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Increasing interest in deep-sea mineral resources, such as polymetallic nodules, calls for
environmental research about possible impacts of mineral exploitation on the deep-sea
ecosystem. So far, little geochemical comparisons of deep-sea sediments before and
after mining induced disturbances have been made, and thus long-term environmental
effects of deep-sea mining are unknown. Here we present geochemical data from
sediment cores from an experimental disturbance area at 4,100 m water depth in the Peru
Basin. The site was revisited in 2015, 26 years after a disturbance experiment mimicking
nodule mining was carried out and compared to sites outside the experimental zone
which served as a pre-disturbance reference. We investigated if signs of the disturbance
are still visible in the solid phase and the pore water after 26 years or if pre-disturbance
conditions have been re-established. Additionally, a new disturbance was created during
the cruise and sampled 5 weeks later to compare short- and longer-term impacts. The
particulate fraction and pore water were analyzed for major and trace elements to study
element distribution and processes in the surface sediment. Pore water and bottom water
samples were also analyzed for oxygen, nitrate, dissolved organic carbon, and dissolved
amino acids, to examine organic matter degradation processes. The study area of about
11 km? was found to be naturally more heterogeneous than expected, requiring an
analysis of spatial variability before the disturbed and undisturbed sites can be compared.
The disturbed sites exhibit various disturbance features: some surface sediments
were mixed through, others had the top layer removed and some had additional
material deposited on top. Pore water constituents have largely regained pre-disturbance
gradients after 26 years. The solid phase, however, shows clear differences between
disturbed and undisturbed sites in the top 20 cm so that the impact is still visible in the
plowed tracks after 26 years. Especially the upper layer, usually rich in manganese-oxide
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FIGURE 5 | Sediment element profiles of five 26-year old disturbed sites and the 5-week old EBS track. Reliable Cd results only for DEA West plow track.

FIGURE 6 | Bottom water and pore water ex-situ oxygen and nitrate profiles of two undisturbed and two disturbed sites (MUCs). In each core, four to six oxygen

profiles were measured.

by the disturbance as well. Since the undisturbed sites within the
DEA are adjacent to plow tracks, they have likely been impacted
by resettling suspended sediment from the plowing. Mo, Ni, Co,
and Cu are associated with Mn-oxides which is well known from
other studies (Klinkhammer et al., 1982; Heggie and Lewis, 1984;
Shaw et al., 1990; Koschinsky, 2001; Morford et al., 2005). Mo and
Ni show a similar increase from east to west and from the DEA
to the reference sites. Co and Cu do not show such variability,

though; the concentrations are in the same range for the four
undisturbed sites. Correlation coeflicients show that of the four
metals Cu is least associated with Mn (Table 2). Shaw et al. (1990)
only name Mo, Ni, and Co as being associated with Mn-oxides.
Cu seems to be neither controlled by the Mn-oxide phase nor by
the Fe-oxyhydroxide phase, as indicated by only weak correlation
with Mn and Fe (Table 2). Since Cu is generally known to show a
high affinity to organic matter, we assume that binding to organic
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FIGURE 7 | Bottom water and pore water element profiles of the undisturbed sites. The uppermost values refer to bottom water concentrations measured in the
supernatant retrieved above the sediment surface in the MUC liner.

functional groups may play a role in controlling Cu distribution
in the surface sediment.

Disturbance Impacts on the Solid Phase:
Sediment Removal, Redeposition, and

Inversion

Disturbed sediments have lower solid phase Mn concentrations
than the undisturbed sediments in the upper 15cm, suggesting
that the top Mn-oxide rich layer has been removed or mixed.

This is explicit in the 1 month old disturbance—the EBS track—
but also still visible in the profiles of the 26-year old plow
tracks (compare Mn in Figures 4, 5). Even though the highest
concentrations of the disturbed sites (DEA West plow track) are
in the range of the Mn concentrations of the undisturbed sites
within the DEA, a comparison of the overall ranges shows that
the disturbed sites on average show lower Mn concentrations.
Comparing average Mn concentrations of undisturbed and
disturbed sites in the individually sampled layers, the 26-year
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FIGURE 8 | Bottom and pore water element profiles of five 26-year old disturbed sites and the 5-week old EBS track. The uppermost values refer to bottom water
concentrations measured in the supernatant retrieved above the sediment surface in the MUC liner. Mn and Co below the LOQ for DEA West plow track.

old disturbed sites have 20 to 47% less Mn in the upper 16 cm.
Similarly, there is 17 to 48% less Mo in disturbed surface
sediments, while Co, Ni and Cu contents are successively less
impacted: Co 7 to 25%, Ni 5 to 18% and only Cu —7 to 7%.

The plowing removed most of the Mn-oxide rich layer in the
plow tracks and disturbed microhabitats. Only a thin layer is left,
the thickness varying between the disturbed sites but being clearly
reduced compared to the undisturbed sites. Specifically the white
patch does not have a Mn-oxide rich layer left at the sediment
surface. The same is true for the EBS track and the tan sediment
layer that is usually beneath the dark brown Mn-oxide layer lies

at the surface. Since the EBS track sediment is now exposed to
the bottom water, trace metals diffuse from the suboxic pore
water until a sufficiently thick Mn-oxide layer has formed that
scavenges the trace metals. The higher the Mn-oxide content in
the surface layer, the lower the diffusive flux of heavy metals into
the bottom water and the higher the sorption capacity (Fritsche
et al., 2001). Mn-oxides should form with time and the Mn, Mo,
Ni, Co, and Cu concentrations in the particulate fraction should
slowly increase to establish the typical layering but the time scale
of these processes is unknown. The particulate fraction has not
yet recovered in these parts but at DEA West and East plow tracks
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the Mn-oxide rich layer is building up again and it is thicker than
in the microhabitats. In conclusion, both, Mn layer thickness and
Mn content, are lower in the disturbed sites.

In addition to sediment removal, suspended sediment was
deposited on the plow tracks. The sedimentation of suspended
sediment was most measurable in the track valley as indicated
by increased concentrations of Mn, Mo, Ni, Co, and Fe in
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FIGURE 9 | Sum of dissolved amino acid (DAA) concentration profiles of three
undisturbed and two disturbed sites. The uppermost values refer to bottom
water concentrations measured in the supernatant retrieved above the
sediment surface in the MUC liner.

the DEA East valley in the upper 2 to 4cm (Figure5). The
sediment seems to be composed of different material than
the sediment further downcore, possibly resettled particles
from the Mn-oxide rich layer that were suspended during
the plowing. Moreover, the porosity of the valley’s surface
layer is higher compared to other disturbed sites, proving that
loose material was deposited on top. Both impacts have also
been found in other biogeochemical investigations (Vonnahme
etal., in prep.).

A third impact is sediment inversion, where Mn-oxide rich
surface sediment got plowed to greater depth. This is visible
in the white patch and the DEA East plow track profiles. At
the white patch, the porosity also increases again below this
depth, supporting the assumption that surface sediment got
turned. At both sites, Mn, Mo, Ni, Co, and Cu show elevated
concentrations at 11 and 23 cm, respectively. In other areas of
the Peru Basin, a Mn peak at the redox boundary was discovered
(Koschinsky, 2001). Internal redox cycling of Mn around the
redox boundary can lead to such pronounced solid phase Mn
peaks (Burdige, 1993). This is comparable to the marked Mn
peak at DEA East plow track (Figure5) and could be an
explanation for the peak because at 25 cm depth the dissolved Mn
concentration increases drastically, a clear sign that Mn-oxides
are reduced. Since the upper part of the core shows disturbance
impacts, we assume that the peak at 23 cm is another sign of the
disturbance.

Pore Water Natural State and Impacts

Visible 5 Weeks Post-disturbance

The degradation of organic matter during early diagenesis at the
sediment-water interface releases various elements to the pore
water—e.g., V, Cu, Mo, and DOC (Sawlan and Murray, 1983;
Heggie et al., 1986; Shaw et al., 1990; Koschinsky, 2001; Kowalski

TABLE 2 | Correlation coefficients of Mn and Fe with Cu, Co, Ni, and Mo, calculated in Excel.

Mn Mn Mn Mn Mn Mn Mn Mn Mn Mn
Mn 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Cu 0.88 0.96 0.90 0.78 0.84 -0.18 —0.51 0.71 0.01 -0.12
Co 0.94 0.87 0.97 0.95 0.97 0.92 0.84 0.98 0.92 0.71
Ni 0.98 0.96 0.99 0.99 0.97 0.94 0.78 0.94 0.93 0.78
Mo 0.99 0.98 0.99 0.98 0.98 0.90 0.98 1.00 0.97 0.97

Fe Fe Fe Fe Fe Fe Fe Fe Fe Fe
Fe 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mn 0.76 0.26 0.57 0.44 0.85 0.88 0.88 0.94 0.00 0.73
Cu 0.55 0.23 0.39 —-0.18 0.99 —0.11 —0.57 0.58 —0.038 0.46
Co 0.88 0.23 0.67 0.61 0.84 0.78 0.64 0.94 0.21 0.21
Ni 0.84 0.43 0.63 0.44 0.94 0.78 0.48 0.92 -0.19 0.73
Mo 0.75 0.21 0.57 0.32 0.83 0.81 0.88 0.96 0.15 0.83

Reference Reference Qutside DEA Outside EBS DEA West DEA East DEA East DEA East DEA East EBS track
South West East plow track track plow track plow track ripple valley white patch

The entire profiles were correlated.
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et al., 2009). In this study, we clearly see this release in form
of a marked peak in the top 2 cm of the concentration profiles
for V, Cu, and DOC, and to a lesser extent for As (Figures 7,
8). Extensive V peaks at the sediment-water interface can be
sustained due to complexation by DOC (Emerson and Huested,
1991; Morford et al., 2005) and because it is not significantly
adsorbed to Mn-oxides (Koschinsky, 2001). There are no major
differences in the pore water profiles of undisturbed and 26-year
post-disturbance sites; the pore water is recovered. Only at DEA
West plow track the usual trace metal peak in the top 2cm is
less pronounced, which is interesting considering that DEA West
plow track has the least impacted solid phase. The typical peaks of
V, Cu, and As in the top 2 cm are not clearly developed yet in the
EBS track profile (Figure 8; teal filled diamonds). Even though
this feature is already visible in the V profile, the extent of the
peak is less than half the concentration of that in the undisturbed
and 26-year old disturbed sites from DEA East. This could also
be a sign of a lower microbial activity and hence lower rates of
organic matter degradation, which usually releases metals to the
pore water at the sediment-water interface (Sawlan and Murray,
1983; Heggie et al., 1986; Shaw et al., 1990).

Typically, pore water concentrations of Mn and some
associated metals (e.g., Mo, Ni, Co, Cu) increase in the Mn
reduction zone as the solid phase concentrations decrease
(Froelich et al., 1979; Heggie and Lewis, 1984; Koschinsky, 2001;
Morford et al., 2005), approximately below 20 cm in the Peru
Basin. This phenomenon is rarely visible in our data except for
Cu (Figures 7, 8), as the cores are usually too short to cover
the entire Mn reduction zone or the Mn and Co pore water
concentrations are below the detection limit when they first
increase. The increase is only visible at DEA East plow track
(Figure 8) because it is a 35cm long MUC and we were not
able to retrieve those sediment depths with any other core. The
Mn and Co concentration increase is natural since it occurs
below the redox boundary where such increase is expected, even
though the profile is from a disturbed site. Samples taken at
the DISCOL area in 1996 also show increasing pore water Mn
below 25 cm (Koschinsky, 2001). Correlating with the Mn and
Co release, DOC, Mo, and V concentrations increase at the depth
of Mn release in the DEA East plow track core. The EBS example
indicates, however, that 5 weeks post-disturbance the pore water
shows signals of the impact and Mn and Co are already detectable
in the pore water at ca. 8 cm depth. This is markedly closer to
the sediment-water interface than for the undisturbed and 26-
year old disturbed sites. Also, Mo is more variable below 8 cm
compared to the largely conservative profiles in the undisturbed
sites. Therefore, this difference can be clearly attributed to the
disturbance. The sediment profiles show that the entire Mn-oxide
rich layer was removed with the EBS so that suboxic pore water
with dissolved Mn and Co must have been at the sediment-
water interface. After 5 weeks, Mn and Co have already been
removed from the pore water due to diffusion of oxygen into
the sediment and concentrations in the top 8 cm are within the
natural background range. According to Einstein-Smoluchowski
calculations the diffusional length for 5 weeks is 7-8 cm. Konig
et al. (2001) predicted diffusion of oxygen into the sediment
after a disturbance at short time-scales; the establishment of the

original redox zonation might, however, well take a few centuries.
The natural redox zonation has, however, not been established
yet and the pore water, as well as the particulate fraction, is in the
process of approaching a new equilibrium.

Trace Metal Fluxes to the Ocean

The increased concentration of V and Cu in the surface pore
water suggests diffusion to the bottom water to some degree
(Table 3) (also see Koschinsky, 2001). Fluxes of the trace metals
which have concentrations in the range of bottom water (Mo)
are negligible or metals diffuse from the bottom water into the
pore water (Mn) (Table 3). Trace metal input would, however,
be considerably enhanced when metals would diffuse from
the suboxic pore water after removal of the Mn-oxide rich
layer due to deep-sea mining (Table 3). Nevertheless, metals
do not reach concentrations potentially toxic to animals, e.g.,
Cu release 0.3 wmol*m~2xmonth~! compared to lowest LCs
values of 8.85 pwmol/L (Mevenkamp et al., 2017). The trace
metal concentrations and fluxes in the upper cm are already
reduced after 5 weeks, as the data from the EBS track shows
(Figure 8). The diffusion of oxygen into the sediment leads to
oxidation of the dissolved metal ions and removal from the pore
water. Similarly, the metal ions released into the bottom water
will be quickly scavenged by particles in the oxic bottom water
and are not expected to greatly impact the trace metal budget
of the ocean. Therefore, the numbers for diffusive fluxes after
the disturbance presented in Table 3 are a worst-case scenario
and will probably be lower, even within the first month after
the disturbance, because they decline every day. Further non-
steady state modeling would be needed to portray a realistic
post-disturbance scenario.

DOC and DAA as Indicators of Organic
Matter Degradation

DOC and DAA can be intermediates of sedimentary organic
matter degradation. DOC and DAA concentrations are elevated
in pore waters compared to bottom water so that the sediments
are sources of DOC and DAA to the water column (Lahajnar
et al., 2005; Burdige and Komada, 2015). In the pore water,
DOC and especially the more reactive DAA, may be further
degraded to inorganic nutrients or reintegrated into the sediment
by bacterial uptake or sorption processes (Burdige and Martens,
1990; Ding and Henrichs, 2002). DAA concentrations in near-
shore pore water are elevated in the upper 25cm and drop to
values of 2-5 pmol/L at depth (Burdige and Martens, 1990),
which also fits well with our deep-sea pore water data (Figure 9).
DAA bottom water and pore water spectra are dominated
by Ser>Gly> Ala>His>Orn>Asp (Supplementary Material 4),
irrespective of disturbance and redox-zonation, which is quite
different from sediment and suspended matter spectra that are
dominated by Gly, Asp, Glu, and Ala or, respectively, by Gly,
Glu, Asp, and Ser (Gaye et al., 2013) but similar to DAA spectra
from the water column (Ittekkot and Degens, 1984). Pore waters
tend to accumulate those amino acids which are preferably
removed from the particulate phase, including Ser, Gly, and Glu
(Seifert et al., 1990) as well as degradable amino acids (e.g.,
Met) and basic amino acids (e.g., Lys) preferentially sorbed to
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TABLE 3 | Diffusive fluxes of selected dissolved metal ions across the sediment-water interface and potential fluxes across the sediment-water interface when the
Mn-oxide rich layer is removed; based on gradients across the redox-boundary in cores from this studly.

Diffusive flux across the sediment-water interface

Potential diffusive flux across the sediment-water
interface when oxic layer removed

[umol*m‘z*month"']

[umol*m‘z*month‘1]

Site Mn Cu \' Mo Mn Cu Co
Reference South 3 —4 —15 -3

Reference West —1 -5 —20 —1

Outside DEA East plow track -5 —-13 —1

Outside EBS track 1 -9 —28 -3

Average undisturbed 1 -6 -19 -2

DEA West plow track -2 —7 -3

DEA East plow track —6 —14 -2 —79 -0.3 -0.07
DEA East ripple 1 —4 —15 1

DEA East valley 1 —6 -1 -2

DEA East white patch 5 5 —4 —1

Average disturbed 26 years old 2 -3 —-10 -1

EBS track -2 -2 —4 3 -21 -0.2 —0.03

Negative fluxes indicate diffusion from the pore water to the bottom water and positive fluxes indicate diffusion from bottom water to the pore water. The assumptions are that the system
is steady state and diffusion the only process. F= —0Dgseq % (o = average porosity of the sediment in each core for the used depth; Dseq = D(;S—ZW; Dsw Mn = 3.02E-10 m?s™"; Dgyy
Cu = 8.22E-10 m?s™; Dgyy Co = 3.15E-10 m?s~"; Dgy V = 5E-10 m?s~"; Dgyy Mo = 5E-10 m?s~); Dsy at temperature 0°C from Schulz (2006) after Boudreau (1997), closest
diffusion coefficient values considering deep-sea temperatures of 1.85°C (Brown et al., 2017b), except for VV and Mo, where only general diffusion coefficients published in Emerson
and Huested (1991) and Scholz et al. (2071) were used. For a more detailed table including the pore water and bottom water metal concentrations see Supplementary Material 5.

mineral surfaces (Ding and Henrichs, 2002). The latter indicate
the degradation or desorption of amino acids of the particulate
pool. In addition, pore waters also accumulate the non-protein
amino acids B-Ala, y-Aba, and Orn which are either degradation
products of proteinaceous amino acids or are not taken up by
bacteria (Seifert et al., 1990; Davis et al., 2009). It has been
shown experimentally with cores from the Peru Basin that a
few hours after a disturbance, particulate AA concentrations
in the sediment and DOC in pore waters sharply increased.
The increase in particulate AA was attributed to enhanced
bacterial activity which could be related to spreading of fresh
organic matter from deeper layers (Koschinsky et al., 2001b) and
augmented by the oxygen availability in the upper sediments
which may reinforce organic matter degradation (Lee, 1992).
After 26 years, however, the concentration differences between
disturbed and undisturbed sites are not so visible anymore so
that degradation possibly slowed down due to decreasing quality
of organic matter (Vonnahme et al., in prep.). The high DOC
concentration in the DEA East plow track surface layer should
therefore not be a remnant of the 1989 disturbance but rather
due to a recent incident, such as a local input of organic material
or bioturbation.

CONCLUSION

The solid phase results of the undisturbed sites show natural
variability with respect to element concentrations, yet the
profile shapes agree. The pore water profiles do not show
major differences between the undisturbed and the 26-year old
disturbed sites. Five weeks post-disturbance, the impacts were

still visible in the pore water profiles but signs of regeneration
in the upper centimeters were already visible and an elevated
metal flux to the ocean seems to prevail on even shorter time
scales. Differences in DOC and DAA concentrations as well as
spectra are not visible or cannot be attributed to the disturbance
after 26 years. In general, the re-establishment of a new steady-
state in the solid phase takes longer than in the pore water. The
differences between undisturbed and 26-year old disturbed sites,
especially the loss or redistribution of Mn-oxide rich sediment,
are clearly visible in the profiles. An important finding of our
study is that degrees and types of disturbance differ strongly
among the disturbed sites. The EBS track is quite distinct due
to its recency but even the other five 26-year old disturbed sites
vary with respect to concentrations of the metals—especially Mn,
Mo, Ni, and Co—as well as profile shapes in the solid phase.
As discussed above, these can be results of different disturbance
impacts such as removal, mixing, redeposition of suspended
sediment, and inversion or most often a unique combination of
several impacts.

The geochemical variability which was discovered in the
undisturbed as well as disturbed sites elucidates that the deep-
sea is a highly complex system that is still poorly understood
as has also been recently shown for the CCZ (Mewes et al,
2014, 2016; Mogollon et al., 2016; Kuhn et al., 2017; Volz et al,,
in review). With respect to polymetallic nodule mining, it will
be necessary to carry out baseline studies on the geochemistry
of the potentially impacted sites and reference sites for quite a
high number of locations to assess the heterogeneity of both, the
natural area and the types of impact. The difficulty of gaining
representative baselines and ranges of disturbance impacts is a
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general challenge for deep-sea mining related research and has
been discussed elsewhere, too (see for example Jones et al., 2017).

Metal concentrations in pore water are not suitable for
monitoring purposes because their concentrations quickly reach
a new steady-state after a disturbance, probably on time scales
of months. Therefore, they could imply that the system has
recovered which truly is not the case for other components. In
the DISCOL area, the disturbance impact was most pronounced
in the Mn-oxide rich top layer. Since it was shown in this
study and previous work (Shaw et al., 1990; Koschinsky, 2001;
Morford et al., 2005) that many other metals - such as Mo, Ni,
Co, and Cu, are associated with Mn-oxides in this layer, Mn
is a key parameter for monitoring, if not all parameters can be
measured due to financial, technical, and time constraints in an
industrial mining scenario. In addition to the oxygen penetration
depth, knowing the Mn concentration in the solid phase and
pore water gives a lot of insights into the geochemical system
at this site, including potential release of other trace metals, and
would be a useful parameter to measure pre-mining and post-
mining for monitoring purposes. Mn is a good indicator for
disturbance in sediments with a relatively shallow oxic layer,
such as the Peru Basin. Areas with a different redox-zonation
might have different key parameters because a largely oxic system
(such as the CCZ where deep-sea polymetallic nodule mining
is most likely to start) will be differently impacted (also see
Cronan et al., 2010; Rithlemann et al., 2011; Mewes et al., 2014,
2016; Mogollén et al.,, 2016; Kuhn et al.,, 2017; Volz et al, in
review). We are only able to draw this conclusion about Mn
as a key parameter, however, because this small site has been
extensively studied over a long period of time. Baseline studies
are vital to (1) understand the system, (2) select key parameters,
and (3) define thresholds. More extensive research in different
geochemical seafloor systems and on a larger scale needs to be
carried out before it can be determined what a negative impact on
the environment may be and which thresholds should therefore
not be exceeded.
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