ments, 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 was 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 or-
ganic matter, the disturbance depth ultimately determines the
impact on the geochemical system in the sediments. The ap-
plication 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) re-
duction. As a consequence of lower respiration rates after the
disturbance experiments, the geochemical system in the sed-
iments is controlled by downward oxygen diffusion. While
the re-establishment of bioturbation within centuries after the
disturbance is important for the development of steady-state
geochemical conditions in the disturbed sediments, the rate
at which geochemical steady-state conditions are reached ul-
timately depends on the delivery rate of organic matter to the
seafloor. Assuming the accumulation of labile organic matter
to proceed at current Holocene sedimentation rates in the dis-
turbed sediments, biogeochemical reactions resume in the re-
active surface sediment layer, and, thus, the new steady-state
geochemical system in the disturbed sediments in the CCZ is
reached on a millennial timescale after the disturbance of the
surface sediments.

Our study represents the first study on the impact of small-
scale disturbance experiments on the sedimentary geochem-
ical 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 development of a new geochemi-
cal steady-state system in the sediments advance our knowl-
edge about the potential long-term consequences of deep-sea
mining activities. We propose that mining techniques poten-
tially used for the potential commercial exploitation of nod-
ules in the CCZ may remove less than 10cm of the sur-
face sediments in order to minimize the impact on the geo-
chemical system in the sediments. The depth distribution of
solid-phase Mn may be used for environmental monitoring
purposes during future mining activities in the CCZ. How-
ever, based on our current knowledge and in combination
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with ongoing natural environmental changes (e.g., bottom-
water warming, acidification, changes in the POC flux to the
seafloor), it is difficult to assess whether the surface sediment
removal may trigger a tipping point for deep-sea ecosys-
tems. This study also provides valuable data for further in-
vestigations on the environmental impact of deep-sea mining,
such as during the launched JPI Oceans follow-up project
MiningImpact 2.

Data availability. The data are available via the data man-
agement portal OSIS-Kiel and the WDC database PAN-
GAEA, including the solid-phase bulk sediment Mn and
TOC contents (https://doi.org/10.1594/PANGAEA.904560;
Volz et al, 2019a) as well as the porosity data
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