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Deep-sea polymetallic nodule mining is in the exploration phase at present with some
groups proposing amove 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 recolonization. The long-term effects seen in our study provide critical data for
effective management of mining activities, if they occur, including minimizing direct

impacts and setting aside an effective network of protected areas*”.

Recent rapid growth in exploration for polymetallic nodule deposits
is raising societal awareness of deep-sea mining®. More than 21 billion
tonnes of nodules, potato-sized mineral aggregations rich in critical
metals such as cobalt and nickel, are estimated to lie on the abyssal
seabed of the Clarion-Clipperton Zone (CCZ, North Pacific)’. However,
Pacific nodulefields also sustain highly specialized animal and micro-
bial communities with low abundance and biomass, but high species
diversity compared to other deep-sea sedimented communities®™
with most of the species still undescribed™. Falling beyond national
jurisdiction, the seafloor mineral resources of the CCZ are regulated by
thelInternational Seabed Authority, whichis at present developing the
legal, financial and environmental framework to underpinany potential
full commercial exploitation, ifit 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 (for example, roughly 400 km? yr™ 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 effects on the seabed surface and habitat in the
path of collector vehicles, including mechanical disturbance, hard
substratum habitat removal and sediment compaction. It will gener-
ate sediment plumes in the water column that can redeposit beyond
mined areas’ causing biogeochemical alterations of the sediment and
increased water turbidity at scales that could have significantimpacts
on ecosystems*', Recent estimates suggest plume redeposition could
expand the visible seabed footprint several kilometres beyond the
extent of test mining operations'”®, Over the multi-decadal life of a
single operation, impacts from direct disturbance and plumes could
extend over hundreds of square kilometres™ and cumulative impacts of
many 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 effectsis 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*.
Inthis study, we define ‘recovery’ asareturnto the original state of the
ecosystem stated in terms of the parameter assessed, which includes
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Fig.1|Mapsofthe OMCO track area. a, Multibeam bathymetry map overlaid
withinterpreted tracks of mining vehicle (in the photograph, d) and epibenthic
sleds used for nodule collectionin1978.b, Modelled sediment deposition from
plume generated by mining vehicle with central point of mining vehicle track
overlaid (black). ¢, General location of test area (red dot) in the CCZ showing

arange of physical and biological characteristics, such as substratum
compositionand biological abundance. It does notindicate a full return
ofthe ecosystem and its diversity to predisturbance conditions, which
does not always occur in any environment®® 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 focused on
the disturbance and recolonization experiment (DISCOL) in the Peru
Basin, an area considerably less oligotrophic than the CCZ* and at
present not of commercial interest for mining. These studies showed
persistent ecological impacts for some parameters 26 years after dis-
turbance®?* 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®.
Accesstolonger-termrecovery sites, such as those inthe CCZ affected
in the 1970s by seafloor collector tests?, is one of the few approaches
available to help constrain the potential for recovery and timescales
required.
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International Seabed Authority designated Areas of Particular Environmental
Interest (green) and exploration contractareas (grey). Datum WGS 1984 for all
maps. d, Photograph of amining vehicle in the moon pool of the Hughes Glomar
Explorervesselin1979.Scalebar,2 m. Credit: Photoind fromref. 39, reproduced
under a Creative Commonslicence CCBY 4.0.

Here we combine recently discovered archive material from
the Ocean Minerals Company (OMCO) 1979 mining collector test
(including location, engineering details and contemporaneous sea-
floor 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 man-
agement strategies and decision-making for the future of deep-sea
mining.

The OMCOttest (Fig.1) set the blueprint for most modern CCZ opera-
tions: aroughly 10-m wide, self-propelled remotely operated mining
vehicle connected by ariser pipe and pump system to asurface ship”2,
The OMCO collector created three primary types of disturbance:
(1) tracksinthe seafloor made by the Archimedes screws used for pro-
pulsion, (2) removal of sediment and nodules between the screw tracks
by the collectionequipment and (3) a plume of resuspended sediment
released by the action of the collector movement and nodule collection
activities. The test created alooping track disturbing an area of roughly
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0.4 km? (Fig. 1), which was compared to an undisturbed control area
roughly 2 km away (Extended Data Fig. 1).

Collection tracks

Between the two propulsion tracks there was aroughly 4.5-m-wide dis-
turbed area that was passed over by the collector rake, which we refer to
asthecollectiontrack. The physicalimpact visibleinthe OMCO collec-
tiontracksissimilarinappearanceto the collection areaimpacts made
by most modern collection vehicles?. Our observations (Extended Data
Fig.2) indicate that physical changes to the seafloor have been persis-
tent over 44 years. The collectorimpacts vary visually, from complete
collection of allnodulestono apparentimpact onthe structure of the
nodule-covered seafloor (Fig. 2 and Extended Data Fig. 3). Still visible
in 2023, the documented changes were caused during the test and
are linked to hydraulic lifting of the collector rake (the likely cause of
Fig. 2i) 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 (Fig. 2j). In the areas where nodules were removed, the sedi-
ments within the tracks in 2023 had a similar grain size but generally
lower and more variable organic carbon content (Fig. 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
presentinslightly lower, but broadly similar, total densities (numbers
per unitarea) inthe disturbed sitesin 2023 to the undisturbed control
site (Fig. 3, Extended Data Fig.1and Extended Data Table 1). Note that
the disturbed macrofaunal samples include both the collection track
and areaimmediately adjacent, so our sampling may underestimate the
impacts on the track. However, our results correspond with evidence
from the more eutrophic DISCOL site, 4,760 kmto the south-east of the
OMCOsite, where sediment-dwelling macrofaunahad largely recovered
to predisturbance densities in disturbed areas after 7 years (ref. 25).
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 com-
plete removal of nodules would probably lead to further reductions
innodule-dwelling faunal density in the tracks.

The collection tracks and propulsion tracks both had abundant
xenophyophores 44 years after the test (Fig. 3; primarily an unde-
scribed reticulated spherical species with maximum densities of
roughly eight individuals per m?) that had colonized even the most
visibly disturbed areas of the tracks. These xenophyophores reached
sizes of more than 50 mmin diameter and appear to be the first sessile
megafaunal-sized organisms recolonizing the mining track distur-
banceinthis 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 min-
ing tracks here may mimic natural disturbance events in the deep
ocean associated with extreme sedimentation, for example ash falls*,
which are also colonized by xenophyophores. Despite the presence of
new colonizers in 2023, the overall xenophyophore assemblage was
reduced in density in the track areas compared with elsewhere, as
severalmorphotypes commonincontrol areas were presentin much
lower numbers in the tracks.

Inareas of the seafloor visibly disturbed by the collector there were
very few sessile megafaunal metazoans presentin 2023, despite these
being regularly observedin the controlareain2023 andin1978, before
disturbance. Two large (greater than 100 mm) hexactinellid sponges
were observed on the collection tracks in 2023, but both were living

onnodulesthatappear tohavebeen undisturbedin1979 as the collec-
tor 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 less than 0.1 individuals per m?) and significantly
different from controlareas (mean 0.33 individuals per m?) and precol-
lectiontest (mean 0.28 individuals per m% Fig. 3, Supplementary Data1l
and Extended Data Table1).

Our data indicate that microbial biomass was similar inside and
outside the tracks in 2023 (mean 92 mg C m™ (range 32-154) inside
versus 52 mg C m2outside (range 28-77)). Initial estimates suggest
total carbon assimilation was considerably higher on the track (mean
0.032 mg C m2day (range 0.026-0.038)) but not statistically dif-
ferent from outside (mean 0.012 mg C m2day™ (range 0.011-0.014);
probably because of the low replication, n=2).

Vehicle propulsion tracks

The tracks are very similar in physical appearance between 1979 and
2023 (Fig. 2), whichis also observed in other long-term abyssal distur-
bance experiments® and related to low abyssal sedimentation rates
(1.5-11 mm kyr™)**. The propulsion created furrows in the seafloor
observed to be 0.2-0.8 m deep and 1-3 m wide in 2023 (Extended
Data Fig. 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 min 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 col-
lection vehicles'”**. The OMCO vehicle propulsion tracks appear
to trap particulate material in some areas, with visible accumula-
tions 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 distinctinvertebrate megafaunal
community in 2023 based on image data, composed of only 35 taxa
from three phyla (20 echinoderms, nine cnidarians and six arthro-
pods) and five bony fish morphotypes, compared with undisturbed
locations also surveyed in2023 (total 76 taxa from nine phyla, particu-
larly echinoderms, cnidarians and poriferans). The propulsion track
assemblage in 2023 was largely dominated by P. 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 five taxa were aggregated in the tracks
in 2023 (Fig. 2g), particularly Elpidiidae sp. indet. and Actiniaria fam.
indet., potentially benefiting from enhanced organic material patch-
ily deposited across the track®. A few specimens of the sessile black
coral Schizopathes affinis sp. inc. longer than 50 mm were observed
growing directly on sedimentin the middle of the track 44 years after
disturbance. Most nodules were removed, probably through displace-
ment or burial, but a few of the remaining nodules were populated
in 2023 by two anemone species that were common in non-affected
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 Fig. 1). This
shift in propulsion track assemblage community structure since dis-
turbance, with low richness and high dominance, is consistent with a
classic disturbance and organic enrichment scenario®, alocal pattern
not yet seen in other areas of the CCZ'°. The potential organic enrich-
ment found in these experimental test tracks is unlikely to be as obvi-
ous with the more extensive track formation in a future exploitation
scenario. First, collector propulsion at present appears to be favouring
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Fig.2|Images of the tracks made by the 1979 OMCO mining test takenin
2023 unlessstated otherwise. a, Typical photograph of undisturbed seabed
atthe controlsite. b, Still frame from avideo of track taken from the seabed
collectorin1979. ¢, Typical view of collector track in2023, note the low collection
efficiency of nodulesinthe central area.d, Area of track with complete removal
ofnodulesinthe centreand deeper propulsiontracks eitherside. e, Hexactinellid
spongeinthe collector track.Spongeintheblackcircleis roughly 270 mmin
height.f, Xenophyophores (in the black circle, each20-50 mmin diameter)
growinginthetrack.g, Aggregation of Elpidiid holothurians, anemones and
particulate organic matterin the propulsiontrack. h, Areaimmediately adjacent
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tothetracks (tracks visible in the background) showing typical nodule densities
inareamodelled to have been affected by the plume. i, Image showing anabrupt
changein the nodule collection, probably caused by raising the collector rake.
Jj, Epibenthicsled track, probably from 1978, made near the mining collector
track. Notescale varies with perspective and eachimage was taken in adifferent
locationso has adifferent scale. Minor processing of colour balance has been
applied toimages to correct for differential absorption of lightin water.
Followingimageintegrity standards, corrections have been applied equally
acrosstheentireimage and are applied equally to control conditions. Scale
bars,0.5m (a-d,h,i),0.1m(e-g,j).




Fig.3|Response of key parametersin 2023 to OMCO disturbance at the
track centre (vermillion), plume (roughly 10 m away from track, sky blue),
control (roughly 2km away from track, green) and predisturbance data
from1978 (dark blue). These include megafauna and xenophyophores (both
greater than 20 mm) determined from photographictransects (n =4 transects
per treatment, covering a total of 5,963 m?). Meiofaunal foraminifera from the
surface sediments (n = 6 cores per treatment). Mean grain size in the surface
(top 10 mm) sediments (n =4 cores total). Total organic carbon (TOC) and total
nitrogen inthesurface (top 5 mm) sediments (n=38 cores total). Sediment and
nodule macrofaunal samples (n = 6 cores control, n =13 cores disturbed) from

tracked design, which will not cause such deep propulsion tracks. Sec-
ond, the available organic material will be spread between all depres-
sionsin the area, meaning that each gets a smaller amount with many

disturbances.
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the upper150 mm of the sediment. Note for macrofaunal samples some of
theboxcorelocations could notbe located accurately enough to determine
whether theylanded onthetrack or plumeareaso thosein the track areawere
classified as disturbed (grey). Box plots represent median values, upper and
lower quartiles and range with outliers removed. Actual data points are plotted
asblackcircles. Results from the vehicle propulsion tracks were only available
for megafaunasowere notincluded on this figure. Note cartoons of disturbance
regimesarenottoscale. Alldatausedinthisfigure are availablein Supplementary
Datal.

Plume area

Obvious clouds of sediment were observed in the underwater video
obtained fromthe collectorin1979 but no quantitative measurements
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were made. The local deposition pattern of the sediment plume caused
by the operations of the OMCO collector was estimated froma turbidity
current model similar to that validated by observations”. For the typi-
cal scenario, the model results (Fig. 1) predict deposition thicknesses
ranging from O to 10 mm over a distance of tens of metres away from
the tracks (for the range, see Extended Data Fig. 5). The highest depo-
sition 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 fromany other
areas outside the track. If we assume that this area would have been
covered by resuspended sediments froma plume, theninthe 44 years
since the test the sediments have either beenredistributed in the sedi-
ment surrounding the nodules or laterally dispersed, potentially dur-
ingincreased current events® or by bioturbation®. Photogrammetric
assessment of the 3D nodule surface suggests that there has been sig-
nificant sediment infill (up to around 10 mm) between the nodules
in the area adjacent to the tracks (less than 10 m) compared with the
control area (Extended Data Fig. 6). The plume area had similar levels
of surface organic material to the control area samples (total organic
carbonandtotal nitrogenin dry sediment; Fig.3). The plume area had
elevated densities of megafaunain2023, particularly bryozoans (largely
Cyclostomatidafam.indet.) and echinoderms (ophiuroids, echinoids
and holothurians) compared with both the track and control areas
(Fig.3).

Background environment

The near-seabed oceanographic conditions are similar between the
OMCO test and control areas, with typical CCZ temperature (1.48 °C
insitu), 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 Acoustic Doppler
Current Profiler (ADCP) profiles 8 mabove the seabed: 40 +13 mms™,
direction170 * 81° was parallel the isobath and roughly aligned with the
track orientation). No comparable dataare available from1979. Nodules
in the collector area were abundant (from 14 boxcore samples, mean
155 nodules per m?and 18.6 kg nodules per m?, counts of 542 nodules)
andrelatively large (largest dimension, mean 72 + 19 mms.d.; maximum
observed 152 mm) ranges comparable to other exploration areas within
the CCZ*®. Most nodules were found at the sediment surface. There are
no obvious differencesin nodule appearance between the 1978 photos
and the observations in 2023. Natural sedimentation rates across the
CCZarelow (1.5-11.5 mm kyr™)*,

Conclusions

Thisstudy is one of the few studies on the impacts caused by an abyssal
polymetallic-nodule-mining collector vehicle, and representsalong
duration study to determine the extent of recovery from mining dis-
turbanceinthe CCZ. Theareal extent of disturbance inthe OMCO test
was small relative to a commercial scale mine, with limited distance
travelled by the collector and areas with incomplete nodule collec-
tion. 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 far 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
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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 depres-
sions 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
areno longer obvious but are detectable in photogrammetric meas-
urements 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 further 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 effects of the collection can be assumed to last for
atleast many decades.
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Methods

Mining test

Between 15 and 18 March 1979 an experimental mining machine was
deployed on asite centred 13° 44’ N126° 13.5' W. The 9-m wide, 14-m
long, 4.5-m high machine*® was lowered to the seafloor at around
4,700 mdeep from the moon pool of the Hughes Glomar Explorer vessel
by extending a steel riser, made up of 60-foot (18-m) pipe sections?.
Thisriser was attached to a150-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 roughly 20 m above and ahead of the mining vehicle.
Whenitlanded on the seafloor, the collector vehicle was used to mine
anunknown 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 0.25-1m ™
(ref. 42). The vehicle was driven around 1 nautical mile (1.85km)ina
roughly northerly direction. It did a180° looped turn and proceeded
southwards, doing some manoeuvrability tests. The vehicle collected
nodules mechanically using arotating seabed rake that picked up nod-
ulesand transferred them by using 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
theriser pipe string to the surface vessel using an airlift, electric pump
and pressurized water system”®, On at least one occasion, the nodules
formed ablockage 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 along
baseline acoustic array, informed by eight transponder beacons around
thesite. Thearray provided good relative navigation: absolute naviga-
tion was provided by an early satellite navigation system. The location
ofthe test estimated at the time was accurate to within roughly 500 m
of the known modern position.

Predisturbance photography

Photographs were obtained of the seafloor in the area of the collec-
tor 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 35 mm film camera, mounted verti-
cally onatowed frame. Height above the seabed was determined with
aBenthos Model 211 altimeter and recorded on each photographic
frame. Images in which seafloor was visible were collected at altitudes
ranging from 0.6 to 9 m. Only images collected at altitudes less than
3.5 mwereincludedinthe analysis as this allowed reliable detection of
megafaunal specimens larger than 20 mm. Overlapping images were
removed through manual inspection (leaving a total of 1,929 images
that could be analysed, available from ref. 44). Although 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 Data1for metadata, datasummary and full data). The
expeditionwas centred onthe area of the 1979 collector test. Thisarea
isnot within any of the current International Seabed Authority explo-
ration contract areas but is located 1-3 km south of the central of the
three areas now contracted to the Cook Islands Investment Corpora-
tion. Four treatment classes were chosen for assessmentin2023, each
expected to have a different type of disturbance during the OMCO
test: (1) collection tracks, 4.5-m wide areas effectively mined by the
collector rake with evident mechanical disturbance, flat surface and
nodule depleted; (2) vehicle propulsion tracks, 0.2-0.8-m deep and

up to2-m-wide parallel furrows each side of the collection tracks with
severe mechanical disturbance still evident, concave-shaped and very
fewnodules visible; (3) plume areas, adjacent (5-10 m) to vehicle tracks,
with no apparent disturbance, mostly flat and harbouring high nodule
abundance and (4) the control site, which assumed the non-affected
arealocated roughly 2 kmeast from the OMCO test areabut 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 Scor-
pioand National Oceanography Centre (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
ROV /SIS.ROV relative navigation used RDINavigator 300 kHzbottom
tracking Doppler velocity log (DVL). Lowered gear was equipped with
aSonardyne Ranger2 Ultra-Short Baseline (USBL) acoustic beacon to
ensure accurate positioning. ROV multibeam echosounder data were
recordedin PDS2000 and processed using Qimerav.2.4.3. USBL posi-
tions were updated with DVL navigation and tidal corrections were
applied. Multibeam echosounder backscatter processing was carried
outinFMGTv.7.10.1, based onthe processed bathymetry files. Further
navigational adjustments to compensate for DVL drift were appliedin
ArcMap v.10.6, where final merged grids were created.

Sediment samples were obtained with a50 x 50 cm USNEL Boxcore
(n=19)%, Bowers and Connelly Megacore (n=8;100-mm-diameter
tubes), ROV push cores (n >38; 55 mm diameter) and a 5-mgravity core
(n=6;70 mm diameter) 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
collectionwith the ROV. Fishes were sampled using a fish trap lander*®.

Boxcores provided quantitative samples of nodule and sediment
macrofauna. The boxcore was equipped witha USBL positioning beacon
and every effort was made to precisely target specific features. The posi-
tion of some boxcoresrelative 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 whether eachboxcore had landed within the collector track.
Asaresult, we grouped together all samples that were obtained within
10 mfromthetrack as being ‘disturbed’ and compared them to control
conditions. This was a different approach from 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 faunawere extracted from
the upper100 mmof'sediment fromthe entire core and overlying water
bysieving througha300-umsieve with cold filtered seawater.A15 x 15-cm
subcore was taken andsliced intwo layers, 0-20 and 20-50 mm, before
being sieved through a 300-um sieve, live sorted, photographed and
preserved individually in 80% non-denatured ethanol. Allremaining sedi-
mentintheboxcorewasslicedin0-20,20-50 and 50-100-mm layers and
sieved on 300-umsieves, before being bulk fixed in100% non-denatured
ethanol”. For the quantitative analysis, all data from the 15 x 15-cm sub-
corewere combined with the mainsample. Individuals wereidentified to
phylum levelfor this analysis. Arthropods and annelids were only counted
ifthe head was present, and echinoderms only if the oral disc was present.
For the macrofaunal densities, the numbers of organisms in the whole
boxcorewere presented (adding the live sort numbers to those counted
fromtherest ofthe core). Any nodule-dwelling faunarecoveredin any of
the sediment layers were excluded fromboth the sediment and nodule
faunaanalyses toavoidinconsistency. For the sediment macrofauna, any
pelagic (for example, chaetognaths, appendicularians, ctenophores)
or meiofauna (for example, halicarids, ostracods and copepods) were
excluded from the analyses.



Meiofaunal foraminifera were sampled using ROV push cores to ena-
ble precise samplinginthe collection track, plume area and the control
site. For meiofaunal foraminifera assessment, cores were extruded on
board at10-mmintervals 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 differ-
entiated as live or dead using a Leica M205¢ 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 experimentsin2023.
Fourbenthicincubationchamberswere deployed: two onthe track and
two roughly 20 m away on sediment with no visible disturbance. The
off-track samples were within the area expected to have been affected
by the plume. A total of 0.2 g of isotope-labelled Phaeodactylum tri-
cornutum (grown in media with 25%>*C and ®N) was injected into each
chamber. After roughly 70 h, the incubation chambers were removed
and ROV push cores were used to sample the sedimentsin theimprint
(n=3perchamber). 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 (I1C;s,,) following standard methods for extraction and pro-
cessing*®. These used an average fraction-specific bacterial to phos-
pholipid fatty acid (PLFA) ratio encountered in sediment dominated
by bacteria (0.017). The *C assimilation values (mg *C m) for bacte-
ria were then converted to daily C assimilation rates (mg C m~day™)
by accounting for the fractional abundance of *C in the added algae
(3.9 atom%) as follows: (C assimilation = ®*Cincorporated (mg *C m)/
fractional abundance of ®*C in algae)/2.8.

Assessment of total nitrogen, total carbon and total organic carbon
was done from the top 5 mm of sediment megacores and ROV push
cores. These coresweresliced, storedin foil lined Petri dishes and frozen
(=20 °C).Inthelaboratory sediments were lyophilized and homog-
enized before analyses. Samples were analysed following acid vapour
treatment (HCI; 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 that
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 Cand N.

Sedimentgrain size was measured by laser diffraction (Malvern Mas-
tersizer) following the same approach as ref. 49.

Measurements and samples of the water column were made using
a CTD Rosette with 24 10-1 Niskin Bottles, the Seabird SBE 9plus CTD
Unitand RDI300 kHz lowered ADCP.

Plume modelling

A turbidity current box model with settling®® was used to calculate
plume deposition on the basis of the operational parameters of the
OMCO test and the results of studiesinto gravity currents from moving
sources™. A range of particle settling speeds and sediment mobiliza-
tion 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 scenar-
ios were considered. These corresponded to the upper 3,5and 7 cm
ofthe seabed being resuspended by the rake along with 1, 5and 10% of
the furrow area created by the Archimedes screws, to cover a range of
potential scenarios. This equated to discharge concentrations of2.31,
2.6 and 5.1kg m™. 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 .. The results presented (Fig. 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 Fig. 5) and so the
intermediate scenario was considered areasonable representation.

Photography and track assessmentin2023

Scalable, high-resolution image and video transects of the seafloor
were obtained using several camera systems mounted on the ROV /S/S
across the OMCO test and control areas (Extended Data Figs. 1-3).
Vertically facing photographs were collected using a Grasshopper2
GS2-GE-50S5C camerainthe collectiontracks, plume area and control
site®*while high-definition oblique video transects were collected using
aSuper-SCORPIO HDR-CX560V camerato characterize the community
within vehicle propulsion tracks®. Allimage and video data were col-
lected at a target altitude of 2.5 m above the seabed.

Image processing

Overlappingseabed areas surveyed during the two ROV imaging sur-
veys were removed from analyses, based on USBL and DVL navigation
data, so faunal counts were not repeated. Overlapping areas of still
and videoimages were checked before 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 collec-
tion tracks where nodules had been cleared were used to calculate
‘Track’ densities. Megafauna specimens larger than 20 mm could be
consistently detected and were counted in both still image sets and
videos. These were counted, measured and identified using BIIGLE
v.2.0 software* from both the precollection 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 Standardized Megafauna Atlas v.1. (APSMA, available in ref.
55). The APSMA catalogue follows open nomenclature® to report
the taxonomic resolution reachedin each taxon but allmorphotypes
identified from the catalogue were deemed as sufficiently different
by taxonomic experts to be confidently considered separate species.
Taxalivingin aclosed shell or tube (for example, most polychaetes)
were excluded fromanalysis asitis not possible to determine whether
these are alive from imagery data. Image annotations were quality
controlled by random checks of previously annotated images and
several checks for consistency of identifications were made using
the Label Review Grid Overview tool. Sample units were composed
of images randomly selected without replacement until a consis-
tent seabed area was reached (1,200 m?, equating to roughly 1,060
images).

Photogrammetry

Toevaluate whether plume deposition could reduce nodule elevation,
micro-relief differences weretestedinthe control,and 5 mtotheeastand
west of the tracks. For eachlocation, threerandomsets of 100 consecu-
tiveimages were selected to produce replicates of 10-m seabed portions
with 3D photogrammetric models of the seabed (millimetre resolution,
Agisoft Metashape, v.2.0.1). Models were scaled with navigation, alti-
tude and attitude of the ROV. For each model, acentimetre-resolution
georeferenced digital terrain model (DTM) was imported in R as ras-
ter. Local standard deviation of bathymetry (that is, micro-relief)
was calculated with a moving window of 9 x 9 cm? (that is, roughly
the area of a single nodule) using the function adjSD (package Multi-
scaleDTM, v.0.8.3, ref. 57; Extended Data Fig. 6a,b). For each transect,
DTM micro-relief was randomly binned into 20 subsamples per tran-
sect 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 differ-
ences among locations were tested with non-parametric Kruskal-Wallis
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and post hoc Wilcoxon tests. Micro-relief may be associated with plume
material discharged by the OMCO collector (shown asref.39in Fig.1).

Inclusion and ethics statement

All collaborators of this study fulfilling the criteria for authorship
required by Nature Portfolio journals have been included as authors,
astheir participation was essential for the design and implementation
of the study. This work was carried out in the Area, beyond national
jurisdiction, and has no clear local partners. Local and regional research
relevant to our study was takeninto account in citations.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datagenerated for this study are available inthe Supplementary Infor-
mation. The images of the seafloor used for analysis are available at
https://doi.org/10.5285/2392b266-126b-db3f-e063-7086abc0fe00 (ref.
52,images taken in 2023) and https://doi.org/10.5285/27e550f2-81ff-
6bf8-e063-7086abc04f4f (ref. 44, images takenin the 1970s). Highlight
images from the expedition, including many views of the seafloor,
tracks and fauna are provided at https://doi.org/10.5285/2e5a5010-
4abd-2beb-e063-7086abc0bl59 (ref.58). The APSMA image-based tax-
onomical catalogue used in the identification of organismsin this study
isavailable at Zenodo (https://doi.org/10.5281/zenodo.7765164)%. Data
handling and analyses were implemented using standard methods,
software tools and functions detailed in the Methods.
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Extended DataFig.1|Map of study areashowing tracks and control area.
Top: ROV and shipboard multibeam bathymetry map withinterpreted miner
and epibenthicsled tracks. Bottom: Shipboard bathymetry map overlaid with
multibeam backscatter from ROV survey, clearly showing the mining vehicle
and epibenthicsled tracks. Positionin degrees minutes seconds (WGS84).
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Extended DataFig.2|Map of tracks and control areashowing the samples obtained for this study. Sample typesindicated on thelegend. Full details of each
sampleareinthe supplementary data. The yellow points represent the location of ROVimagery transects. Positionin decimal degrees (WGS84).



Extended DataFig. 3 | Photomosaic of track. Oblique view of 3-dimensional
model.
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Figure shows two collector tracks separated by approximately 60 m.
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the controlarea. B.Zoomon micro-relief maps showing the presence of elliptic
nodules of 5to10 cm diameter. C. Distribution of micro-relief values over the
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control areawas higher (average 5.9 mm) than the west and east plume areas
(average 3.8 and 4.7 mmrespectively). Maximum micro-relief was significantly
higherinthecontrol (average 24.1 mm) than the eastand west plume areas
(average 14.4 and 15.3 mmrespectively; Kruskal Wallis x*(2) = 89.52, df=2,

p <0.001, n=180). Wilcoxon post-hoc tests further indicated significant
differences between the controland both plume locations (p Bonferonni<e-11,
n=120), but not between plume locations.



Extended Data Table 1| Results of statistical tests for environmental parameters quantified in OMCO collector tracks, plume
area and control site

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 (GLM
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 mg C m2 Inside (n=2) Kruskal- 2.40 1 NS NA
¢ and outside Wallis (0.12)
tracks (n=2)
Microbial biomass Inside (n=2) Kruskal- 0.60 1 NS NA
mg C m™2 and outside Wallis (0.44)
tracks (n=2)

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.
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The study collected quantitative data from a site disturbed by a mining vehicle in 1979, 44 year prior to the expedition. There were
up to five treatment factors used: 1) “collection tracks” on the vehicle track, 2) “propulsion tracks” impacted by the vehicle
propulsion system, 3) “plume areas” adjacent to the track which were assumed from plume models to be impacted by sedimentation
disturbance, 4) a “control” site ~2 km east from the OMCO test area, and 5) “pre-disturbance” obtained prior to the mining vehicle
test. The number of sampling units obtained was variable depending on the analysis, but ranged between 3 and 12 for each
treatment, except for the carbon uptake measurements (n = 2).

For faunal samples, the research samples consisted of all animals within a set size fraction: megafauna (>10mm) and macrofauna
(>300 um). These are commonly used and standard groups used in deep-water studies and recognised by the International Seabed
Authority.

The size of sampling units was set based on standard practice for macrofauna (a 0.25m?2 boxcore; e.g. DOI: 10.3390/jmse4010002)
and based on sampling unit size evaluation (e.g. DOI: 10.1016/j.pocean.2018.11.003) for photographic samples of megafauna.
Sediment samples were obtained using standard approaches.

Data were collected on a seagoing expedition on the Research Vessel James Cook. A range of methods were used for data collection,
including remotely operated vehicles and sediment samplers as detailed in the paper. BF, ESL and LVA analysed images and provided
megafaunal data with input from BOM, AG and DJ. BA, CB, GBC, LK, ES and AG analysed macrofaunal data. SB, LM and RJ analysed
the sediment biogeochemistry data. CW, TLB and VH collected and processed seafloor acoustic data. AS collected and analysed
microbial data. LM and SE collected and processed water samples. AD and DA analysed physical oceanography data.

All data were obtained within 10 km of the mining collector test site centred 13°44’N 126°13.5’W. Samples, imagery and other data
were collected during RRS James Cook expedition JC241 between 14 February and 12 March 2023. Photographs were also obtained
in the area of the collector test during three cruises of the RV Governor Ray 31. Two cruises were carried out before the test (June
1978: GR7801; November 1978: GR7804) and one after (October 1979: GR7904).

No data were excluded from analysis.
The original dataset generated and used to run the analyses is provided as supplementary material, the software and standard code
functions used are all open-sourced, the images used for analysis are publically-accessible and the taxonomic identification catalogue

used to standardize specimen identifications is available on-line.

Physical samples were obtained at randomised positions within each treatment area. Photographic data were collected over wider
areas and randomly subsampled to create sampling units used for analysis.
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Blinding minimize potential observer-bias. Several spatially-blind reviews were conducted to the whole dataset to ensure a robust taxonomic
alignment between data from different sites, consisting in side-by side visualization of all specimens classified under the same
catalogue label using the ‘Label Review Grid Overview’ tool in BIIGLE 2.0.
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Field conditions The near-seabed oceanographic conditions are similar between the OMCO test and control areas, with typical Clarion Clipperton
Zone (CCZ) seabed temperature (1.48°C in situ), oxygen (151 umol/kg) and absolute salinity (34.87 g kg-1) and current speeds (mean
velocity from three lowered ADCP profiles 8 m above the seabed: 40 mm/s, direction 170°). Nodules in the collector area were
abundant (from boxcore samples: mean 155 nodules m-2, 18.6 kg nodules m-2) and relatively large (largest dimension: mean 72+ 19
mm S.D., maximum observed 152 mm) but within the range of other exploration areas within the CCZ. Most nodules were found at
the sediment surface. Natural sedimentation rates across the CCZ are low (1.5 — 11.5 mm kyr-1).

Location All data were obtained within 10 km of the collector test site centred 13°44’N 126°13.5'W. Water depth was around 4700 m.

Access & import/export All samples and data were obtained as part of permitted marine scientific research in areas beyond national jurisdiction (the high
seas and seabed beyond the limits of the continental shelf). Appropriate diplomatic clearance was obtained for the expedition
transits. Some areas sampled during the expedition were licenced for deep-sea mining exploration, in all cases the relevant contract
holder was notified prior to the expedition as was the International Seabed Authority. All CITES species obtained during the
expedition were imported into the UK under licence no 627172/01 (Antipatharia) and 627172/02 (Scleractinia) issued by the Animal
and Plant Health Agency, UK on 13 January 2023.

Disturbance Disturbance caused by the study was minimal, with most operations being done using remote sensing. We followed the UK NERC's
Marine Environment Interaction Policy (MEIP). The impact of acoustic data collection was assessed using a NERC Marine
Environmental Mitigation Plan, which included marine mammal observations by trained marine mammal observers prior to start of
data acquisition and soft-start procedures to mitigate potential impacts.
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals No laboratory animals were used in this study

Wild animals The study included the capture of invertebrate organisms (no cephalopods) in the field. Animals were recovered by remotely
operated vehicle or collected with sediment or water samples. Organisms recovered to the ship are killed by the temperature and
pressure change between the seafloor and the surface. Most organisms obtained for this study were small < 10 mm and included
polychaetes, arthropods, bryozoans, echinoderms, molluscs, priapulids and nemerteans. The species, strains and ages of these
animals are not known.

Reporting on sex N/A
Field-collected samples  No laboratory work on field-collected samples was carried out for this study

Ethics oversight No ethical approval or guidance
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