Long-term impact and biological recovery in a deep-sea mining track
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Summary Paragraph

Deep-sea polymetallic nodule mining is currently in the exploration phase with some groups
proposing a move towards extraction within years'. Management of this industry requires
evidence of the long-term effects on deep-sea ecosystems?, but the ability of seafloor
ecosystems to recover from impacts over decadal scales is poorly understood®. Here we show
that, four decades after a test mining experiment that removed nodules, the biological impacts
in many groups of organisms are persistent, although populations of several organisms,
including sediment macrofauna, mobile deposit feeders and even large-sized sessile fauna,
have begun to re-establish despite persistent physical changes at the seafloor. We also reveal
that areas affected by plumes from this small-scale test have limited detectable residual
sedimentation impacts with some biological assemblages similar in abundance compared to
control areas after 44 years. Although some aspects of the modern collector design may cause
reduced physical impact compared to this test mining experiment, our results show that mining
impacts in the abyssal ocean will be persistent over at least decadal timeframes and
communities will remain altered in directly disturbed areas, despite some recolonisation. The
long-term effects seen in our study provide critical data for effective management of mining



activities, if they occur, including minimising direct impacts and setting aside an effective
network of protected areas*®.

Introduction

Recent rapid growth in exploration for polymetallic nodule deposits is raising societal
awareness of deep-sea mining®. Over 21 billion tonnes of nodules, potato-sized mineral
aggregationsrich in critical metals like cobalt and nickel, are estimated to lie on the abyssal
seabed of the Clarion Clipperton Zone (CCZ, N Pacific)’. However, Pacific nodule fields also
sustain highly specialised animal and microbial communities with low abundance and
biomass, but high species diversity compared to other deep-sea sedimented communities 8"
with most of the species still undescribed 2. Falling beyond national jurisdiction, the seafloor
mineral resources of the CCZ are regulated by the International Seabed Authority (ISA), which is
currently developing the legal, financial, and environmental framework to underpin any
potential full commercial exploitation, if it occurs. Robust understanding of the effects of
mining disturbance is thus urgently needed’®.

The expected high sensitivity of abyssal communities to change combined with the potential
spatial and temporal scales of mining operations (e.g. ~400 km? year™ of mining per operation
with expected 20-year mine life '*'°) sets them apart from most other anthropogenic stressors
in the deep sea. Nodule mining is expected to cause immediate impacts to the seabed surface
and habitat in the path of collector vehicles, including mechanical disturbance, hard
substratum habitat removal and sediment compaction. It will generate sediment plumes in the
water column that can redeposit beyond mined areas 2 causing biogeochemical alterations of
the sediment and increased water turbidity at scales that could have significant impacts on
ecosystems *'¢. Recent estimates suggest plume redeposition could expand the visible seabed
footprint several kilometres beyond the extent of test mining operations '”-'8, Over the multi-
decadal life of a single operation, impacts from direct disturbance and plumes could extend
over hundreds of km*'"® and cumulative impacts of multiple operations could be greater.
However, biological effects of these physio-chemical alterations remain poorly understood
particularly over long timescales. Evaluation of the potential resilience of abyssal ecosystems
to cumulative effects is largely constrained by the scarcity of full-scale experimental tests, and
little is generally known about long-term recovery or succession patterns in abyssal
ecosystems®. In this study, we define ‘recovery’ as a return to the original state of the
ecosystem stated in terms of the parameter assessed, which includes a range of physical and
biological characteristics, such as substratum composition and biological abundance. It does
not imply a full return of the ecosystem and its diversity to pre-disturbance conditions, which
does not always occur in any environment 2° and may be impossible with nodule removal ®.

The most comprehensive recovery studies in the abyssal Pacific have been conducted outside
the CCZ. This previous work has focussed on the DIS-turbance and re-COL-onization
experiment (DISCOL) in the Peru Basin, an area considerably less oligotrophic than the CCZ '
and currently not of commercial interest for mining. These studies showed persistent
ecological impacts for some parameters 26 years after disturbance 2>?* with some evidence of
recovery in others %, The lack of information generally and specifically in the CCZ is a key
evidence gap that is challenging the development of effective regulations for deep-sea mining
that preserve biodiversity and ecosystem processes %. Access to longer-term recovery sites,
such as those in the CCZ impacted in the 1970s by seafloor collector tests 3, is one of the few
approaches available to help constrain the potential for recovery and time scales required.



Here we combine recently discovered archive material from the Ocean Minerals Company
(OMCO) 1979 mining collector test (including location, engineering details and
contemporaneous seafloor photographs) with a detailed field evaluation of the area from March
2023 aimed at assessing long-term environmental responses and recovery trajectories to
nodule mining disturbance. These observations of aspects of ecological recovery 44 years after
mining disturbance provide essential knowledge to inform conservation management
strategies and decision-making for the future of deep-sea mining.

Results and Discussion

The OMCO test (Figure 1) set the blueprint for most modern CCZ operations: a ~10 m wide, self-
propelled remotely-operated mining vehicle connected by a riser pipe and pump system to a
surface ship 2”?, The OMCO collector created three primary types of disturbance: 1) tracks in
the seafloor made by the Archimedes screws used for propulsion, 2) removal of sediment and
nodules between the screw tracks by the collection equipment, and 3) a plume of resuspended
sediment released by the action of the collector movement and nodule collection activities.
The test created a looping track disturbing an area of approximately 0.4 km? (Figure 1), which
was compared to an undisturbed control area approximately 2 km away (Extended data Figure
1).

Collection Tracks

Between the two propulsion tracks there was an approximately 4.5 m-wide disturbed area that
was passed over by the collector rake, which we refer to as the collection track. The physical
impact visible in the OMCO collection tracks is similar in appearance to the collection area
impacts made by most modern collection vehicles ?°. Our observations (Extended data Figure
2) indicate that physical changes to the seafloor are persistent over 44 years. The collector
impacts vary visually, from complete collection of all nodules to no apparent impact on the
structure of the nodule-covered seafloor (Figure 2; Extended data Figure 3). Still visible in 2023,
the documented changes were caused during the test and are linked to hydraulic lifting of the
collector rake (likely cause of Figure 2.1) and the depth that the mining machine sank into the
seafloor. Some epibenthic sled tracks created in 1978 occur in the same area as the collection
tracks and are small in comparison with the collection tracks (Figure 2J). In the areas where
nodules were removed, the sediments within the tracks in 2023 had a similar grain size but
generally lower and more variable organic carbon content (Figure 3) compared with
undisturbed areas outside the tracks.

Sediment-dwelling macrofauna, dominated by annelids (43% of total abundance in control),
arthropods (34%) and molluscs (18%), were present in slightly lower, but broadly similar, total
densities (numbers per unit area) in the disturbed sites in 2023 to the undisturbed control site
(Figure 3; Extended data Figure 1; Extended data Table 1). Note that the disturbed macrofaunal
samples include both the collection track and area immediately adjacent, so our sampling may
underestimate the impacts in the track. However, our results correspond with evidence from
the more eutrophic DISCOL site, 4760 km to the south east of the OMCO site, where sediment-
dwelling macrofauna had largely recovered to pre-disturbance densities in disturbed areas
after 7 years %. Nodule-dwelling macrofauna had similar density in the disturbed area in 2023
compared with the sampled control area, although numbers of nodule dwellers would be
expected to reduce if more nodules were removed (only 2 of the 13 disturbed samples had no
nodules present and hence no nodule fauna). In a typical mining scenario near complete



removal of nodules would likely lead to further reductions in nodule-dwelling faunal density in
the tracks.

The collection tracks and propulsion tracks both had abundant xenophyophores 44-years after
the test (Figure 3; primarily an undescribed reticulated spherical species with maximum
densities of ~8 individuals m2) that had colonised even the most visibly disturbed areas of the
tracks. These xenophyophores reached sizes of over 50 mm in diameter and appear to be the
first sessile megafaunal-sized organisms recolonising the mining track disturbance in this area.
The role of xenophyophores as early colonists has been predicted * and xenophyophores are
able to grow relatively quickly in abyssal sedimentary environments (estimated 1-2 years to
reach 50 mm diameter) ' but they were not noted in other shorter-term abyssal recovery
assessments %. The succession dynamics in the mining tracks here may mimic natural
disturbance events in the deep ocean associated with extreme sedimentation, for example ash
falls *2, which are also colonised by xenophyophores. Despite the presence of new colonisers in
2023, the overall xenophyophore assemblage was reduced in density in the track areas
compared with elsewhere, as several morphotypes common in control areas were present in
much lower numbers in the tracks.

In areas of the seafloor visibly disturbed by the collector there were very few sessile megafaunal
metazoans present in 2023, despite these being regularly observed in the control area in 2023
and in 1978, prior to disturbance. Two large (>100 mm) hexactinellid sponges were observed on
the collection tracks in 2023, but both were living on nodules that appear to have been
undisturbed in 1979 as the collector passed over them. Mobile megafaunal deposit feeders,
such as the holothurian Psychronaetes hanseni Pawson, 1983 and the echinoid Plesiodiadema
globulosum (A. Agassiz, 1898), were observed on the collection tracks in 2023 but overall
megafaunal densities were very low on tracks (always < 0.1 ind. m™) and significantly different
to control areas (mean 0.33 ind. m™) and pre-collection test (mean 0.28 ind. m™; Figure 3;
Supplementary Data 1; Extended data Table 1).

Our data suggest that microbial biomass was similar inside and outside the tracks in 2023
(mean 92 mg C m™?[range 32— 154] inside vs 52 mg C m~outside [range 28 — 77]). Initial
estimates suggest total carbon assimilation was considerably higher on the track (mean 0.032
mg C m2d" [range 0.026 - 0.038]) but not statistically different to outside (mean 0.012 mg C m™
d" [range 0.011-0.014]), (likely because of the low replication: n = 2).

Vehicle Propulsion Tracks

The tracks are very similar in physical appearance between 1979 and 2023 (Figure 2), which is
also observed in other long-term abyssal disturbance experiments 2 and related to low abyssal
sedimentation rates (1.5-11 mm Kyr™) *3. The propulsion created furrows in the seafloor
observed to be 0.2-0.8 mdeep and 1 -3 m wide in 2023 (Extended data Figure 4). The action of
the propulsion system during the test displaced sediment and created berms on either side of
each track, reaching up to 0.5 m in height and extending laterally between 0.5 and 2 m. These
berms covered the central area of the track in places and 2023 boxcore samples show that the
original surface layer of nodules was still present in places under the raised berm sediments.
These propulsion tracks appear to create a considerably larger level of disturbance than
planned modern tank-track propelled collection vehicles '7**. The OMCO vehicle propulsion
tracks appear to trap particulate material in some areas, with visible accumulations of organic
detritus and occasional macro plastic items such as plastic bags in 2023. This trapping of
material was also observed at DISCOL *°,



The propulsion tracks harboured a distinct invertebrate megafaunal community in 2023 based
on image data, composed of only 35 taxa from 3 phyla (20 echinoderms, 9 cnidarians, and 6
arthropods) and 5 bony fish morphotypes, compared with undisturbed locations also surveyed
in 2023 (total 76 taxa from 9 phyla, particularly echinoderms, cnidarians and poriferans). The
propulsion track assemblage in 2023 was largely dominated by Plesiodiadema globulosum
(42% of total abundance; mostly in higher sections at the track edges) and the holothurian
Elpidiidae sp. indet. (33%; mostly in central sections at the bottom of the track). At least 5 taxa
were aggregated in the tracks in 2023 (Fig. 2G), particularly Elpidiidae sp. indet and Actiniaria
fam. indet., potentially benefiting from enhanced organic material patchily deposited across
the track *°. A few specimens of the sessile black coral Schizopathes affinis sp. inc. > 50 mm in
length were observed growing directly on sediment in the middle of the track 44-years after
disturbance. Most nodules were removed, likely through displacement or burial, but a few of
the remaining nodules were populated in 2023 by two anemone species that were common in
non-impacted areas. Densities of megafauna in the propulsion tracks in 2023 were
intermediate between the collection track and the similar levels at the control and preimpact
areas (map in Extended data Figure 1). This shift in propulsion track assemblage community
structure since disturbance, with low richness and high dominance, is consistent with a classic
disturbance and organic enrichment scenario *%, a local pattern not yet seen in other areas of
the CCZ ™. The potential organic enrichment found in these experimental test tracks is unlikely
to be as obvious with the more extensive track formation in a future exploitation scenario.
Firstly, collector propulsion currently appears to be favouring tracked design, which will not
cause such deep propulsion tracks. Secondly, the available organic material will be spread
between all depressions in the area, meaning that each gets a smaller amount with multiple
disturbances.

Plume Area

Obvious clouds of sediment were observed in the underwater video obtained from the collector
in 1979 but no quantitative measurements were made. The local deposition pattern of the
sediment plume caused by the operations of the OMCO collector was estimated from a
turbidity current model similar to that validated by observations ". For the typical scenario, the
model results (Figure 1) predict deposition thicknesses ranging from 0-10 mm over a distance
of tens of meters away from the tracks (for range see Extended data Figure 5). The highest
deposition thicknesses occur between the two tracks and at the turn at the northern extent of
the track, where there is overlapping deposition coming from neighbouring track segments.

In 2023, the area adjacent to the tracks and between pairs of tracks was covered in nodules and
was not visually discernible from any other areas outside the track. If we assume that this area
would have been covered by resuspended sediments from a plume, then in the 44-years since
the test the sediments have either been redistributed in the sediment surrounding the nodules
or laterally dispersed, potentially during increased current events ¥ or by bioturbation 22,
Photogrammetric assessment of the 3-d nodule surface suggests that there has been
significant sediment infill (up to around 10 mm) between the nodules in the area adjacent to the
tracks (< 10 m) compared with the control area (Extended data Figure 6). The plume area had
similar levels of surface organic material to the control area samples (TOC and TN in dry
sediment; Figure 3). The plume area had elevated densities of megafauna in 2023, particularly
bryozoans (largely Cyclostomatida fam. indet.) and echinoderms (ophiuroids, echinoids and
holothurians) compared with both the track and control areas (Figure 3).

Background Environment



The near-seabed oceanographic conditions are similar between the OMCO test and control
areas, with typical CCZ temperature (1.48°C in situ), oxygen (151 umol/kg) and absolute salinity
(34.87 g kg') and current speeds twice exceeding the typical tidal range for this area of the CCZ
(the major axes of semi- and diurnal M2, K1 components are 13.8, 7.4 mm s'; mean velocity
from three lowered ADCP profiles 8 m above the seabed: 40 £ 13 mm s™, direction 170 + 81°
was parallel the isobath and approximately alighed with the track orientation). No comparable
data are available from 1979. Nodules in the collector area were abundant (from 14 boxcore
samples: mean 155 nodules m?, 18.6 kg nodules m™, counts of 542 nodules) and relatively
large (largest dimension: mean 72+ 19 mm S.D., maximum observed 152 mm) ranges
comparable to other exploration areas within the CCZ *8. Most nodules were found at the
sediment surface. There are no obvious differences in nodule appearance between the 1978
photos and the observations in 2023. Natural sedimentation rates across the CCZ are low (1.5 -
11.5 mm kyr ™),

Conclusions

This study is one of the few studies of impacts caused by an abyssal polymetallic nodule mining
collector vehicle and the longest duration study to determine extent of recovery from mining
disturbance in the CCZ. The areal extent of disturbance in the OMCO test was small relative to
a commercial scale mine, with limited distance travelled by the collector and areas with
incomplete nodule collection. Compared with current designs of nodule-harvesting vehicles,
the OMCO vehicle had a similar mechanical collection approach to some but distinctly
different impacts in the propulsion tracks, with Archimedes screws penetrating much more
deeply into the seafloor than modern tracked vehicle designs. We show that visible physical
disturbance remains in the abyss 44 years after this test with very little visible sign of physical
remediation. However, we demonstrate that mobile organisms, including megafauna and
macrofauna, are living in the most disturbed areas. As far as we can measure them, sediment
and nodule macrofauna densities and microbial biomass are similar in and out of disturbed
areas. We also provide evidence of early stages of re-establishment of some sessile
megafaunal-sized species after four decades, although megafaunal communities are still very
different from past or undisturbed conditions. The depressions in the seabed created by the
propulsion tracks appear to have aggregated organic matter and attract mobile megafaunal
deposit feeders. Sediments from the plume created by the OMCO collector are no longer
obvious but are detectable in photogrammetric measurements of sediment infill between
nodules and appear to support elevated densities of megafauna compared with undisturbed
areas. Upscaling the observations to the spatial scales and impacts of a full commercial mine
will require additional work and would also require a better understanding of the natural
variability of the CCZ '°. However, our results show that, if mining were to take place, efforts to
reduce the direct collector impact could be effective in limiting the overall ecological effects of
mining operations on seafloor biota, but the visible physical impacts of the collection can be
assumed to last for at least many decades.
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Methods
Mining Test

Between 15 and 18 March 1979 an experimental mining machine was deployed on a site
centred 13°44’N 126°13.5’W. The 9 m wide, 14 m long, 4.5 m high machine * was lowered to
the seafloor at around 4700 m depth from the moon pool of the Hughes Glomar Explorer vessel
by extending a steel riser, made up of 60 foot [18 m] pipe sections ?’. This riser was attached to
a 150-ton buffer “°, which was then connected to the vehicle by a flexible linkage (umbilical)
with electrical cable, hydraulic lines and a nodule slurry hose. On the seafloor, the buffer was
positioned approximately 20 m above and ahead of the mining vehicle. When it landed on the
seafloor, the collector vehicle was used to mine an unknown quantity of nodules over the 4
days of the experiment. The collector was self-propelled, using two Archimedes screws of
around 2 m diameter, which achieved speeds over the seabed of 0.25- 1 m s #'. The vehicle
was driven around 1 nautical mile (1.85 km) in an approximately northerly direction. It did a 180°
looped turn and proceeded southwards, doing some manoeuvrability tests. The vehicle
collected nodules mechanically using a rotating seabed rake that picked up nodules and
transferred them via a conveyor to a crusher. The crushed nodule slurry was pumped through
the flexible linkage to temporary storage in the buffer. The nodule slurry could then be lifted
through the riser pipe string to the surface vessel using an airlift, electric pump and pressurised
water system 2. On at least one occasion, the nodules formed a blockage and the rake was
lifted stopping nodule collection. Previous nodule collection had been carried out with
epibenthic sleds at the site. The vehicle position was recorded with reference to a long baseline
acoustic array, informed by eight transponder beacons around the site. The array provided good
relative navigation — absolute navigation was provided by an early satellite navigation system.
The location of the test estimated at the time was accurate to within approximately 500 m of the
known modern position.

Pre-disturbance Photography

Photographs were obtained of the seafloor in the area of the collector test during three cruises
of the RV Governor Ray “>. Two cruises were carried out before the test (June 1978: GR7801;
November 1978: GR7804) and one after (October 1979: GR7904). Monochrome images were
collected using a Benthos 35mm film camera, mounted vertically on a towed frame. Height
above the seabed was determined with a Benthos Model 211 altimeter and recorded on each
photographic frame. Images where seafloor was visible were collected at altitudes ranging from
0.6 -9 m. Only images collected at altitudes < 3.5 m were included in the analysis as this
allowed reliable detection of megafaunal specimens > 20 mm. Overlapping images were
removed through manual inspection (leaving a total of 1929 images that could be analysed,
available from https://doi.org/10.5285/27e550f2-81ff-6bf8-e063-7086abc04f4f ). While the
tracks were not imaged in this survey, the photographs provide important context about change
in the baseline environment over time and are used to assess megafaunal communities.

Sample Collection

Samples, imagery and other data were collected during RRS James Cook expedition JC241
between 14 February and 12 March 2023 (See Supplementary File 1 for metadata, data
summary and full data). The expedition was centred on the area of the 1979 collector test. This
area is not within any of the current International Seabed Authority exploration contract areas
but is located 1-3 km south of the central of the three areas currently contracted to the Cook
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Islands Investment Corporation. Four treatment classes were chosen for assessment in 2023,
each expected to have a different type of disturbance during the OMCO test: i) Collection
Tracks: 4.5 m wide areas effectively mined by the collector rake, with evident mechanical
disturbance, flat surface and nodule depleted; ii) Vehicle Propulsion Tracks: 0.2 - 0.8 m deep
and up to 2 m wide parallel furrows each side of the Collection Tracks, with severe mechanical
disturbance still evident, concave-shaped, and very few nodules visible. ii) Plume Areas:
adjacent (5-10 m) to vehicle tracks, with no apparent disturbance, mostly flat and harbouring
high nodule abundance; and iv) Control Site: assumed non-impacted area located ~2 km east
from the OMCO test area, but with similar terrain features, particularly being mostly flat and
harbouring high nodule abundance. The deep propulsion tracks could not be physically
sampled as the Remotely Operated Vehicle (ROV) had insufficient reach to core them or pick up
faunal specimens.

Multibeam sonar data (Reson 7125), photographic (Insite Super Scorpio and NOC AESA
Camera) and video (Insite Mini Zeus Mk2, Kongsberg Eyeball Cam) imagery and samples of
seafloor sediments, nodules and animals were acquired using the UK Remotely Operated
Vehicle ISIS. ROV relative navigation used RDI Navigator 300 kHz bottom tracking Doppler
Velocity Log (DVL). Lowered gear was equipped with a Sonardyne Ranger2 Ultra-Short Baseline
(USBL) acoustic beacon to ensure accurate positioning. ROV multibeam echosounder (MBES)
data were recorded in PDS2000 and processed using Qimera v2.4.3. USBL positions were
updated with DVL navigation and tidal corrections were applied. MBES backscatter processing
was carried outin FMGT v7.10.1, based on the processed bathymetry files. Additional
navigational adjustments to compensate for DVL drift were applied in ArcMap v10.6, where final
merged grids were created.

Sediment samples were obtained with a 50 x 50 cm USNEL Boxcore (n = 19) *%, Bowers and
Connelly Megacore (n =8; 100 mm @ tubes), ROV pushcores (n > 38; 55 mm @) and a 5-m
Gravity Core (n = 6; 70 mm @) targeted at random within specific features. The position of some
boxcores, megacores and gravity cores relative to the tracks was determined from ROV images
of their imprints but not all could be located this way. Megafauna were sampled by direct
collection with the ROV. Fishes were sampled using a fish trap lander .

Boxcores provided quantitative samples of hodule and sediment macrofauna. The boxcore was
equipped with a USBL positioning beacon and every effort was made to precisely target specific
features. The position of some boxcores relative to the tracks was determined from ROV images
but not all could be located this way. Because there was some uncertainty in positioning
(estimated £ 5 m), we could not accurately determine if each boxcore had landed within the
collector track. As a result, we grouped together all samples that were obtained within 10 m
from the track as being “disturbed” and compared them to control conditions. This was a
different approach to the other analyses, where the samples could be accurately positioned
relative to the track with the ROV imagery and precision collections.

To process the boxcores, nodules were removed and nodule fauna immediately sorted and
preserved. Sediment fauna were extracted from the upper 100 mm of sediment from the entire
core and overlying water by sieving through a 300 pm sieve with cold filtered seawater. A15x 15
cm sub-core was taken and sliced in two layers, 0 — 20 mm and 20 - 50 mm, before being sieved
through a 300 um sieve, live sorted, photographed, and preserved individually in 80% non-
denatured ethanol. All remaining sediment in the boxcore was sliced in 0 —20 mm, 20 - 50 mm
and 50 - 100 mm layers and sieved on 300 um sieves, before being bulk fixed in 100% non-
denatured ethanol *°. For the quantitative analysis, all data from the 15 x 15cm sub-core were
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combined with the main sample. Individuals were identified to phylum level for this analysis.
Arthropods and annelids were only counted if the head was present, and echinoderms only if
the oral disc was present. For the macrofaunal densities, the numbers of organisms in the
whole boxcore were presented (adding the live sort numbers to those counted from the rest of
the core). Any nodule-dwelling fauna recovered in any of the sediment layers were excluded
from both the sediment and nodule fauna analyses to avoid inconsistency. For the sediment
macrofauna, any pelagic (e.g., chaetognaths, appendicularians, ctenophores) or meiofauna
(e.g., halicarids, ostracods and copepods) were excluded from the analyses.

Meiofaunal foraminifera were sampled using ROV pushcores to enable precise sampling in the
collection track, plume area and the control site. For meiofaunal foraminifera assessment,
cores were extruded on board at 10 mm intervals and preserved in 70% non-denatured ethanol.
Samples were sieved through a 63-pm mesh, and foraminifera from the top 10 mm were
identified, counted, photographed, and differentiated as live or dead using a Leica M205c
microscope with a 32MP sensor camera.

Total bacterial biomass (mg C m™) and assimilation (mg '*C m™) of '*C were assessed through
stable-isotope pulse chase experiments in 2023. Four benthic incubation chambers were
deployed: two on the track and two approximately 20 m away on sediment with no visible
disturbance. The off track samples were within the area expected to have been impacted by the
plume. Atotal of 0.2g of isotope-labelled Phaeodactylum tricornutum (grown in media with
25% "*C and "®N) was injected into each chamber. After approximately 70-hours the incubation
chambers were removed and ROV push cores were used to sample the sediments in the
imprint (n = 3 per chamber). The upper 20 mm of sediment were sampled and frozen. The total
bacterial biomass and assimilation were calculated from the concentration of and label
incorporation into the bacterial fatty acids (iC1s.0) following standard methods for extraction and
processing *6. These used an average fraction-specific bacterial to PLFA ratio encountered in
sediment dominated by bacteria (0.017). The '*C-assimilation values (mg "*C m™) for bacteria
were then converted to daily C-assimilation rates (mg C m2d™") by accounting for the fractional
abundance of ®C in the added algae (3.9 atom %) as follows: C assimilation = "*C incorporated
(mg *C m™)/fractional abundance of °C in algae, and dividing by 2.8.

Assessment of Total Nitrogen (TN), Total Carbon (TC) and Total Organic Carbon (TOC) was done
from the top 5 mm of sediment megacores and ROV push cores. These cores were sliced,
stored in foil lined Petri dishes and frozen (-20°C). In the laboratory sediments were lyophilized
and homogenised prior to analyses. Samples were analysed following acid vapour treatment
(HCL; 12 h), using a FlashSmart™ elemental analyser (Thermo Scientific). A four-point daily
calibration was performed using differing weights of High Organic Sediment Standard OAS and
Low Organic Soil Standard OAS (Elemental Microanalysis Ltd, NIST certified values). The
standards were then analysed as unknowns during the beginning, middle and end of the run to
check for precision. The results of the unknowns were within the uncertainty limits of the
certified values which are High Organic Standard (carbon 7.17 % = 0.09 %, nitrogen 0.57 % +
0.02 %), Low Organic Standard (Carbon 1.65 % = 0.02 %, nitrogen 0.14 % = 0.01 %), with
detection limits of 100 ppm for both C and N.

Sediment grain size was measured by laser diffraction (Malvern Mastersizer) following the same
approach as¥.

Measurements and samples of the water column were made using a CTD rosette with 24 x 10
litre Niskin Bottles and Seabird SBE 9plus CTD Unit and RDI 300 KHz Lowered ADCP.
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Plume Modelling

A turbidity current box model with settling *® was used to calculate plume deposition based
upon the operational parameters of the OMCO test and the results of studies into gravity
currents from moving sources . A range of particle settling speeds and sediment mobilization
were considered based on the sediment characteristics measured at the site, to investigate the
possible range of deposition patterns. Three amounts of suspended sediment across the range
of scenarios were considered. These corresponded to the upper 3cm, 5 cm and 7 cm of the
seabed being resuspended by the rake along with 1%, 5% and 10% of the furrow area created
by the Archimedes screws, to cover a range of potential scenarios. This equated to discharge
concentrations of 2.31, 2.6 and 5.1 kg/m3. In addition, three distributions of settling velocity
were considered, with the slowest scenario dominated by velocities around 0.1 mm/s and the
fastest scenario dominated by velocities around 3.5 mm/s. The results presented (Figure 1)
correspond to an intermediate scenario across all parameters. The model deposition thickness
did not exceed 15 mm or extend more than 100 m from the tracks in any scenarios investigated
(Extended data Figure 5) and so the intermediate scenario was considered a reasonable
representation.

Photography and Track Assessment in 2023

Scalable, high-resolution image and video transects of the seafloor were obtained using
multiple camera systems mounted on the ROV /SIS across the OMCO test and control areas
(Extended data Figure 1-3). Vertically facing photographs were collected using a Grasshopper2
GS2-GE-50S5C camera in the Collection Tracks, Plume Area, and Control Site
(https://doi.org/10.5285/2392b266-126b-db3f-e063-7086abc0fe00) while high-definition
oblique video transects were collected using a Super-SCORPIO HDR-CX560V camera to
characterise the community within Vehicle Propulsion Tracks
(https://doi.org/10.5285/2de087c9-cee3-87f4-e063-7086abc0f9a9). All image and video data
were collected at a target altitude of 2.5 m above the seabed.

Image Processing

Overlapping seabed areas surveyed during the two ROV imaging surveys were removed from
analyses, based on USBL and Doppler Velocity Log navigation data, so faunal counts were not
repeated. Overlapping areas of still and video images were checked prior to removal. For the
video analysis the area surveyed was a fixed width of 2 m, and only sections where the full width
of the Propulsion Track was visible were retained for subsequent numerical analyses. Only still
images from the collection tracks where nodules had been cleared were used to calculate
‘Track’ densities. Megafauna specimens > 20 mm could be consistently detected and were
counted in both stillimage sets and videos. These were counted, measured and identified using
BIIGLE 2.0 software *° from both the pre-collection and 2023 images in the same way by the
same annotator. Animals were identified to the lowest taxonomic level possible (morphotype,
typically genus or family level in undescribed species) in accordance with the code-based
Abyssal Pacific Standardised Megafauna Atlas V.1. (APSMA, available in 5'). The APSMA
catalogue follows open nomenclature * to report the taxonomic resolution reached in each
taxon but all morphotypes identified from the catalogue were deemed as sufficiently different
by taxonomic experts to be confidently considered separate species. Taxa living in a closed
shell or tube (for example, most polychaetes) were excluded from analysis as it is not possible
to determine if these are alive from imagery data. Image annotations were quality controlled by
random checks of previously annotated images and multiple checks for consistency of
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identifications were made using the Label Review Grid Overview tool. Sample units were
comprised of images randomly selected without replacement until a consistent seabed area
was reached (1200 m?, equating to roughly 1060 images).

Photogrammetry

To evaluate whether plume deposition could reduce nodule elevation, micro-relief differences
were tested in the control, and 5 m to the east and west of the tracks. For each location, three
random sets of 100 consecutive images were selected to produce replicates of 10-m seabed
portions with 3D photogrammetric models of the seabed (mm resolution, Agisoft Metashape,
v.2.0.1). Models were scaled with navigation, altitude and attitude of the ROV. For each model,
a cm-resolution georeferenced digital terrain model (DTM) was imported in R as raster. Local
standard deviation of bathymetry (i.e., micro-relief) was calculated with a moving window of
9x9 cm? (i.e., approx. area of a single nodule) using the function adjSD (package MultiscaleDTM,
v.0.8.3 ®3; Extended data Figure 6A-B). For each transect, DTM micro-relief was randomly binned
into 20 subsamples per transect without replacement. Maximum micro-relief value was
retrieved from each subsample (n=180) to isolate the larger height difference between seabed
sediment and nodules. Maximum micro-relief differences among locations were tested with
non-parametric Kruskal Wallis and post-hoc Wilcoxon tests. Micro-relief may be associated
with plume material discharged by the OMCO collector (shown®* in Figure 1).
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Figure 1: Maps of the Ocean Minerals Company (OMCO) Track area: A) multibeam bathymetry
map overlaid with interpreted tracks of mining vehicle (in photograph) and epibenthic sleds
used for nodule collection in 1978. B) modelled sediment deposition from plume generated by
mining vehicle with central point of mining vehicle track overlaid (black). C) general location of
test area (red dot) in Clarion-Clipperton Zone showing International Seabed Authority
designated Areas of Particular Environmental Interest (green) and exploration contract areas
(grey). Datum WGS’84 for all maps. D) Photograph of mining vehicle in moonpool of Hughes
Glomar Explorervessel in 1979 reproduced from DOI: 10.3390/su15054572.
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Figure 2: Images of the tracks made by the 1979 Ocean Minerals Company (OMCO) mining test
taken in 2023 unless stated otherwise. A. Typical photograph of undisturbed seabed at the
control site, B. Still frame from video of track taken from seabed collector in 1979, C. Typical
view of collector track in 2023, note low collection efficiency of nodules in central area, D. area
of track with complete removal of nodules in centre and deeper propulsion tracks either side, E.
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Hexactinellid sponge in collector track. Sponge in black circle is approximately 270 mm in
height. F. Xenophyophores (in black circle; each 20 - 50 mm diameter) growing in track. G.
Aggregation of Elpidiid holothurians, anemones and particulate organic matter in propulsion
track. H. Area immediately adjacent to tracks (tracks visible in background) showing typical
nodule densities in area modelled to have been impacted by plume. |. Image showing an abrupt
change in the nodule collection, likely caused by raising the collector rake. J. Epibenthic sled
track likely from 1978, made near the mining collector track. Scale bar0.5 min A, B, C, D, H, |;
Scale bar 0.1 minE, F, G, J. Note scale varies with perspective and each image is taken in a
different location so has a different scale. Minor processing of colour balance has been applied
to images to correct for differential absorption of light in water. Following image integrity
standards, corrections have been applied equally across the entire image and are applied
equally to control conditions.
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Figure 3: Response of key parameters in 2023 to OMCO disturbance at the track centre
(vermillion), plume (~10 m away from track; sky blue), control (~2 km away from track; green)
and pre-disturbance data from 1978 (dark blue). These include megafauna and
xenophyophores (both > 20 mm) determined from photographic transects (n = 4 transects per
treatment; covering a total of 5963 m?). Meiofaunal foraminifera from the surface sediments (n
=6 cores per treatment). Mean grain size in surface (top 10 mm) sediments (n = 4 cores total).
Total organic carbon and nitrogen in surface (top 5 mm) sediments (n = 38 cores total).
Sediment and nodule macrofaunal samples (n =6 cores control, n =13 cores disturbed) from
upper 150 mm of sediment. Note for macrofaunal samples, some of the boxcore locations
could not be located accurately enough to determine if they landed on the track or plume area
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so those in the track area were classified as disturbed (grey). Boxplots represent median
values, upper and lower quartiles and range with outliers removed. Actual data points are
plotted as black circles. Results from the vehicle propulsion tracks were only available for
megafauna so were not included on this figure. Note cartoon of disturbance regimes not to
scale. All data used in this figure are available in Supplementary Data 1.
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Extended Data
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Extended data Figure 1. Map of study area showing tracks and control area. Top: ROV and
shipboard multibeam bathymetry map with interpreted miner and epibenthic sled tracks.
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Bottom: Shipboard bathymetry map overlaid with multibeam backscatter from ROV survey,
clearly showing the mining vehicle and epibenthic sled tracks. Position in degrees minutes
seconds (WGS84).
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Extended data Figure 2. Map of tracks and control area showing the samples obtained for this
study. Sample types indicated on the legend. Full details of each sample are in the
supplementary data. The yellow points represent the location of ROV imagery transects.
Position in decimal degrees (WGS84).
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Extended data Figure 3. Photomosaic of track. Oblique view of 3-dimensional model.
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Extended data Figure 4. Cross section of multibeam of track area. Units meters. Distance
across track shown in meters on x-axis. Depth on y-axis. Figure shows two collector tracks
separated by approximately 60 m. Cross section from 800604 E 1519645 N to 800759 E
1519645 N (WGS 84 Universal Transverse Mercator Zone 9 N).
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Extended data Figure 5. Plume model results and uncertainty plots. A range of particle settling
speeds (top) and sediment mobilization (bottom) were considered based on the sediment
characteristics measured at the site, to investigate the possible range of deposition patterns. A.
Deposition after sediment from upper 7 cm and 10 % furrow area of Archimedes screws
resuspended (5.1 kg m™®). B. Deposition after sediment from upper 5 cm and 5 % furrow area of
Archimedes screws resuspended (2.6 kg m=). C. Deposition after sediment from upper 3 cm
and 1 % furrow area of Archimedes screws resuspended (2.31 kg m=). Intermediate deposition
scenario with resuspension from settling velocities of D. 0.1 mms™, E. 1 mm s™and F. 3.5 mm
s”. Coordinates are eastings and northings (meter units) WGS 84 UTM Zone 9 North.
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Extended data Figure 6: A. Mapping of micro-relief over 3 photogrammetric transects in
locations 5-m west and east to the plume and in the control area. B. Zoom on micro-relief maps
showing the presence of elliptic nodules of 5to 10 cm diameter. C. Distribution of micro-relief
values over the digital terrain models (DTM). D. Dispersion of maximum micro-relief per
locations. Boxplots represent median values, upper and lower quartiles and range with outliers
removed. The (n = 180) individual maximum micro-relief values are plotted as points overlying
the boxes.

Overall micro-relief in the control area was higher (average 5.9 mm) than the west and east
plume areas (average 3.8 and 4.7 mm respectively). Maximum micro-relief was significantly
higher in the control (average 24.1 mm) than the east and west plume areas (average 14.4 and
15.3 mm respectively; Kruskal Wallis x?(2)=89.52, df=2, p <0.001, n = 180). Wilcoxon post-hoc
tests further indicated significant differences between the control and both plume locations (p
Bonferonni <e-11, n=120), but not between plume locations.
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Extended data Table 1: Results of statistical tests for environmental parameters quantified in
OMCO collector tracks, plume area and control site. NS = not significant (p > 0.05). NA = Not
applicable. Generalized linear (GLM) statistical models were independently developed using R
(version 4.4.1) to examine whether the variable under investigation (e.g. faunal density) could
be explained using the explanatory variable of disturbance type (categorical, e.g. track, plume
and control). Quasi-Poisson errors were used for count variables, where variance appeared to
be related to the mean. Gaussian errors were used for continuous data and selected after
verifying normality (by visual examination of quantile-quantile plot) and homogeneity of
variance (by visual examination of conditional boxplots). Kruskal-Wallis was used where
variables were not clearly normally distributed. Numbers of observations (n) are indicated in
the comparisons column. Note very low replication (n = 2) in microbial carbon uptake and
biomass, where tests should be treated with caution. All measurements were made from
distinct samples.

Variable Units Comparison Test and Test Degrees | P Significant
Generalised statistic of value pairwise
Linear Model | (Chi- freedom | (two- differences and
Error type squared) sided) | test name
Meiofaunal Numbers Track (n=6), GLM Quasi- 2.36 2 NS NA. Note that
foraminifera per cm? plume (n=6) Poisson (0.31) there is a
seafloor and control significant
(n=6) difference (Test
stat. =4.26, d.f. =
1, p <0.05)
between the track
and control if the
plume data are
omitted from the
test.
Sediment- Numbers Disturbed GLM Quasi- 1.19 1 NS NA
dwelling per m? (n=13) and Poisson (0.27)
macrofauna seafloor control (n=6)
Nodule-dwelling Numbers Disturbed GLM Quasi- 0.03 1 NS NA
macrofauna per m? (n=13) and Poisson (0.87)
seafloor control (n=6)
Megafaunal-sized | Numbers Track (n=4), GLM Quasi- 41.05 2 < Plume vs track
xenophyophores per m? plume (n=4) Poisson 0.001 and control vs
seafloor and control track (Tukey)
(n=4)
Megafaunal Numbers Track (n=4), GLM Quasi- 191.74 3 < All except control
density per m? plume (n=4), Poisson 0.001 vs pre (Tukey)
seafloor control (n=4)
and pre-
disturbance
(n=4)
Sediment Total % Track (n=18), GLM 10.30 2 <0.01 Plume vs track
Organic Carbon plume (n=9) Gaussian and control vs
and control track (Tukey)
(n=10)
Sediment Total % Track (n=18), GLM 8.95 2 <0.05 | Plume vs track
Nitrogen plume (n=9) Gaussian (Tukey)
and control
(n=10)
Carbon uptake ma C m?2 Inside (n=2) Kruskal- 2.40 1 NS NA
d_? and outside Wallis (0.12)
tracks (n=2)
Microbial biomass Inside (n=2) Kruskal- 0.60 1 NS NA
mg C m? and outside Wallis (0.44)
tracks (n=2)
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