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Dear Prof. Dr. Jack Middelburg,
My co-authors and I are pleased to re-submit our original research article entitled “Impact of
small-scale disturbances on geochemical conditions, biogeochemical processes and element
fluxes in surface sediments of the eastern Clarion-Clipperton Zone, Pacific Ocean” for
consideration in the special issue “Assessing environmental impacts of deep-sea mining –
revisiting decade-old benthic disturbances in Pacific nodule areas” to Biogeosciences.
We feel confident that the revisions of the two reviewers improved the quality and impact of
our manuscript. We have addressed all comments carefully in the final author responses below.
Thank you for your time and consideration. If you have any questions, please do not hesitate to
contact me and I will do my utmost to provide any further information that you require.
Yours sincerely,

Jessica Volz
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Final author responses
Referee #1
The work constitutes one of the first of its kind, documenting the sedimentary biogeochemical
impact of simulated disturbances that are likely to arise from deep-sea mining. Overall the study
is very well designed, scientifically sound and well executed. The report is well written and
contributes to an international framework of projects dealing with the deep-sea impacts of
mining. Looking from a purely scientific/geochemical angle, the results are not surprising from
a sediment diagenesis point of view, but I find it very important that the early diagenetic
framework is able to explain and guide (to some extent) these type of impact assessments.
There is a couple, relatively moderate shortcomings which can be addressed in the final version:
- It would be great to see more of the undisturbed/baseline sediment geochemical profiles. I
understand there will be a companion manuscript on this, but reproducing more of those results
here maybe can be possible. Especially undisturbed OPD – TOC profiles would be interesting
to see in this paper as well.
Author’s response: We understand the referee’s objection. However, we would like to
point out that in fact we are showing undisturbed/baseline data (published in Volz et al.,
2018, DSR I) in the present manuscript:
In figure 4, TOC contents are shown for undisturbed reference surface sediments for the
different study sites, which are taken from Volz et al., 2018, DSR I (as stated in the figure
caption for figure 4). Furthermore, TOC contents as well as ex-situ oxygen, nitrate and
dissolved manganese concentrations for undisturbed deep sediments are shown in figure
5, which are used as baseline input for the transport-reaction model of the benthic
disturbances. As this seems not to be clearly described in the present manuscript, we have
adapted the methods section in Chapter 2.4 about the geochemical model setup and
reaction network as following:
“We have applied a transient transport-reaction model for the sites in the BGR-RA and
IOM areas (Table 1). These sites were chosen due to distinctively different sedimentation
rates and OPD (Table 2). We have adapted the code of the steady state transport-reaction
model, which was originally presented by Volz et al. (2018) and used pore-water oxygen,
NO3-, Mn2+ and NH4+ data as well as TOC contents of GC sediment cores from the same
study as undisturbed reference data (Table 1; Table 2). 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).”
Furthermore, we have added a sentence in the caption of figure 5 that the analytical data
shown in the graph represents the undisturbed/baseline data as following:
“Figure 5: Model results of the transient transport-reaction model 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; cf. Table 3) and 7 cm
(IOM; Table 3) of the sediments while maintaining the same boundary conditions but with
reduced bioturbation over the first 100 years after the disturbance.”
- I find the discussion very substantial and objective. However I was wondering if more input
to policy/blue economy can be given with a few more sentences. As it stands the message is
that the uppermost organic-rich part is removed and a lot more oxygen seeps into the sediment.
What will the policy side make of this, may sounds like a positive result? What is really the
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impact here? The fact that the system comes back to original steady state is one thing, but deepseafloor can be disturbed naturally, through different means.
Author’s response: Deeper OPD means lower flux of reduced substances (NH4, Mn etc)
to the seafloor and more CO2 production from POC degradation (i.e. lower pH) but from
our current knowledge it is difficult to quantify this impact due to changed
biogeochemical fluxes and also if this impact is good or bad. It will certainly change the
microbial community structure and possibly meio/macro/megafauna communities. It is
also difficult to assess at the moment whether this change may trigger a tipping point in
combination with natural changes that are ongoing (e.g., bottom water warming,
acidification, changes of carbon flux to the seafloor etc).
Therefore, based on our current knowledge, we can’t give further advices for policy/blue
economy. However, based on our current knowledge and in combination 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 ecosystems.” in lines 560-563.
Several line-by-line suggestions:
L46 and many more places: Please consider the repeated use of (re)equilibriation of the study
system. Rather than chemical equilibrium, I think what is meant here the system becomes
steady-state over the course of the study’s simulation timelines.
Author’s response: We have replaced “re-equilibration/equilibrium” by “the system will
return to (new) steady state geochemical conditions” accordingly.
L115 A more specific verb can replace ’influencing’ here, maybe ’increasing’?
Author’s response: We have replaced “influencing” by “increasing” accordingly.
L396 This can be confusing if not elaborated a little more, as it rapidly switches the discussion
to glacial-timescales. First, how sure are we on the lower bottom O2 levels in the LGM, when
the seawater was somewhat colder with increasing mixing? If O2 was still lower, I do not think
it would be to a hypoxic extent that it is going to compress all the redox zones. But then how
Mn delivery to LGM deep waters, given Mn was is the tracer used in this study? Please
elaborate or I would recommend removal of this sentence.
Author’s response: We have elaborated more on this (see paragraph below) as the
occurrence of the solid-phase Mn maximum in surface sediments throughout the CCZ is
important regarding the use of solid-phase Mn contents/depth profiles as a tracer for the
removal of sediment/disturbance depth during the small-scale disturbance experiments,
and thus, potential future mining-related activities. We have studied and intensively
discussed the diagenetic formation of solid-phase Mn peaks as a result of lower glacial
oxygen concentrations in the cited paper Volz et al., in press, EPSL. It also presents all
relevant studies regarding the mechanisms and indications for lower oxygen
concentrations in the glacial deep Pacific Ocean.
The paragraph has beeb adjusted as following:
“Volz et al. (in press, EPSL) 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 indication for lower glacial bottom-water
oxygen concentrations throughout the eastern Pacific Ocean have been provided by a
number of independent proxies (e.g., Anderson et al., 2019 and references therein). As a
consequence of the condensed oxic zone, upward diffusing pore-water Mn2+ 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 continuously mixed into subsequently deposited sediments by bioturbation causing
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the observed broad solid-phase Mn(IV) enrichment in the surface sediments (Fig. 4; Volz
et al., in press, EPSL).”
Figure 8 - the timescale is missing, was this deliberately omitted?
Author’s response: The timescale has been added to the figure.
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Referee #2
This manuscript is embedded within in a set of recent scientific investigations and cruises
dedicated to elucidate the environmental impact of polymetallic nodule recovery from the
seabed in the Clarion-Clipperton Zone (CCZ). New data (pore water and solid phase) are
presented from deep seafloor tracks affected by deliberate disturbance (e.g. benthic sledges),
and these are compared to data from undisturbed reference sites (which are unfortunately
presented elsewhere). To investigate the long-term effect of disturbance, the data are
supplemented with reactive transport modelling. The manuscript is generally well prepared,
and uses a clear language. The manuscript clearly adds an original contribution to the existing
literature regarding the CCZ, and puts the current work into perspective with appropriate
referencing to previous work. However some important problems and shortcomings need to be
resolved.
Major comments
[1] The approach to determine the disturbance depth (Section 2.3) is highly unclear. In my
guess, the authors use a shifting window approach, whereby the depth profile of the disturbed
site is shifted down compared to the reference site. Starting from a zero shift, the shift is
gradually increased. At each shift, the Pearson correlation coefficient r is calculated. Somehow
the best fit is determined (but is not explained how this is done – maximum r value?). Given
that this method sustains one of the important conclusions (solid phase Mn can be used as to
determine the disturbance/removal depth), I would expect more details on how it actually is
done and its robustness. A figure of how the Pearson correlation coefficient varies as a function
of the shifting depth seems to be a critical inclusion.
Author’s response: In lines 243-245, we explain that “the highest positive linear
correlations of solid-phase Mn contents (rMn ~ 1) between the disturbed sites and the
respective undisturbed reference sites (Table 1) were used to determine the depths of the
disturbances.” Thus, the maximum r value is used.
The robustness of the disturbance depth determined with the Pearson correlation using
solid-phase Mn contents is verified by applying the same correlation/disturbance depth
on the TOC contents as described in lines 245-248. As this correlation of the TOC contents
yields to Pearson correlation coefficients between 0.73 and 0.91, the estimates for the
disturbance depth based on the correlation using solid-phase Mn contents may be
supported as written in lines 334-337.
[2] The optimal shifting window approach is now derived only from the Mn profle, and then
verified with the TOC and porosity profiles. What if one combines the data from Mn, Toc and
porosity profiles to obtain a weighted optimum to determine the “best disturbance depth”.
Would this provide a more reliable measure?
Author’s response: The idea of primarily using solid-phase Mn contents as a tracer for
sediment removal is that it could be used during the monitoring of industrial-scale mining
activities in the area of the CCZ (as pointed out in lines 558-560). We do not see how a
combination of solid-phase Mn contents and TOC contents would obtain better estimates
for the disturbance depth as we are already applying the correlation on both parameters.
Furthermore, we do not feel that a disturbance depth could be derived from the
correlation of porosity as the data does not show any variation over depth (see figure 4).
[3] Replication is fundamental to proper scientific investigation. The current analysis lacks such
replication. The comparison of Mn and TOC profiles appears to be based on the comparison of
a single core within the disturbed track compared to a single core within the reference area
(some 5 kilometres away). Although I am aware that core retrieval is not obvious in deep sea
conditions, replication of sediment cores is essential for the conclusion reached (solid phase
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Mn can be used as to determine the disturbance/removal depth). This can only be done if the
variation within the disturbed area and the reference area is sufficiently small. In order to obtain
an uncertainty on the estimated disturbance depth one should compare replicate cores within
the disturbed track and reference area.
Author’s response: We agree with the referee’s objection that more sediment cores from
adjacent undisturbed sites and duplicate/triplicate sediment cores from the disturbance
tracks would certainly increase the robustness of our study. However, due to the fact there
was a large interdisciplinary scientific team participating during cruise SO239, it was not
feasible to use more MUC sediment cores for geochemical investigations. Furthermore,
retrieving undisturbed/natural sediment cores adjacent to the disturbance track is only
possible using ROV-operated push cores with visual control of where the cores are taken
(in this case: to be sure to not hit the disturbance track), which can only be performed
with a very limited amount of push cores (due to the storage space on the ROV during the
dive).
Although, we certainly would like to have more analytical data from replicate sediment
cores in order to strengthen the study, geochemical data of pore-water and sediment
generally give an integrated signal at least over several tens of meter – especially in deepsea environments at sites distal to seamounts, so that we are confident that our data is
representative for the area and the impact of the disturbances.
[4] The text speaks throughout refers to “mining-related removal” of sediments, while in these
seabed trials it is in fact the “mining-related displacement” of sediment, as trenches are made
and sediment is simply pushed aside (with a limited resuspension that carries sediment far away,
it appears). The bio geochemical consequences of the deposition are not studied (and not
discussed). Somehow the aspect of removal is considered more important that the side way
deposition part. Moreover, how relevant is this “removal operation” for the envisioned mining
approaches? I guess that for actual mining operations, filtering and sorting of polymetallic
nodules will happen right at the seafloor (5-20 cm of sediment removal would imply huge
volumes to be transported), and so the deposition part will also equally crucial (sediment will
deposited behind the nodule collection vessel?)
Author’s response: As described in Chapter 3.1, based on the visual impact inspection,
the sediment surface was scraped off during the small-scale disturbance experiments and
then indeed pushed aside/piled up next to the freshly exposed sediment surface. We only
have taken/studied sediment cores from the freshly exposed sediment surface and not
from the pushed-aside sediment pile for several reasons: (1) biological sampling also
focused on the freshly exposed sediment surface, and thus, we ensure that we can
compare/match biological and geochemical data sets. (2) “mining-related sediment
removal” may be the more likely/important scenario for the impact of large-scale
industrial deep-sea mining activities than “mining-related sediment displacement” (in the
sense of pushed aside/piled up sediments), because current mining technology aims at
sucking up nodules and sediment. As mining-related activities will disturb a much larger
seafloor area on the scale of km2, “mining-related sediment displacement” in the sense of
pushed aside/piled up sediments will most probably not play a significant role as the
mining equipment will probably disturb these pushed-aside/piled-up sediments again.
However, as mentioned in lines 80-83, there is no clear consensus on the most appropriate
mining techniques for the industrial exploitation of manganese nodules so far, and thus,
the prediction of the environmental consequences including the displacement/removal/resuspension of sediments is difficult. To our knowledge, current literature on miningrelated environmental impacts cited in the presented manuscript does not consider
“mining-related sediment displacement” in the sense of pushed aside/piled up sediments
as a major impact.
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We certainly agree that the transport of re-suspended sediment after the disturbance and
during industrial filtering/sorting as well as bottom blanketing during/after the
disturbance is key for the evaluation of mining-related environmental consequences and
especially for biogeochemical conditions and processes in the sediments. However, during
the studied small-scale disturbance experiments probably much less sediment was resuspended than what is to be expected during large-scale industrial deep-sea mining
activities. The studied old benthic impact experiments do not allow studying of this
important environmental aspect. We are currently working on this topic as part of the
new JPI Oceans project “Environmental Impacts and Risks of Deep-Sea Mining”
(MiningImpactII), which aims at independently accompanying an industrial mining trial.
[5] The description of what model simulations are performed and how these simulations are
carried out is lacking in the methods section (or alternatively at the start of section 3.4). So the
reader does not know what is actually simulated in Figs 5 and 6. In essence, one first fits steady
state depth profiles to the data depth profiles of the undisturbed site (how is this done? E.g.
what is the goodness of fit criterion?). Secondly, one removes the top L centimeter in the model
domain, keeping the boundary conditions constant. Subsequently, one performs a transient
simulation until a new steady state is reached. This simulation procedure should be clearly
described.
Author’s response: We have added the description of the model simulations in section 2.4.
as follows:
“We have applied a transient transport-reaction model for the sites in the BGR-RA and
IOM areas (Table 1). These sites were chosen due to distinctively different sedimentation
rates and OPD (Table 2). We have adapted the code of the steady state transport-reaction
model, which was originally presented by Volz et al. (2018) and used pore-water oxygen,
NO3-, Mn2+ and NH4+ data as well as TOC contents of GC sediment cores from the same
study as undisturbed reference data (Table 1; Table 2). 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).”
Furthermore, we have added a sentence in the figure caption of figure 5 that the analytical
data shown in the graph represents the undisturbed/baseline data as following:
“Figure 5: Model results of the transient transport-reaction model 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; cf. Table 3) and 7 cm
(IOM; Table 3) of the sediments while maintaining the same boundary conditions but with
reduced bioturbation over the first 100 years after the disturbance.”
[6] Lines 214. Wrong definition of porosity. The porosity is always defined as the volume of
the pore water (including dissolved salts) over the total volume, and hence not the salt-free
volume fraction. Moreover, the porosity cannot be determined gravimetrically in a direct
fashion. One determines the H2O content of the sediment gravimetrically as well as the solid
phase density. From this and salinity one can calculate porosity (accounting for salt content of
pore water).
Author’s response: We have adapted this part as follows:
“The mass percentage of the pore water was determined gravimetrically before and after
freeze drying of the wet sediment samples.”
Model comments:
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Figure 6 is a zoomed-in version of figure 5. Why is the data not plotted on figure 6 (as in figure
5)? Even is the data is off, it is highly instructive to include the data in the plot.
Author’s response: We have added the analytical data in figure 6.
Sup Fig 1. Why is the porosity data fitted in such a poor way? Panel a: Why use an exponential
is the data is constant? Panel b: the value at infinity should be 0.71 and not 0.65.
Author’s response: As pointed out in lines 281-287, the porosity is commonly following an
exponential decrease in transport-reaction models indicative of the compacting sediment.
However, we agree with the referee’s objection that the porosity fit could be improved.
We decided against changing the already published porosity parameterization presented
in Volz et al., 2018, DSR I for two reasons: (i) The transient model results simulating the
removal of the surface layer presented here should be directly comparable to the
previously published steady state model results for undisturbed/natural sediments and (2)
while the porosity fit towards deeper sediments appears to be ‘off’ by about 0.03 porosity
units, the difference would not alter the overall outcome of the model.
Figure 6. In both panels a and b, the final steady state does not return to the initial state
(difference between red and dark blue curves). Explain better what the initial state is, and why
this happens.
Author’s response: As indicated in the legend of figure 6, the red profile represents the
simulation results for 1 day after the surface sediment layer has been removed (see Table
3 for disturbance depth). Thus, the red profile does not indicate the initial steady state
geochemical conditions in undisturbed sediments. In order to clarify this, we have added
another profile for the simulation of pre-disturbance steady state geochemical conditions
and alter the legend accordingly.
In Fig 6 panel b (IOM-Bie site), the organic matter decreases almost linearly with depth. This
is rather strange behavior (should be an exponential decrease)
Author’s response: As explained in lines 288-290, organic matter was treated as three
reactive fractions (3G) in the transport-reaction model including labile, degradable and
refractory fractions. The exponential decrease of simulated organic matter contents in the
top sediments (due to the presence of different reactive fractions) and below is common
during
diagenetic
modelling
(see
Arndt
et
al.,
2013,
ESR,
http://dx.doi.org/10.1016/j.earscirev.2013.02.008; Mewes et al., 2016, EPSL,
http://dx.doi.org/10.1016/j.epsl.2015.10.028; Volz et al., 2018, DSR I;). As only refractory
organic matter is left at depth, the curvature might be difficult to see.
Why are there no pore water NH4 data collected? This would provide a strong model constraint
on the N cycle (which is now unconstrained, as only a depth profile of NO3 is available)
Author’s response: We agree with the referee’s objection and we have tried to measure
pore-water ammonia onboard (flow-injection method) using fresh untreated pore-water
splits as well as in the home lab using frozen samples (-20°C) with the ortho phtalaldehyde
(OPA) method in a QuAAtro continuous segmented flow analyzer (Seal Analytical) for
low concentration ranges of 0–5 µM. Unfortunately, the concentrations of pore-water
ammonia were mostly below detection limit. We assume that ammonia is immediately
oxidized to nitrite/nitrate under oxic conditions and therefore it cannot be detected using
these methods.
Terminology:
Why are the disturbances referred to as ”small-scale disturbance”? The areal coverage of the
disturbance is not relevant for the disturbance depth and recovery time, only the vertical impact
matters. The disturbance to the sediment geochemistry (and recovery time) is equally large
when doing a single track than when doing a whole area covered by multiple tracks. The use of
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“small-scale” throughout the ms seems to suggest that large-scale application would have
different impacts and recovery times (which should not be the case).
Author’s response: We do not agree with the referee’s objection. It is important to point
out that the presented study focuses on the impact of small-scale disturbances because it
can only be considered an approximation to the environmental impact of industrial-scale
mining activities. Coming back to major comment [4] by referee #2, the presented smallscale disturbances scraped off the sediments, which were then pushed aside and piled up
next to the freshly exposed sediment surface. As described before, this “mining-related
sediment displacement” will most probably not be the case during industrial-scale mining
activities. As mentioned before, presumably much less sediments were re-suspended
during the small-scale disturbances presented in this study than what is to be expected by
industrial-scale mining activities. While the effect of bottom blanketing by re-suspended
sediments on biogeochemical processes within the small-scale disturbance tracks can be
mostly neglected, it certainly has to be considered when investigating industrial-scale
mining activities. In addition, in the presented study, we show that porosity is not affected
by significant sediment compaction from the weight of the disturbance device. Industrial
mining equipment is expected to be much heavier than the disturbance devices used
during the small-scale disturbance experiments presented in this study. Also lateral effects
(e.g. transport of solutes, easier recolonization by fauna and resulting bioturbation) play
some role for the single (2-m wide) tracks compared to large-scale industrial disturbances
with widths of hundreds of meters to kilometers.
For these reasons, we would prefer to keep the distinction of “small-scale disturbance”
throughout the presented manuscript.
The state of the sediment is referred to as “equilibrium”, and this is not a proper word choice.
Equilibrium refers to a closed system that does not change. Steady state is the proper term for
an open system that does not change. Sediments are open systems.
Author’s response: We have replaced “re-equilibration/equilibrium” by “the system will
return to (new) steady state geochemical conditions” accordingly.
Other comments:
The title is not so descriptive for the results presented. May well be changed to “Disturbance
depth and recovery time of sediment geochemistry in Clarion-Clipperton zone after surface
disturbance”
Author’s response: We do not agree with the referee’s objection. Indeed, we are
determining the disturbance depth as it represents a crucial input parameter for the
application of the transport-reaction model. However, as described in lines 406-412, the
determined disturbance depths as part of this study are well within the range of previous
estimates for the disturbance depths, and therefore, it is not a new finding. Using the
transport-reaction model, we present estimates for how long it takes until the sedimentary
geochemical system reaches steady state conditions. As pointed out in lines 125-127, our
second main goal is to assess the consequences of the disturbance on redox zonation and
element fluxes, which are presented in Figures 7 and 8.
For these reasons, we would prefer to keep the title.
L1 Title: “element fluxes” -> no element fluxes are determined
Author’s response: Fluxes of oxygen, nitrate and ammonia are presented in Figure 7.
L26 conceived -> understood
Author’s response: We have changed this accordingly.
L49 sediments -> sediment
Author’s response: We have changed this accordingly.
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L51 millennium-scale
Author’s response: We have change this accordingly.
L51 It does not matter whether these experiments are small-scale -> the areal extent does not
influence the recovery time
Author’s response: We do not agree with the referee’s objection. It is important to point
out that the presented study focuses on the impact of small-scale disturbances because it
can only be considered an approximation to the environmental impact of industrial-scale
mining activities for reasons pointed out in the first comment of referee #2 in
Terminology.
L81 delete ref to ms under review
Author’s response: We have changed this reference to Hauquier et al., 2019.
L96 estimates
Author’s response: We have changed this accordingly.
L132 - The sampling description is unclear – both the disturbed and undisturbed sites were
visited on the same cruise. The way the text is written confounding and suggests otherwise.
Author’s response: We do not fully understand the referee’s objection. In lines 131-135,
we clearly state that MUC and GC cores are taken from undisturbed reference sites while
video-guided PC cores were taken within the disturbance tracks. In addition to the
sampling description, we present all studied sediment cores with the information of type
and age of the disturbance for the PC cores in Table 1.
Therefore, we feel like the sampling description is clearly presented.
L158 …with Mn nodules varying in size and spatial density…
Author’s response: We have changed this accordingly.
L189 repetitious
Author’s response: We have deleted this sentence.
L194 the mass of an object (expressed in kg) is independent of depth or pressure
Author’s response: We have deleted “under normal atmospheric pressure” accordingly.
L238 What is negligible? Less than ?? %
Author’s response: The line number seems to be incorrect - we are not sure what is meant
here.
L247 subscript i is missing for x and y symbols in formula
Author’s response: We have inserted subscript i for x and y accordingly.
L261 delete double ref
Author’s response: We have deleted the double reference.
L266 We have adapted the model…-> adapted in what way?
Author’s response: The code was adapted from steady state to transient, while the model
parameters are same as presented in Volz et al., 2018, DSR I. We have added this in the
model description in section 2.4 as follows: “We have adapted the code of the steady state
transport-reaction model, which was originally presented by Volz et al. (2018) and used
pore-water oxygen, NO3-, Mn2+ and NH4+ data as well as TOC contents of GC sediment
cores from the same study as undisturbed reference data (Table 1; Table 2). 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).”
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L268 It is unclear how the steady model was fitted to the data. See comment above.
Author’s response: We have added to the model description in section 2.4 as follows:
“We have adapted the code of the steady state transport-reaction model, which was
originally presented by Volz et al. (2018) and used pore-water oxygen, NO3-, Mn2+ and
NH4+ data as well as TOC contents of GC sediment cores from the same study as
undisturbed reference data (Table 1; Table 2). 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).”
Simulated profiles were fitted to the data by adjusting the fitted parameters listed in the
Supplementary Table 2.
Eq (5) : the assumption in the model is steady state compaction (porosity not dependent on
time) – should be mentioned
Author’s response: It is mentioned in lines 281-283.
L293 Eq(8) + is missing in formula
Author’s response: There is no Eq. 8 throughout the manuscript so we are not sure what
is meant here.
L333 Total bulk Mn contents in the upper 25 cm -> strange term. I guess one implies “Mean
solid-phase Mn content in the upper 25 cm”
Author’s response: We have adjusted this sentence as follows:
“Bulk Mn contents in the upper 25 cm of the sediments at the disturbed sites are between
0.1 and 0.9 wt% (Fig. 3).”
We are giving the range of Mn contents in the sediments, not the mean value.
Fig 1. Mention in caption what the white areas denote. Add black lines around green
areas for clarity.
Author’s response: We have changed this accordingly.
Table 2 POC flux -> mg C m-2 d-1
Author’s response: We have changed this accordingly.
Table 3. r_Mn : is this the maximal value? How is this value determined – see comment above
Author’s response: In lines 245-248, we explain that “the highest positive linear
correlations of solid-phase Mn contents (rMn ~ 1) between the disturbed sites and the
respective undisturbed reference sites (Table 1) were used to determine the depths of the
disturbances.” Thus, the maximum r value is used. We have added this in the table caption
as follows:
“Table 3: Calculated Pearson correlation coefficients rMn and rTOC for the determination
of the disturbance depth of various small-scale disturbances investigated in the
framework of this study (compare Table 1). For both correlations, the highest positive
linear Pearson coefficient for solid-phase Mn contents (rMn ~ 1) between the disturbed
sites and the respective undisturbed reference sites was used.”
L392 “regional phenomenon” -> what is meant by this: that it is only local or that it common
across a broad area of the CCZ? How big is the region?
Author’s response: We have changed this sentence accordingly to:
“The fact that the solid-phase Mn maxima in the surface sediments appear to be a regional
phenomenon across the CCZ area as it has been observed throughout the different
exploration areas studied in the framework of this study (Volz et al., in press)”
L413 “were removed” -> but also placed just on the side of the track
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Author’s response: We have added “…and pushed aside”.
L468 “Ming-related removal” Is this really mining-related? Is it removal? As it placed just on
the side of the track…
Author’s response: We have deleted “mining-related”. As we are studying only sediment
cores from the (freshly) exposed sediment surface after the sediment has been scraped off
(lines 312-314), we feel confident that we can talk about sediment removal.
L473. Which organisms are the dominant bioturbators? This is crucial information to provide
insight into their return time? Large motile surface-dwellers (e.g. sea cucumbers) may return
faster…
Author’s response: We agree with the referee’s objection that it would be important to
know which organisms are the dominant bioturbators in sediments of the CCZ. To our
knowledge, data/studies on this topic are very rare for the deep sea and do not exist for
the CCZ. Therefore, we have pointed out in lines 293-302, “due to the lack of data on the
re-establishment of bioturbation, i.e. the recovery of the bioturbation ‘pump’ after smallscale disturbance experiments, we have tested the effect of different bioturbation
scenarios in the transport-reaction model. For the different post-disturbance bioturbation
scenarios, we have assumed that bioturbation is inhibited immediately after the
disturbance with a linear increase to undisturbed reference bioturbation coefficients
(Volz et al., 2018). Based on the work by Miljutin et al. (2011) and Vanreusel et al. (2016),
we have assumed that bioturbation should be fully re-established after 100, 200, and 500
yr. As the modelling results for the different time spans were almost identical, we only
present here the model that assumes bioturbation is at pre-disturbance intensity 100 yr
after the impact (Volz et al., 2018; Supplementary Table 2).”
Thus, this is the best approximation of the re-establishment of bioturbation for the
application of a transport-reaction model.
Moreover, is their a point for the bioturbators to in return, if the food stock (organic matter) has
not yet been replenished? Figure 5 shows that it takes over 10.000 years to get the organic
matter back up in the surface layer.
Author’s response: As elaborated in the previous response, due to the lack of data on the
re-establishment of bioturbation after disturbances, we have tested different postdisturbance bioturbation scenarios in the transport-reaction model based on the work by
Miljutin et al. (2011) and Vanreusel et al. (2016). Thus, the time span after which
bioturbation is re-established is based on actual biological studies on disturbances in the
study area.
Although we are not experts in biology/bioturbators, we think that bioturbators not only
return once the surface layer is fully re-established but that they can already return once
the surface layer is only party re-established. At this point, some “fresh” organic matter
has been deposited, which is probably a point for bioturbators to return. Vonnahme et
al., revised, Science Advances show that microbe abundances may recover on decadal
scale, i.e. before the reactive surface layer has been redeposited. Hence, fauna is likely
going to graze on those microbes and thus recolonize on decadal time scales as well.
L487 Unclear why denitrification would increase when OPD gets deeper -> explain better
Author’s response: We are not saying that denitrification increases once the OPD shifts
deeper into the sediment, we are actually implying the opposite: denitrification is
weakened in the oxic environment due to the fact that aerobic respiration is favored over
denitrification. Therefore we are writing in lines 486-490 that “interestingly, during the
transition time (at which point solute profiles slowly shift towards their pre-disturbance
shape) when oxygen is still present at depth but aerobic respiration in the upper sediments
12

has already began to pick up, NO3- concentrations are strongly elevated in the BGR
sediments (Figs. 5 and 6). This is due to the fact that NO3- is not consumed during
denitrification or the Mn-annamox reaction in the presence of oxygen (Mogollón et al.,
2016; Volz et al., 2018).”
We do not feel that this needs clarification.
L554 (and elsewhere) equilibrium -> steady state (see comment above)
Author’s response: We have replaced “re-equilibration/equilibrium” by “the system will
return to (new) steady state geochemical conditions” accordingly.
Fig 7. Plot all times on the x-axis
Author’s response: The timescale has been added to the figure.
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Abstract

22

The thriving interest in harvesting deep-sea mineral resources, such as polymetallic nodules,

23

calls for environmental impact studies, and ultimately, for regulations for environmental

24

protection. Industrial-scale deep-sea mining of polymetallic nodules most likely has severe

25

consequences for the natural environment. However, the effects of mining activities on deep-

26

sea

27

conceivedunderstood. Predicting the environmental impact is challenging due to the scarcity of

28

environmental baseline studies as well as the lack of mining trials with industrial mining

29

equipment in the deep sea. Thus, currently we have to rely on small-scale disturbances

30

simulating deep-sea mining activities as a first-order approximation to study the expected

31

impacts on the abyssal environment.

32

Here, we investigate surface sediments in disturbance tracks of seven small-scale benthic

33

impact experiments, which have been performed in four European contract areas for the

34

exploration of polymetallic nodules in the Clarion-Clipperton Zone (CCZ). These small-scale

35

disturbance experiments were performed 1 day to 37 years prior to our sampling program in the

36

German, Polish, Belgian and French contract areas using different disturbance devices. We

37

show that the depth distribution of solid-phase Mn in the upper 20 cm of the sediments in the

38

CCZ provides a reliable tool for the determination of the disturbance depth, which has been

39

proposed in a previous study (Paul et al., 2018). We found that the upper 5–15 cm of the

40

sediments were removed during various small-scale disturbance experiments in the different

41

exploration contract areas. Transient transport-reaction modelling for the Polish and German

42

contract areas reveals that the removal of the surface sediments is associated with the loss of

43

reactive labile organic carbon. As a result, oxygen consumption rates decrease significantly

44

after the removal of the surface sediments, and consequently, oxygen penetrates up to tenfold

45

deeper into the sediments inhibiting denitrification and Mn(IV) reduction. Our model results

46

show that the post-disturbancereturn to steady state geochemical re-equilibrationconditions

47

after the disturbance is controlled by diffusion until the reactive labile TOC fraction in the

48

surface sediments is partly re-established and the biogeochemical processes commence. While

49

the re-establishment of bioturbation is essential, the steady state geochemical re-equilibration

50

of the sediments isconditions are ultimately controlled by the burial rates of organic matter.

51

Hence, under current depositional conditions, the new geochemical equilibriumsteady state

52

geochemical conditions in the sediments of the CCZ is reached only on a millennium-a scale

53

even for these small-scale disturbances simulating deep-sea mining activities.

ecosystems,

sediment

geochemistry

and

element

fluxes

are

still

poorly
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54

1. Introduction

55

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

56

interest in deep-sea mining (e.g., Glasby, 2000; Hoagland et al., 2010; Wedding et al., 2015).

57

Seafloor minerals of interest include (1) polymetallic nodules (e.g., Mero, 1965), (2) massive

58

sulfide deposits (e.g., Scott, 1987) and (3) cobalt-rich crusts (e.g., Halkyard, 1985). As the

59

seafloor within the Clarion-Clipperton Zone (CCZ) in the NE Pacific holds one of the most

60

extensive deposits of polymetallic nodules with considerable base metal quantities, commercial

61

exploitation of seafloor mineral deposits may focus on the CCZ (e.g., Mero, 1965; Halbach et

62

al., 1988; Rühlemann et al., 2011; Hein et al., 2013; Kuhn et al., 2017a). The exploration, and

63

ultimately, industrial exploitation of polymetallic nodules demands for international regulations

64

for the protection of the environment (e.g., Halfar and Fujita, 2002; Glover and Smith, 2003;

65

Davies et al., 2007; van Dover, 2011; Ramirez-Llodra et al., 2011; Boetius and Haeckel, 2018).

66

The International Seabed Authority (ISA) is responsible for regulating the exploration and

67

exploitation of marine mineral resources as well as for protecting and conserving the marine

68

environment beyond the exclusive economic zones of littoral states from harmful effects (ISA,

69

2010). The ISA has granted temporal contracts for the exploration of polymetallic nodules in

70

the CCZ, engaging all contract holders to explore resources, test mining equipment and assess

71

the environmental impacts of deep-sea mining activities (ISA 2010; Lodge et al., 2014;

72

Madureira et al., 2016).

73

Although a considerable number of environmental impact studies have been conducted in

74

different nodule fields, the prediction of environmental consequences of potential future deep-

75

sea mining is still difficult (e.g., Ramirez-Llodra et al., 2011; Jones et al., 2017; Gollner et al.,

76

2017; Cuvelier et al., 2018). In case of the CCZ, the evaluation of the environmental impact of

77

deep-sea mining activities is challenging due to the fact that baseline data on the natural spatial

78

heterogeneity and temporal variability of depositional conditions, benthic communities and the

79

biogeochemical processes in the sediments are scarce (e.g., Mewes et al., 2014; 2016; Vanreusel

80

et al., 2016; Mogollón et al., 2016; Juan et al., 2018; Volz et al., 2018; Menendez et al., 2018;

81

Hauquier et al., under review2019). In addition, there is no clear consensus on the most

82

appropriate mining techniques for the commercial exploitation of nodules, and technical

83

challenges due to the inaccessibility of nodules at great water depths between 4000–5000 m

84

have limited the deployment of deep-sea mining systems until today (e.g., Chung, 2010; Jones

85

et al., 2017).

16

86

The physical removal of nodules as hard-substrate habitats has severe consequences for the

87

nodule-associated sessile fauna as well as the mobile fauna (Bluhm, 2001; Smith et al., 2008;

88

Purser et al., 2016; Vanreusel et al., 2016). With slow nodule growth rates of a few

89

millimeters per million years (e.g., Halbach et al., 1988; Kuhn et al., 2017a), the deep-sea fauna

90

may not recover for millions of years (Vanreusel et al., 2016; Jones et al., 2017; Gollner et al.,

91

2017; Stratmann et al., 2018). In addition to the removal of deep-sea fauna as well as seafloor

92

habitats, the exploitation of nodules is associated with (1) the removal, mixing and re-

93

suspension of the upper 4 cm to more than several tens of centimeters of the sediments, (2) the

94

re-deposition of material from the suspended sediment plume, and (3) potentially also the

95

compaction of the surface sediments due to weight of the nodule collector (Thiel, 2001; Oebius

96

et al., 2001; König et al., 2001; Grupe et al., 2001; Radziejewska, 2002; Khripounoff et al.,

97

2006; Cronan et al., 2010; Paul et al., 2018; Gillard et al., 2019). The wide range of estimations

98

estimates for the disturbance depth may be associated with (1) various devices used for the

99

deep-sea disturbance experiments (Brockett and Richards, 1994; Oebius et al., 2001; Jones et

100

al., 2017), (2) distinct sediment properties in different nodule fields of the Pacific Ocean (e.g.,

101

Cronan et al., 2010; Hauquier et al., under review2019) as well as (3) different approaches for

102

the determination of the disturbance depth (e.g., Oebius et al., 2001; Grupe et al., 2001;

103

Khripounoff et al., 2006). Based on the observation that bulk solid-phase Mn contents decrease

104

over depth in the surface sediments of the DISCOL area, Paul et al. (2018) have suggested that

105

the depth distribution of solid-phase Mn and associated metals (e.g., Mo, Ni, Co, Cu) could be

106

used to trace the sediment removal by disturbances. In addition, other solid-phase properties

107

such as organic carbon contents (TOC), porosity and radioisotopes may be suitable for the

108

determination of the disturbance depth.

109

The most reactive TOC compounds, found in the bioturbated uppermost sediment layer, are the

110

main drivers for early diagenetic processes (e.g., Froelich et al., 1979; Berner, 1981) and are

111

expected to be removed during mining activities (König et al., 2001). Thus, strong

112

biogeochemical implications can be expected in the sediments after deep-sea mining activities.

113

König et al. (2001) have applied numerical modelling to study the consequences of the removal

114

of the upper 10 cm of the sediments in the DISCOL area in the Peru Basin. They showed that

115

the degradation of TOC during aerobic respiration, denitrification and Mn(IV) reduction may

116

be decreased for centuries strongly influencingincreasing the oxygen penetration depth (OPD).

117

Here, we investigate the impact of various small-scale disturbances on geochemical conditions,

118

biogeochemical processes and element fluxes in surface sediments of the CCZ. These small17

119

scale disturbance tracks were created up to 37 years ago in four different European contract

120

areas for the exploration of polymetallic nodules, including the German BGR (Bundesanstalt

121

für Geowissenschaften und Rohstoffe) area, the Belgian GSR (Global Sea Mineral Resources

122

NV) area, the French IFREMER (Institut Français de Recherche pour l'Exploitation de la Mer)

123

area and the Polish IOM (InterOceanMetal) area. In order to determine the disturbance depths

124

of the different small-scale disturbances in the different European contract areas, we correlate

125

the depth distributions of solid-phase Mn and total organic carbon (TOC) between disturbed

126

sites and undisturbed reference sites using the Pearson product-moment correlation coefficient.

127

On this basis, we (1) assess the short- and long-term consequences of small-scale disturbances

128

on redox zonation and element fluxes and (2) determine how much time is needed for the re-

129

establishment of a new steady state geochemical equilibriumsystem in the sediments after the

130

disturbances. Our work includes pore-water and solid-phase analyses as well as the application

131

of a transient one-dimensional transport-reaction model.

132

2. Material and methods

133

As part of the European JPI Oceans pilot action “Ecological Aspects of Deep-Sea Mining

134

(MiningImpact)”, multiple corer (MUC) and gravity corer (GC) sediment cores were taken

135

during RV SONNE cruise SO239 in March/April 2015 from undisturbed sites in various

136

European contract areas for the exploration of polymetallic nodules (Fig. 1; Table 1; Martínez

137

Arbizu and Haeckel, 2015). These undisturbed reference sites were chosen in close proximity

138

(< 5 km) to small-scale disturbance experiments for the simulation of deep-sea mining, which

139

were created up to 37 yr ago and re-visited during cruise SO239 (Table 1; see Sect. 2.1.1.;

140

Martínez Arbizu and Haeckel, 2015). The sampling of sediments in the disturbance tracks of

141

these experiments were conducted by video-guided push-coring (PC) between 1 day and 37 yr

142

after the initial disturbances using the ROV Kiel 6000 (Table 1; Fig. 2; Martínez Arbizu and

143

Haeckel, 2015).

144

The different investigated European contract areas within the CCZ include the BGR, IOM, GSR

145

and IFREMER areas. Comprehensive pore-water and solid-phase analyses on the MUC and

146

GC sediment cores from undisturbed sites have been conducted in previous baseline studies

147

and are presented elsewhere (Volz et al., 2018; Volz et al., in pressunder review). These

148

analyses include the determination of pore-water oxygen, NO3-, Mn2+ and NH4+ concentrations

149

and contents of total organic carbon (TOC) for MUC and GC sediment cores (Volz et al., 2018)

150

as well as solid-phase bulk Mn contents for the MUC sediment cores (Volz et al., in pressunder

151

review). In the framework of this study, we have used these previously published pore-water
18

152

and solid-phase data as undisturbed reference data for geochemical conditions and sediment

153

composition (Table 1). On this basis, here, we investigate seven small-scale disturbances for

154

the simulation of deep-sea mining (Table 1; see Sect. 2.1.1.; Martínez Arbizu and Haeckel,

155

2015).

156

2.1. Site Description

157

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

158

Clipperton Fracture Zone in the south and covers an area of about 6 million km2 (Fig. 1; e.g.,

159

Halbach et al., 1988). The sediments at the investigated sites (Table 1) are dominated by clayey

160

siliceous oozes with various Mn nodules varying in sizes (1–10 cm) and spatial densityies (0–

161

30 kg m-2) at the sediment surface (Berger, 1974; Kuhn et al., 2012; Mewes et al., 2014; Volz

162

et al., 2018). In order to characterize the investigated sediments with respect to redox zonation,

163

sedimentation rates, fluxes of particulate organic carbon (POC) to the seafloor and bioturbation

164

depths, we have summarized these key parameters, which are originally presented elsewhere,

165

in Table 2 (Volz et al., 2018). Steady state transport-reaction models have shown that aerobic

166

respiration is the dominant biogeochemical process at all investigated sites, consuming more

167

than 90 % of the organic matter delivered to the seafloor (Mogollón et al., 2016; Volz et al.,

168

2018). Below the OPD at more than 0.5 m depth, Mn(IV) and nitrate reduction succeeds in the

169

suboxic zone, where oxygen and sulfide are absent (e.g., Mewes et al., 2014; Mogollón et al.,

170

2016; Kuhn et al., 2017b; Volz et al., 2018). At several sites investigated in this study, including

171

the BGR “reference area” (BGR-RA) and IOM sites, decreasing Mn2+ concentrations at depth

172

are probably associated with the oxidation of Mn2+ by upward diffusing oxygen circulating

173

through the underlying basaltic crust (Volz et al., 2018; Mewes et al., 2016; Kuhn et al., 2017b).

174

2.1.1. Small-scale disturbances

175

Since the 1970s, several comprehensive environmental impact studies of deep-sea mining

176

simulations have been carried out in the CCZ, including the Benthic Impact Experiment (BIE;

177

e.g., Trueblood and Ozturgut, 1997; Radziejewska, 2002) and the Japan Deep Sea Impact

178

Experiment (JET; Fukushima, 1995). In addition, numerous small-scale seafloor disturbances

179

have been carried out in the CCZ in the past 40 yr using various tools such as epibenthic sleds

180

(EBS) and dredges (e.g., Vanreusel et al., 2016; Jones et al., 2017). The EBS is towed along the

181

seabed for the collection of benthic organisms (and nodules) thereby also removing the upper

182

few centimeters of the sediments (e.g., Brenke, 2005). In 2015, some of these up to 37 yr old

183

disturbances were re-visited as part of the BMBF-EU JPI Oceans pilot action “Ecological

184

Aspects of Deep-Sea Mining (MiningImpact)” project in order to evaluate the long-term
19

185

consequences of such small-scale disturbances on the abyssal benthic ecosystem (Table 1;

186

Fig. 2; Martínez Arbizu and Haeckel, 2015). For comparison, the Disturbance and

187

Recolonization Experiment (DISCOL), which was conducted in a nodule field in the Peru Basin

188

(PB) in 1989 was re-visited as part of MiningImpact (Boetius, 2015; Greinert, 2015). In the

189

framework of DISCOL, a seafloor area of ~ 11 km2 was disturbed with a plough harrow. The

190

impact of the DISCOL experiment was studied 0.5, 3 and 7 yr after the disturbance had been

191

set (e.g., Thiel, 2001).

192

Comparably small-scale, up to 37 yr old simulations of deep-sea mining in various European

193

contract areas within the CCZ were re-visited in 2015 during the RV SONNE cruise SO239

194

(Table 1; Fig. 2; Martínez Arbizu and Haeckel, 2015). Furthermore, Nnew small-scale

195

disturbance tracks were created during SO239 in the BGR-RA and in the GSR area “B6” using

196

an EBS in order to add also initial temporal datasets (Table 1; Fig. 2; Martínez Arbizu and

197

Haeckel, 2015). The EBS weighed about 400 kg under normal atmospheric pressure and created

198

a disturbance track of about 1.5 m width (Brenke, 2005). The fresh EBS disturbance tracks in

199

the BGR-RA and GSR areas were re-visited 1 day after their creation. Eight months prior to the

200

cruise SO239, towed dredge sampling was performed in the GSR area by the Belgian contractor

201

(Martínez Arbizu and Haeckel, 2015; Jones et al., 2017). During the BIONOD cruises onboard

202

RV L’Atalante in 2012, the same EBS setup as used during cruise SO239 was deployed in the

203

BGR “prospective area” (BGR-PA) and in the IFREMER area (Table 1; Rühlemann and Menot,

204

2012; Menot and Rühlemann, 2013; Martínez Arbizu and Haeckel, 2015). In 1995, the Deep-

205

Sea Sediment Re-suspension System (DSSRS) was used during the IOM-BIE (Benthic Impact

206

Experiment) disturbance in the IOM area (Table 1; e.g., Kotlinski and Stoyanova, 1998). The

207

DSSRS weighed 3.2 tons under normal atmospheric pressure and was designed to dredge the

208

seafloor while producing a re-suspended particle plume about 5 m above the seafloor (Brockett

209

and Richards, 1994; Sharma, 2001). Based on the dimensions of the DSSRS device, the

210

disturbance track created during the IOM-BIE disturbance experiment is about 2.5 m wide

211

(Fig. 2; Brockett and Richards, 1994). In 1978, the Ocean Mineral Company (OMCO) created

212

disturbance tracks in the French IFREMER area by towed dredge sampling (Table 1; e.g.,

213

Spickermann, 2012).

214

2.2. Sediment sampling and solid-phase analyses

215

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

216

sediment data and TOC contents have been corrected after Kuhn (2013) for the interference of

217

the pore-water salt matrix with the sediment composition (Volz et al., 2018). The salt-free
20

218

volume fractionmass percentage of the pore water , i.e. the porosity, was determined

219

gravimetrically before and after freeze drying of the wet sediment samples. The salt-corrected

220

sediment composition c’ was calculated from the measured solid-phase composition c using the

221

mass percentage of H2O of the wet sediment (w), which contains 96.5 % H2O (Eq. (1)).

222

𝑐′ = 𝑐 ∗

100
100−(100∗

223

100
(𝑤∗96.5)−𝑤
)
100−𝑤

(1)

2.2.1. Total acid digestions

224

Total acid digestions were performed in the microwave system MARS Xpress (CEM) after the

225

protocols by Kretschmer et al. (2010) and Nöthen and Kasten (2011). Approximately 50 mg of

226

freeze-dried, homogenized bulk sediment were digested in an acid mixture of 65 % sub-boiling

227

distilled HNO3 (3 mL), 30 % sub-boiling distilled HCl (2 mL) and 40 % suprapur®

228

HF (0.5 mL) at ~ 230 °C. Digested solutions were fumed off to dryness, the residue was re-

229

dissolved under pressure in 1 M HNO3 (5 mL) at ~ 200 °C and then filled up to 50 mL with

230

1 M HNO3. Total bulk Mn and Al contents were determined using inductively coupled plasma

231

optical emission spectrometry (ICP-OES; IRIS Intrepid ICP-OES Spectrometer, Thermo

232

Elemental). Based on the standard reference material NIST 2702 accuracy and precision of the

233

analysis was 3.7 % and 3.5 % for Mn, respectively (n=67).

234

2.2.2. Total organic carbon

235

Total organic carbon (TOC) contents were determined using an Eltra CS2000 element analyzer.

236

Approximately 100 mg of freeze-dried, homogenized sediment were transferred into a ceramic

237

cup and decalcified with 0.5 mL of 10 % HCl at 250 °C for 2 h before analysis. Based on an in-

238

house reference material, precision of the analysis was better than 3.7 % (n=83).

239

2.3. Pearson correlation coefficient

240

In order to determine the disturbance depths, solid-phase bulk Mn contents were correlated

241

between disturbed sediments and undisturbed reference sediments using the Pearson product-

242

moment correlation coefficient 𝑟 (Eq. (2); Table 1; Pearson, 1895). The Pearson correlation

243

coefficient is a statistical measure of the linear relationship between two arrays of variables

244

with:

245

𝑟𝑥𝑦 𝑟 =

246

∑𝑛
̅)
𝑖=1(𝑥𝑖 𝑥−𝑥̅ )(𝑦𝑖 𝑦−𝑦
2 𝑛
̅𝑥−𝑥̅ )2
√∑𝑛
𝑖=1(𝑥𝑖 𝑥−𝑥̅ ) ∑𝑖=1(𝑦𝑖 −𝑦

(2)
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247

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

248

means 𝑥̅ = ∑𝑛𝑖=1 𝑥𝑖 𝑥 and 𝑦̅ = ∑𝑛𝑖=1 𝑦𝑖 𝑦.

249

While the solid-phase bulk Mn contents of the disturbed sediments were determined in the

250

framework of this study, solid-phase bulk Mn contents from undisturbed reference sediments

251

were taken from Volz et al. (in pressunder review). The highest positive linear correlations of

252

solid-phase Mn contents (𝑟Mn ~ 1) between the disturbed sites and the respective undisturbed

253

reference sites (Table 1) were used to determine the depths of the disturbances. In a second

254

step, the same correlation was applied to the TOC contents (𝑟TOC) in order to verify the depth

255

of disturbance. While the TOC contents in the disturbed sediments were determined in the

256

framework of this study, TOC contents from undisturbed reference sediments were taken from

257

Volz et al. (2018).

258

1

1

𝑛

𝑛

2.4. Geochemical model setup and reaction network

259

A transient one-dimensional transport-reaction model (Eq. (3); e.g., Boudreau, 1997; Haeckel

260

et al., 2001; Boudreau, 1997) was used (1) to assess the impact of small-scale disturbances on

261

biogeochemical processes, geochemical conditions and element fluxes in sediments of the CCZ

262

and (2) to estimate the time required to establish a new steady state geochemical equilibrium

263

system after a small--scale disturbance. We have applied the a transient transport-reaction

264

model for the sites in the BGR-RA and IOM areas (Table 1). These sites were chosen due to

265

distinctively different sedimentation rates and OPD (Table 2). We have adapted the code of the

266

steady state transport-reaction model, which was originally presented by Volz et al. (2018) and

267

used pore-water oxygen, NO3-, Mn2+ and NH4+ data as well as TOC contents of GC sediment

268

cores from the same study as undisturbed reference data (Table 1; Table 2). Thus, the model

269

parameters and baseline input data used for the transient transport-reaction model are the same

270

as presented in the study by Volz et al. (2018). The transient transport-reaction model consists

271

of four aqueous (O2, NO3-, Mn2+, NH4+), four solid species (TOC1-3, MnO2) and six reactions

272

(R1-R6; Supplementary Table 1) with:

273

𝜕(𝜗𝑖 𝐶𝑖,𝑗 )
𝜕𝑡

=

𝜕𝐶
𝜕𝐷𝑖,𝑗 𝜗𝑖 ( 𝑖,𝑗⁄𝜕𝑧)
𝜕𝑧

−

𝜕𝜔𝑖 𝜗𝑖 𝐶𝑖,𝑗
𝜕𝑧

+ 𝛼𝑖 𝜗𝑖 (𝐶𝑖,𝑗 − 𝐶0,𝑗 ) + 𝜗𝑖 ∑ 𝑅𝑖,𝑗

(3)

274

where 𝑧 is sediment depth, and subscripts 𝑖, 𝑗 represent depth and species-dependence,

275

respectively; aqueous or solid species concentration are denoted by 𝐶 (Supplementary Table

276

2); 𝐷 is in case of solutes the effective diffusive mixing coefficient, which has been corrected

277

for tortuosity (𝐷𝑚,𝑖,𝑗 ; Boudreau, 1997). In the case of solids, 𝐷 represents the bioturbation
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278

coefficient (𝐵𝑖 ; Eq. (4)); 𝜗 is the volume fraction representing the porosity 𝜑 for the aqueous

279

phase and 1 − 𝜑 for the solid phase; the velocity of either the aqueous (𝑣) or the solid phase

280

(𝑤) is denoted by the symbol 𝜔 ; 𝛼𝑖 is the bioirrigation coefficient (0 for solid species; Eq. (5));

281

and ∑ 𝑅𝑖,𝑗 is the sum of the reactions affecting the given species.

282

The bioturbation and bioirrigation profiles, i.e. biologically induced mixing of sediment and

283

pore water, respectively, are represented by a modified logistic function:

284

𝐵𝑖 = 𝐵0 exp (

285

𝛼𝑖 = 𝛼0 exp (

286

where 𝛼0 and 𝐵0 are constants indicating the maximum biorrigation and bioturbation intensity

287

at the sediment-water interface; the depth where the bioturbation and bioirrigation intensity is

288

halved is denoted by 𝑧𝑚𝑖𝑥 ; and the attenuation of the biogenically induced mixing with depth

289

is controlled by 𝑧𝑎𝑡𝑡 .

290

Assuming steady -state compaction, the model applies an exponential function that is

291

parameterized according to the available porosity data at each station (e.g., Berner, 1980;

292

Supplementary Fig. 1):

293

𝜑𝑖 = 𝜑∞ (𝜑0 − 𝜑∞ ) exp(−𝛽𝑧)

294

where 𝜑∞ is the porosity at the ‘infinite depth’, at which point compaction is completed; 𝜑0 is

295

the porosity at the sediment water interface ( 𝑧 = 0) ; and 𝛽 is the porosity-attenuation

296

coefficient.

297

Organic matter was treated in three reactive fractions (3G-model) with first order kinetics. The

298

rate expressions for the reactions (R1-R6) include inhibition terms, which are listed together

299

with the rate constants (Supplementary Table 3).

300

Based on the Pearson correlation coefficient 𝑟Mn, we have removed the upper 7 cm of sediments

301

in the transport-reaction model for the IOM-BIE site and the upper 10 cm of sediments in the

302

transport-reaction model for the BGR-RA site. Due to the lack of data on the re-establishment

303

of bioturbation, i.e. the recovery of the bioturbation ‘pump’ after small-scale disturbance

304

experiments, we have tested the effect of different bioturbation scenarios in the transport-

305

reaction model. For the different post-disturbance bioturbation scenarios, we have assumed that

306

bioturbation is inhibited immediately after the disturbance with a linear increase to undisturbed

307

reference bioturbation coefficients (Volz et al., 2018). Based on the work by Miljutin et al.

𝑧𝑚𝑖𝑥 −𝑧𝑖
𝑧𝑎𝑡𝑡

𝑧𝑚𝑖𝑥 −𝑧𝑖
𝑧𝑎𝑡𝑡

) / (1 + exp (
) / (1 + exp (

𝑧𝑚𝑖𝑥 −𝑧𝑖
𝑧𝑎𝑡𝑡

𝑧𝑚𝑖𝑥 −𝑧𝑖
𝑧𝑎𝑡𝑡

))

(4)

))

(5)

(6)
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308

(2011) and Vanreusel et al. (2016), we have assumed that bioturbation should be fully re-

309

established after 100, 200, and 500 yr. As the modelling results for the different time spans

310

were almost identical, we only present here the model that assumes bioturbation is at pre-

311

disturbance intensity 100 yr after the impact (Volz et al., 2018; Supplementary Table 2). We

312

have applied the transient transport-reaction model under the assumption that the sedimentation

313

rates as well as the POC fluxes to the seafloor remain constant over time (Table 2). The model

314

was coded in MATLAB with a discretization and reaction set-up closely following the steady

315

state model (Volz et al., 2018).

316

3. Results

317

3.1. Characterization of disturbed sites

318

Most of the small-scale disturbances investigated in the framework of this study were created

319

with an EBS (Table 1; Fig. 2). Based on the visual impact inspection of the EBS disturbance

320

tracks in the CCZ, the sediments were mostly pushed aside by the EBS and piled up next to the

321

left and right of the tracks (Fig. 2). In particular, the freshly created 1-day old EBS tracks in the

322

BGR-RA and GSR areas indicate that the sediments were mostly scraped off and accumulated

323

next to the freshly exposed sediment surfaces (Fig. 2). Small sediment lumps occur on top of

324

the exposed sediment surfaces on the EBS tracks, which indicates that some sediment has slid

325

off from the adjacent flanks of the sediment accumulation after the disturbances (Fig. 2).

326

However, the mostly smooth sediment surfaces of the EBS tracks suggest that sediment mixing

327

during the EBS disturbance experiments may be mostly negligible (Fig. 2; Table 1). In the 8-

328

months old dredge track in the GSR area, small furrows occur at the disturbed sediment surface

329

most likely caused by the shape of the dredge (Fig. 2).

330

3.2. Sediment porosity and solid-phase composition

331

The sediment porosity shows little lateral variability and ranges between 0.65 and 0.8

332

throughout the upper 25 cm of the sediments at all investigated disturbed sites (Fig. 3). At the

333

disturbed IOM-BIE site, sediment porosity is about 5 % higher in the upper 4 cm of the

334

sediments than below. Total bBulk Mn contents in the upper 25 cm of the sediments at the

335

disturbed sites are between 0.1 and 0.9 wt% (Fig. 3). Solid-phase Mn contents decrease with

336

depth at all investigated sites. Total organic carbon (TOC) contents in the upper 25 cm of the

337

sediments at the disturbed sites are within 0.2 and 0.5 wt% (Fig. 3). The TOC contents slightly

338

decrease with depth at all investigated sites.

339

3.3. Pearson correlation coefficient and disturbance depths
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340

The Pearson correlation coefficient 𝑟Mn for the correlation of solid-phase Mn contents between

341

the disturbed sites and the respective reference sites ranges between 0.72 and 0.97 (Table 3).

342

Based on 𝑟Mn, 5-15 cm of sediment has been removed by various disturbance experiments in

343

the different contract areas (Fig. 4). Applying these 𝑟 Mn-derived disturbance depths for the

344

correlation of the TOC depth distributions between disturbed sites and respective adjacent

345

reference sites gives Pearson correlation coefficients 𝑟 TOC within 0.73 and 0.91 (Table 3;

346

Fig. 4), which may support the estimates for the disturbance depth based on 𝑟Mn. At the BGR-

347

RA site, the correlation of TOC contents between the disturbed site and the reference site shows

348

negative values. As the sediment porosity in the disturbed sediments correlates well with the

349

porosity in the respective undisturbed reference sediments (Fig. 4), sediment compaction due

350

to the weight of the disturbance device may be negligible during the small-scale disturbances

351

investigated in the framework of this study.

352

3.4. Transport-reaction modelling

353

The removal of the surface sediments in the transient transport-reaction model for the BGR-RA

354

and IOM-BIE sites is associated with the loss of the reactive labile organic matter (Fig. 5 and 6).

355

About 10 kyr after the removal of the upper 10 cm of the sediments in the model for the BGR-

356

RA site, oxygen penetrates about tenfold deeper into the disturbed sediments than in

357

undisturbed sediments (Table 2; Fig. 5; Volz et al., 2018). At the IOM-BIE site, oxygen reaches

358

the maximum OPD at about 100 yr after the removal of the upper 7 cm of the sediments. At

359

this site, the oxygen front migrates only ~ 1 m deeper than the corresponding OPD in

360

undisturbed sediments (Table 2; Fig. 5; Volz et al., 2018). As a consequence of deeper OPDs

361

at both sites, the oxic-suboxic redox boundary is located at greater depth, with a significant

362

consumption of pore-water Mn2+ in the path of the oxygen front. The NH4+ concentrations are

363

also being diminished, reaching minima within 100-1000 yr and 1-10 yr after the disturbance

364

experiments in the BGR-RA and IOM areas, respectively. The trend for the NO3- is more

365

complicated with lower concentrations during the downward migration of the OPD and

366

augmented concentrations once oxygen concentrations reach their maximum (Figs. 5 and 6).

367

Naturally, the solute fluxes across the sediment-water interface (SWI) are strongly affected after

368

the surface sediment removal (Fig. 7). The transient transport-reaction model suggests that the

369

oxygen fluxes into the sediments are lowered by a factor of three to six after 10-100 yr at the

370

IOM-BIE and BGR-RA sites, respectively. This trend is mirrored by the decreased release of

371

NH4+ and NO3- into the bottom water.

372

4. Discussion
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373

4.1. Depths of small-scale disturbance experiments

374

Our work demonstrates that the depth distribution of solid-phase Mn provides a reliable tool

375

for the determination of the disturbance depths in the sediments of the CCZ (Fig. 4; Table 3).

376

The success of the correlation of solid-phase Mn contents between disturbed and undisturbed

377

reference sediments benefits from several factors:

378

(1) Sediment mixing during the small-scale disturbance experiments is negligible: The visual

379

impact assessment of the investigated disturbance tracks in the CCZ suggests that sediment

380

mixing during the small-scale disturbance experiments was insignificant (Fig. 2). This

381

observation is in agreement with a recent EBS disturbance experiment, which has been

382

conducted in the DISCOL area in 2015 (Greinert, 2015). The freshly created EBS track in the

383

DISCOL area was re-visited 5 weeks after the disturbance experiment, where the surface

384

sediment was mostly removed and deeper sediment layers were exposed without visible

385

sediment mixing (Boetius, 2015; Paul et al., 2018). In a study on the geochemical regeneration

386

in disturbed sediments of the DISCOL area in the Peru Basin, Paul et al. (2018) have shown

387

that the bulk Mn-rich top sediment layer, which has been observed in undisturbed sediments, is

388

removed in the 5-week old EBS disturbance track. Thus, an important pre-requisite for this

389

method is met and the authors have proposed that the depth distribution of solid-phase Mn may

390

be suitable for the evaluation of the impact as well as for the monitoring of the recovery of

391

small-scale disturbance experiments.

392

(2) The fact that the solid-phase Mn maxima in the surface sediments of the CCZ appear to be

393

a regional phenomenon across the CCZ area as it has been observed throughout the different

394

exploration areas (Volz et al., under review)studied in the framework of this study (Volz et al.,

395

in press): The investigated disturbed sediments as well as the undisturbed reference sediments

396

in the CCZ show decreasing solid--phase Mn contents with depth in the upper 20-30 cm of the

397

sediments (Fig. 3; Fig. 4; Volz et al., in pressunder review). In the undisturbed reference

398

sediments, solid-phase Mn contents show maxima of up to 1 wt% in the upper 10 cm of the

399

sediments with distinctly decreasing contents below (Fig. 4; Volz et al., in pressunder review).

400

Similar bulk solid-phase Mn distribution patterns have been reported for other sites within the

401

CCZ (e.g., Khripounoff et al., 2006; Mewes et al., 2014; Widmann et al., 2014). Volz et al. (in

402

pressunder review) have suggested that the widely observed solid-phase Mn enrichments in the

403

CCZ surface sediments of the CCZ formed in association with a more compressed redox

404

zonationoxic zone, which may have prevailed during the last glacial period as a result of lower

405

bottom-water oxygen concentrations during the last glacial period than today. Strong indication
26

406

for lower glacial bottom-water oxygen concentrations throughout the eastern Pacific Ocean

407

have been provided by a number of independent proxies (e.g., Anderson et al., 2019 and

408

references therein). As a consequence of theis condensed redox zonationoxic zone, upward

409

diffusing pore-water Mn2+ may have precipitated as authigenic Mn(IV) at a shallow oxic-

410

suboxic redox boundary in the upper few centimeters of the sediments. After the last glacial

411

period, the authigenic Mn(IV) peak was continuously mixed into subsequently deposited

412

sediments by bioturbation causing the observed broad solid-phase Mn(IV) enrichment in the

413

surface sediments (Fig. 4; Volz et al., in pressunder review).

414

(3) Lastly, the OPD at all sites is located at sediment depths greater than 0.5 m, and thus,

415

diagenetic precipitation of Mn(IV) in the surface sediments (e.g. Gingele and Kasten, 1994)

416

since the last glacial period can be ruled out (Table 2; Mewes et al., 2014; Volz et al., in

417

pressunder review).

418

Based on the depth distribution of solid-phase Mn, our work suggests that between 5 and 15 cm

419

of the surface sediments were removed and pushed aside by the different small-scale

420

disturbance experiments in the CCZ (Table 3; Fig. 4). This range of disturbance depths is in

421

good agreement with other estimates for small-scale disturbances by similar gear in the CCZ

422

and in the DISCOL area, which suggest that the upper 4-20 cm of the sediments were removed

423

(e.g., Thiel, 2001; Oebius et al., 2001; König et al., 2001; Grupe et al., 2001; Radziejewska,

424

2002; Khripounoff et al., 2006; Paul et al., 2018). However, as the disturbed sites investigated

425

in this study and the respective undisturbed reference sites are located up to 5 km apart from

426

each other, the correlation of solid-phase Mn may be influenced by some spatial heterogeneities

427

in solid-phase Mn contents (Table 1; Mewes et al., 2014). Furthermore, it should be noted, that

428

for the correlation of solid-phase Mn contents between the disturbed and undisturbed reference

429

sites, we have not considered that (1) particles may have re-settled on the freshly exposed

430

sediment surfaces from re-suspended particle plumes (e.g., Jankowski and Zielke, 2001; Thiel,

431

2001; Radziejewska, 2002; Gillard et al., 2019), (2) sediment has slid off from adjacent flanks

432

of the sediment accumulation after the disturbances (Fig. 2) and (3) sediments have been

433

deposited after the small-scale disturbances at sedimentation rates between 0.2 and 1.2 cm kyr-

434

1

435

impact assessment suggested that the disturbance surface was concealed, here by re-settling

436

sediments (Fig. 2). The development of a re-suspended particle plume during the disturbance

437

experiments highly depends on various factors, such as sediment properties, seafloor

438

topography, bottom-water currents and the disturbance device (e.g., Gillard et al., 2019).

(Table 2; Volz et al., 2018). However, only in the case of the IOM-BIE disturbance, the visual
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439

Although local and regional variations in these factors have been reported for the CCZ, they

440

are not well constrained (e.g., Mewes et al., 2014; Aleynik et al., 2017; Volz et al., 2018; Gillard

441

et al., 2019; Hauquier et al., under review2019). As the disturbance tracks investigated in the

442

framework of this study are relatively small with a maximum width of 2.5 m (Fig. 2; Brockett

443

and Richards, 1994; Brenke 2005), re-suspended particles may (1) only partly deposit on the

444

disturbance track and (2) mostly be transported laterally by currents and deposit on top of

445

undisturbed sediments in the proximity of the disturbance tracks (e.g., Fukushima, 1995;

446

Aleynik et al., 2017; Gillard et al., 2019). This is in accordance with the close correlation of the

447

sediment porosity between the disturbed and undisturbed reference sites, which indicates that

448

the deposition of re-settling particles with higher porosity at the sediment surface in the

449

disturbance tracks is insignificant at all sites, except for the IOM-BIE site (Fig. 4). The porosity

450

data further shows that sediment compaction, potentially caused by the weight of the

451

disturbance device (Cuvelier et al., 2018; Hauquier et al., under review2019) is insignificant at

452

all disturbed sites.

453

4.2. Impact of small-scale disturbances on the geochemical system

454

The geochemical conditions found at the study sites in the CCZ are the result of a balanced

455

interplay of key factors, such as the input of fresh, labile TOC, sedimentation rate and

456

bioturbation intensity (e.g., Froelich et al., 1979; Berner, 1981; Zonneveld et al., 2010;

457

Mogollón et al., 2016; Volz et al., 2018). Together they characterize the upper reactive layer,

458

which in turn plays a crucial role for the location of the OPD in the sediments of the CCZ (e.g.,

459

Mewes et al., 2014; Mogollón et al., 2016; Volz et al., 2018). Oxygen is consumed via aerobic

460

respiration during the degradation of organic matter while bioturbation transports fresh, labile

461

TOC into deeper sediments (e.g., Haeckel et al., 2001; König et al., 2001). The presence of

462

labile TOC throughout the bioturbated zone significantly enhances the consumption of oxygen

463

with depth, where oxygen is not as easily replenished by seawater oxygen. Thus, the availability

464

of labile TOC in the bioturbated layer controls the amount of oxygen that passes through the

465

reactive layer into deeper sediments (e.g., König et al., 2001). Below the highly reactive layer,

466

refractory organic matter degradation and secondary redox reactions – such as oxidation of

467

Mn2+ – control the consumption of oxygen (Supplementary Table 1; Mogollón et al., 2016;

468

Volz et al., 2018). The oxygen profile, more precisely the position of the OPD, in turn, strongly

469

influences the distribution of other solutes. Below the OPD, denitrification and Mn(IV)

470

reduction commence, albeit at much lower rates, consuming pore-water NO3- and releasing

471

Mn2+ (Mogollón et al., 2016; Volz et al., 2018). The study sites in the CCZ provide an excellent

472

example for how slight differences in key environmental factors can profoundly change the
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473

overall solute profiles with OPDs ranging between 0.5 m (BGR-RA) and > 7.4 m (GSR) as

474

outlined by Volz et al. (2018).

475

Mining-relatedThe removal of the upper 5-15 cm of the sediment results, on one hand, in an

476

almost complete loss of the labile TOC fraction (Fig. 4) as this fraction is restricted to the upper

477

20 cm of the sediment in the CCZ (e.g., Müller and Mangini, 1980; Emerson, 1985; Müller et

478

al., 1988; Mewes et al., 2014; Mogollón et al., 2016; Volz et al., 2018). On the other hand,

479

studies on faunal diversity and density in small-scale disturbances in the sediments of the CCZ

480

and in the DISCOL area show that most of the biota is lost immediately after the disturbance

481

experiment (Borowski et al., 1998; 2001; Bluhm et al., 2001; Thiel et al., 2001; Vanreusel et

482

al., 2016; Jones et al., 2017; Gollner et al., 2017). Thus, a drastic decline or stand-still of

483

bioturbation can be expected in the surface sediments.

484

Based on the results of the transient transport-reaction model, geochemical recovery after small-

485

scale sediment disturbances can be divided into two main phases (Fig. 8):

486

(1) Since the labile TOC fraction and bioturbating fauna is mostly removed, downward

487

diffusion of oxygen is the main driver shaping solute profiles towards a new geochemical

488

equilibrium steady state system in the absence of the reactive layer (Figs. 5 and 6). This entails

489

the downward migration of the OPD, as oxygen is no longer effectively consumed in the upper

490

sediment layer. The presence of oxygen outcompetes denitrification and Mn(IV) reduction and

491

induces NH4+ and Mn2+ oxidation instead, thus, minimizing pore-water NH4+ and Mn2+

492

concentrations (Figs. 5 and 6). At the same time, NO3-, as a by-product of aerobic-respiration

493

(e.g., Froelich et al., 1979; Berner, 1981; Haeckel et al., 2001; Mogollón et al., 2016; Volz et

494

al., 2018), is accordingly reduced during denitrification and NO3- concentrations are lowered

495

during this first phase.

496

(2) The second phase is characterized by the increasing influence of reactive fluxes across the

497

seafloor. It takes approximately 1000 yr before any significant build-up of an upper labile TOC

498

layer is re-established (Fig. 6), at which point solute profiles slowly shift towards their pre-

499

disturbance shape (Fig. 7). Interestingly, during the transition time when oxygen is still present

500

at depth but aerobic respiration in the upper sediments has already began to pick up, NO3-

501

concentrations are strongly elevated in the BGR sediments (Figs. 5 and 6). This is due to the

502

fact that NO3- is not consumed during denitrification or the Mn-annamox reaction in the

503

presence of oxygen (Mogollón et al., 2016; Volz et al., 2018).
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504

With the importance of bioturbation and the mining-related removal of associated fauna in

505

mind, solute and in particular nutrient fluxes across the seafloor should also be considered. The

506

release of nutrients complements the close link between sediment geochemistry and the food

507

web structure (e.g., Smith et al., 1979; Dunlop et al., 2016; Stratmann et al., 2018) and further

508

emphasizes their interdependencies. Figure 7 depicts fluxes of oxygen, NO3- and NH4+ across

509

the seafloor. As expected, with the reactive layer being mostly absent, fluxes across the seafloor

510

are severely reduced, which particularly affects the oxygen uptake of the sediments as well as

511

the release of NO3- and NH4+ into the bottom water. At about 100 to 1000 yr after the

512

disturbance, concurrent with the build-up of an upper sediment layer containing significant

513

amounts of labile organic matter, fluxes begin to increase again, albeit much slower than the

514

rate of the decrease in fluxes subsequently after the disturbances (Fig. 7, note the logarithmic

515

scale).

516

It should be noted that while bioturbation has a pivotal influence on the undisturbed steady-

517

state profile, it only plays a secondary role in re-establishing the steady state geochemical

518

equilibrium system at the disturbed sites in the CCZ. Studies suggest that faunal abundances

519

fully recover within centuries after the disturbance even though the benthic community may be

520

different than prior to the disturbance (e.g., Miljutin et al., 2011; Vanreusel et al., 2016). Due

521

to the extremely slow build-up of the reactive layer with labile TOC, the bioturbation ‘pump’

522

is active again before any significant amount of labile TOC is present about 1-100 kyr after the

523

disturbance. Thus, full recovery is mainly controlled by the re-establishment of the upper

524

reactive layer, i.e. the accumulation rate of labile TOC on the seafloor.

525

The transport-reaction model reveals that under current depositional conditions, the re-

526

equilibratednew steady state geochemical system is established after 1-10 kyr at the IOM-BIE

527

site, while the re--establishment of the steady state geochemical conditionsequilibrium at the

528

BGR-RA site takes 10-100 kyr (Figs. 5 and 6). Shorter recovery times at the IOM site compared

529

to the BGR-RA site are related to higher sedimentation rates (1.15 instead of 0.65 cm kyr-1) and

530

shallower impact on the sediment (7 cm instead of 10 cm sediment removal). Accordingly, the

531

maximum OPD is reached after 100 yr and 10 kyr at the IOM and BGR-RA site, respectively

532

(Figs. 5 and 6) while the reactive layer is clearly established sooner at the IOM site compared

533

to the BGR-RA site (Fig. 7). Thus, the disturbance depth clearly has a strong influence on the

534

recovery process of the geochemical system of the sediments, highlighting the importance of

535

low-impact mining equipment. Considering that in the CCZ areas of about 8500 km2 could be

536

commercially mined in 20 yr per individual mining operation (Madureira et al., 2016), this
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537

impact assessment of small-scale disturbance experiments may only represent a first approach

538

for the prediction of the environmental impact of large-scale deep-sea mining activities.

539

5. Conclusion

540

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

541

simulation of deep-sea mining, which were performed between 1 day and 37 years prior to our

542

sampling in the NE Pacific Ocean. These small-scale disturbance tracks were created using

543

various disturbance devices in different European contract areas for the exploration of

544

polymetallic nodules within the eastern part of the Clarion-Clipperton Zone (CCZ). Through

545

correlation of solid-phase Mn contents of disturbed and undisturbed reference sediments, we

546

(1) propose that the depth distribution of solid-phase Mn in the sediments of the CCZ provides

547

a reliable tool for the estimation of the disturbance depth and (2) show that 5-15 cm of the

548

sediments were removed during the small-scale disturbance experiments investigated in this

549

study. As the small-scale disturbances are associated with the removal of the surface sediments

550

characterized by reactive labile organic matter, the disturbance depth ultimately determines the

551

impact on the geochemical system in the sediments. The application of a transient transport-

552

reaction model reveals that the removal of the upper 7-10 cm of the surface sediments is

553

associated with a meter-scale downward extension of the oxic zone and the shutdown of

554

denitrification and Mn(IV) reduction. As a consequence of lower respiration rates after the

555

disturbance experiments, the geochemical system in the sediments is controlled by downward

556

oxygen diffusion. While the re-establishment of bioturbation within centuries after the

557

disturbance is important for the development of steady state geochemical re-

558

equilibrationconditions in the disturbed sediments, the rate at which the new geochemical

559

steady state system conditions are reached re-equilibrates ultimately depends on the burial rate

560

of organic matter. Assuming the accumulation of labile organic matter to proceed at current

561

Holocene sedimentation rates in the disturbed sediments, biogeochemical reactions resume in

562

the reactive surface sediment layer, and thus, the new steady state geochemical equilibrium

563

system in the disturbed sediments in the CCZ is reached on a millennial time scale after the

564

disturbance of the surface sediments.

565

Our study represents the first study on the impact of small-scale disturbance experiments on the

566

sedimentary geochemical system in the prospective areas for polymetallic nodule mining in the

567

CCZ. Our findings on the evaluation of the disturbance depths using solid-phase Mn contents

568

as well as the quantification of the development of a new geochemical re-equilibrationsteady

569

state system

in the sediments advances our knowledge about the potential long-term
31

570

consequences of deep-sea mining activities. We propose that mining techniques potentially

571

used for the potential commercial exploitation of nodules in the CCZ may remove less than

572

10 cm of the surface sediments in order to minimize the impact on the geochemical system in

573

the sediments. The depth distribution of solid-phase Mn may be used for environmental

574

monitoring purposes during future mining activities in the CCZ. However, based on our current

575

knowledge and in combination with ongoing natural environmental changes (e.g., bottom water

576

warming, acidification, changes in the POC flux to the seafloor), it is difficult to assess whether

577

the surface sediment removal may trigger a tipping point for deep-sea ecosystems. Furthermore,

578

the depth distribution of solid-phase Mn may be used for environmental monitoring purposes

579

during future mining activities in the CCZ. This study also provides valuable data for further

580

investigations on the environmental impact of deep-sea mining, such as during the launched JPI

581

Oceans follow-up project MiningImpact 2.

582
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584
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585
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Figure 1: Sampling sites (black circles, black star) in various European contract areas for the
exploration of manganese nodules within the Clarion-Clipperton Fracture Zone (CCZ).
Investigated stations are located in the German BGR area (blue), eastern European IOM area
(yellow), Belgian GSR area (green) and French IFREMER area (red). The two stations within
the German BGR area are located in the “prospective area” (BGR-PA, black star) and in the
“reference area” (BGR-RA, black circle). The contract areas granted/governed by the
International Seabed Authority (ISA; white areas) are surrounded by nine Areas of Particular
Environmental Interest (APEI), which are excluded from any mining activities (green shaded
squares). Geographical data provided by the ISA.
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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.
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Figure 3: Solid-phase Mn and TOC contents for all disturbed sites investigated in the framework
of this study.
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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. (in pressunder review)
and TOC contents are taken from Volz et al. (2018).
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Figure 5: Model results of the transient transport-reaction model 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; cf. Table 3) and 7 cm (IOM; Table 3) of the sediments while
maintaining the same boundary conditions but with reduced bioturbation over the first 100 years
after the disturbance.transient transport-reaction model for (a) EBS disturbance in the German
BGR-RA area and (b) the IOM-BIE disturbance in the eastern European IOM area.
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Figure 6: Detailed model results of the transient transport-reaction model (Figure 5) 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 disturbance in
the German BGR-RA area and (b) the IOM-BIE disturbance in the eastern European IOM area.
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Figure 7: Pore-water fluxes of oxygen (O2), nitrate (NO32-) and ammonia (NH4+) at the
sediment-water interface obtained by the application of the transient transport-reaction model.
Oxygen fluxes into the sediment and fluxes of nitrate and ammonia towards the sediment
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surface are shown as a function of time after the EBS and IOM-BIE disturbances in the German
BGR-RA area (blue) and in the eastern European IOM area (black), respectively.
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Figure 8: Conceptual model for time-dependent pore-water fluxes of oxygen (O2), nitrate
(NO32-) and ammonia (NH4+) at the sediment-water interface after the removal of the upper 710 cm of the sediments. The re-establishment of bioturbation, the maximum oxygen penetration
depth (OPD) as well as the re-establishment of the surface sediment layer dominated by the
reactive labile organic matter fraction are indicated as a function of time after the sediment
removal.
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Table captions
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Table 1: MUC and PC cores investigated in this study including information on geographic
position, water depth, type and age of the disturbances (years: yr; months: mth; days: d).
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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), oxygen penetration depth (OPD) based on
GC cores from the investigated sites and determined in the study by Volz et al. (2018).
Information for the BGR-PA area is taken from an adjacent site (A5-2-SN; 11°57.22’N,
117°0.42’W) studied by Mewes et al. (2014) and Mogollón et al. (2016).
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Table 3: Calculated Pearson correlation coefficients 𝑟Mn and 𝑟TOC for the determination of the
disturbance depth of various small-scale disturbances investigated in the framework of this
study (compare Table 1). For both correlations, the highest positive linear Pearson coefficient
for solid-phase Mn contents (𝑟Mn ~ 1) between the disturbed sites and the respective undisturbed
reference sites was used.
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Table 1:

980
981
982
983
984
985
986
987
988

Coring Disturbance Disturbance Latitude Longitude Water
device
device/type
age
[N]
[W]
depth [m]
39
MUC
11°50.64' 117°03.44' 4132.0
BGR-PA
41
PC
EBS1
3 yr
11°50.92' 117°03.77' 4099.2
BGR-PA
62
GC
11°49.12’ 117°33.22’ 4312.2
BGR-RA
64
PC
EBS2
1d
11°48.27' 117°30.18' 4332
BGR-RA
66
MUC
11°49.13' 117°33.13' 4314.8
BGR-RA
84
MUC
11°04.73' 119°39.48' 4430.8
IOM
87
GC
11°04.54’ 119°39.83’ 4436
IOM
101
PC
IOM-BIE3
20 yr
11°04.38' 119°39.38' 4387.4
IOM
121
MUC
13°51.25' 123°15.3'
4517.7
GSR
131
PC
EBS2
1d
13°52.38' 123°15.1'
4477.6
GSR
141
PC
dredge4
8 mth
13°51.95' 123°15.33' 4477
GSR
PC
dredge5
37 yr
14°02.06' 130°07.23' 4944.5
IFREMER 157
161
PC
EBS1
3 yr
14°02.20' 130°05.87' 4999.1
IFREMER
MUC
14°02.45' 130°05.11' 5005.5
IFREMER 175
1
Epibenthic sledge (EBS) during BIONOD cruises in 2012 onboard L’Atalante (Brenke, 2005; Rühlemann and
Menot, 2012; Menot and Rühlemann, 2013)
2
Epibenthic sledge (EBS) during RV SONNE cruise SO239 in 2015 (Brenke, 2005; Martínez Arbizu and
Haeckel, 2015)
3
Benthic impact experiment (BIE); disturbance created with the Deep-Sea Sediment Re-suspension System
(DSSRS; e.g., Brocket and Richards, 1994; Kotlinski et al., 1998)
4
Towed dredge sampling during GSR cruise in 2014 onboard M.V. Mt Mitchell (Jones et al., 2017)
5
Towed dredge sampling by the Ocean Minerals Company (OMCO) in 1978 onboard Hughes Glomar Explorer
(Morgan et al., 1993; Spickermann, 2012)
Area

Site

989
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990

991
992
993
994

Table 2:
Area

Sed. rate
[cm kyr-1]

POC flux
[mg Corg m-2 d-1]

BGR-PA

~0.53a

~6.9a

Bioturb.
depth
[cm]
~5a

1.99
1.54
1.51
1.47
1.5
1.07

7
13
8
7
8
6

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

OPD
[m]
~2a,b
0.5
3
>7.4
4.5
3.8
>5.7
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995

Table 3:
Exploration
area
BGR-PA
BGR-RA
IOM
GSR
GSR
IFREMER
IFREMER

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

Disturbed
Site
41
64
101
131
141
157
161

Reference
Site
39
66
87
121
121
175
175

𝒓Mn
0.86
0.82
0.97
0.72
0.88
0.74
0.93

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

𝒓TOC
-0.4
0.77
0.88
0.91
0.73
0.74

996
997
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