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Seafloor surficial sediment
variability across the abyssal
plains of the central and eastern
pacific ocean
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Abyssal plains lie at water depths of 3,000-6,000 m and account for 84.7% of
the global ocean seafloor. This vast landsystem is believed to be one of the
major reservoirs of biodiversity within the deep-sea. However, it is also one
of the least explored parts of the ocean due to the logistical challenges of
exploring at great depths over vast spatial scales. This work presents the first
results of the Trans-Pacific Transit (TPT), a six-leg expedition that collected
remote imagery and video footage of the seafloor sediments and substrate
habitats of the central and eastern Pacific Ocean. Qualitative analysis of lander
footage revealed that the surficial sediment coverage identified during the TPT
survey is dominated by calcareous sediments, clays, and radiolarian sediments.
The spatial distribution of these sediments is mostly consistent with previously
suggested predictive distribution models. In comparison, polymetallic nodules
are more pervasive across the Pacific Ocean than previously suggested. Several
previously unknown nodule sites have been identified and are predominantly
located in the clay-dominated seafloor of the North Pacific Ocean. Some of the
newly identified nodule fields are located between 0 and 15° S in the proximity
of French Polynesia. All identified nodule sites within the TPT dataset coincide
with reduced rates of sedimentation and lower levels of surface Chlorophyll-a.
The TPT expedition provides new insights into the seafloor sediment variability
and polymetallic nodule distribution over a vast section of the Pacific Ocean,
representing an unprecedented scale for modern surveys.

KEYWORDS

abyssal plain, polymetallic nodules, pacific ocean, seafloor sediments, freefall landers,
spatial analysis, subsea imaging

01 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1527469
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1527469&domain=pdf&date_stamp=2025-04-18
mailto:dharrison@kelpiegeoscience.com
mailto:dharrison@kelpiegeoscience.com
mailto:devin.harrison@uwa.edu.au
mailto:devin.harrison@uwa.edu.au
https://doi.org/10.3389/feart.2025.1527469
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1527469/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1527469/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1527469/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1527469/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Harrison et al.

Introduction

The abyssal zone (i.e., abyssal plains, abyssal hills and abyssal
mountains) lies between 3,000 and 6,000 m water depth (WD),
accounting for 84.7% of the global ocean of which, abyssal
plains constitute approx. 1 x 107 km? of the global seafloor and
~47% of the Pacific Ocean (Harris et al., 2014). As a result
of their vast spatial coverage, abyssal plains are believed to be
major reservoirs of biodiversity and are one of the least explored
ecosystems (Ramirez-Llodra et al., 2010; Marlow et al., 2022). The
distribution and abundance of living organisms within these abyssal
communities are influenced by key hydrographic parameters,
nutrient concentrations, terrain structure and the composition of
the seafloor (Hannides and Smith, 2003; Danovaro et al., 2010;
Durden et al., 2015; 2020; Kaiser et al., 2024).

Accurately identifying the composition and distribution of
seafloor sediments is crucial to understand the relationship
between the sedimentary record and processes at the sea surface
(Dutkiewicz et al, 2015). It can provide important insights
into the palaeoproductivity of the oceans and validation of
global biogeochemical cycle models (Dutkiewicz et al, 2015).
Furthermore, continued improvement of the quantification of
seafloor sediment composition and distribution, and the links to
observed and modelled oceanographic parameters is vital for the
understanding of deep ocean carbon sink and predicting the impact
of climate change on the ocean environment (Hiineke and Mulder,
2011; Dutkiewicz et al, 2015; Dutkiewicz et al.,, 2016; Diesing,
2020). However, accurate validation of these modelling approaches
remain essential, especially given the relative spatial sparsity of
physical samples.

Geologically recent (e.g., Quaternary, 2.6 Ma to present day)
marine sediments cover approximately 70% of earths surface
and form the substrate of the largest ecosystem and carbon
reservoir on the planet (Dutkiewicz et al., 2015). Typical maps
of the seafloor sediment coverage largely agree on five or six
dominant sediment types, the distribution of clays, the presence
of calcareous oozes and siliceous oozes within ocean basins, and the
dominance of pelagic red clay and lithogenic sediments (Menard,
1964; Berger, 1974; Berger, 1976; Davies and Gorsline, 1976;
Barron and Whitman, 1981; Hiineke and Mulder, 2011; Trujillo
and Thurman, 2014). However, until recently these maps have
remained largely unchanged and improved upon. The advancement
of spatial modelling and machine learning techniques, with
constraints of sediment core/sample datasets (Curators of Marine
2024)
oceanographic observations, have offered new insights into

and  Lacustrine Geological Samples Consortium, and
the spatial coverage of seafloor sediments (Dutkiewicz et al,
2015; Dutkiewicz et al, 2016; Diesing, 2020). Past sediment
classification schemes have suggested up to 80 different sediment
categories (e.g., Kennet, 1982), however more recently these
compositions/lithologies have been simplified to offer a broader
overview that reduces inconsistencies through poor definition and
obsolete sediment classifications (Dutkiewicz et al., 2015).

The global ocean seafloor is predicted to be comprised of 13
lithologies/sediments that can be simplified into five individual
broad sediment categories: (i) Calcareous Sediments; (ii) Clay;
(iii) Diatom QOoze; (iv) Lithified Sediments; and (v) Radiolarian
Ooze (Dutkiewicz et al., 2015; Dutkiewicz et al.,, 2016; Diesing,
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2020). From these maps (Figure 1) it has been observed that
the spatial coverage of seafloor sediments represents more of a
complex patchwork as opposed to vast continuous regions or belts as
demonstrated in earlier work (Dutkiewicz et al., 2015). The coupling
of this predictive seafloor sediment map and oceanographic
and climatic parameters allowed for the understanding of key
relationships between processes at the sea-surface and underlying
seafloor substrate (Dutkiewicz et al., 2015; Dutkiewicz et al,
2016). Bathymetry is considered to be a dominant control in the
distribution of calcareous sediments, clay and lithified sediments,
however, it is not important for siliceous oozes and sediments (e.g.,
radiolarian ooze) which can form at any depth (Dutkiewicz et al.,
2016). Clay dominates the seafloor lithology at depths greater
than 4500 m WD which is inherently linked to the carbonate
compensation depth (CCD), where the rate of calcium carbonate
supply is equal to the rate of dissolution (Dutkiewicz et al,
2015; Dutkiewicz et al., 2016; Woosley, 2016). Whereas calcareous
sediments above the 4500 m limit are more likely to be apparent
and dominant.

Work by Diesing (2020) has produced a far simpler global
seafloor composition map based upon the five dominant lithology
classes (Figure 1). This map is more resemblant of earlier work
(Bershad and Weiss, 1976; Trujillo and Thurman, 2014) and shows
a stark contrast to the complex patchwork of sediment distribution
generated by Dutkiewicz et al. (2015). Utilising a combination
of the seafloor sample database (Dutkiewicz et al.,, 2015) and a
suite of environmental predictors (Tyberghein et al., 2012; Sbrocco
and Barber, 2013; Assis et al., 2018), the predictive map indicates
a dominance of clay and calcareous sediments throughout most
of the global oceans between ~50° N and 50° S (Diesing, 2020),
which is comparable to results identified by Dutkiewicz et al.
(2015), Dutkiewicz et al. (2016). The Pacific Ocean is split with
a dominance of clay in the northern regions and calcareous
sediments dominating the majority of the southern Pacific Ocean.
However, the equatorial and tropical regions of the Pacific are
dominated by an extensive belt of radiolarian sediments, similar to
previous global seafloor sediment maps (e.g., Bershad and Weiss,
19765 Trujillo and Thurman, 2014). However, these predictions still
require validation, as confidence levels in the sediment types vary
considerably, primarily due to the variability of the spatial density
of sediment samples. Furthermore, less dominant sediment types
(i.e., diatom ooze, lithified sediments and radiolarian ooze) may be
less represented by environmental predictors, thus impacting the
accuracy of the seafloor sediment maps (Diesing, 2020).

Alongside the composition of the superficial sediments of the
seafloor, abyssal plains in all major oceans can be characterised
by the presence of polymetallic nodules that are usually identified
on top or just below the surficial sediment layer (Menard, 1964;
Hein et al, 2013; Hein et al, 2020; Hein and Koschinsky,
2014; Hein, 2016; Kuhn et al., 2017; Kuhn and Rithlemann,
2021). Polymetallic nodules, comprising concentric layers around
a nucleus, are known from the sediment-covered abyssal depths
of the Pacific Ocean, such as the Clarion-Clipperton Fracture
Zones, and form either through precipitation from seawater or
pore waters within deep-sea sediments although are commonly
a mix of both genetic types (Menard, 1964; Kuhn et al, 2017;
Hein et al., 2020). The nodules and the soft sediment around them
create a complex and distinct habitat that hosts highly diverse
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FIGURE 1
Predictive maps of seafloor sediment cover for the a region of the Pacific Ocean that encompasses the Trans Pacific Transit. (A) Predictive model
produced by Diesing (2020). (B) Predictive model produced by Dutkiewicz et al. (2015).

communities in the abyss (Vanreusel et al., 2016; Schoening et al.,  this has resulted in a lack of understanding of worldwide
2020; Uhlenkott et al., 2023; Niyazi et al., 2024). occurrence (Dutkiewicz et al., 2020), and even within the Pacific

The majority of the work on nodule occurrence and distribution ~ Ocean, nodule identification is predominately focused in zones
has focused on the abyssal plains of the Pacific Ocean. However,  considered for deep sea mining exploration (Hein et al, 2013;
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2020; Lodge et al., 2014; Wedding et al., 2015; Liu et al., 2024).
The prediction of nodule occurrence has become increasingly
important with the regulation and identification of deep-sea
mining locations and more importantly for quantifying the
ecosystem function and ecological habitat of nodule fields
(Vanreusel et al., 2016; Simon-Lledé et al., 2019; Dutkiewicz et al.,
2020; Stratmann et al., 2021; Uhlenkott et al., 2023).

This study aims to: (i) determine the composition and coverage
of seafloor sediment on the abyssal plains in the central and eastern
Pacific Ocean; (ii) test machine learning derived spatial models
of seafloor sediment composition; and (iii) discuss the occurrence
and distribution of polymetallic nodules. We utilise remotely-sensed
lander-derived observations of the seafloor and spatially concurrent
oceanographic and geological datasets to achieve these aims.

Methods

The Trans-Pacific Transit (TPT) Expedition, a six-leg transit
of the Pacific Ocean onboard R/V Dagon (Figure 2), has provided
remote imagery and video footage of seafloor sediments and habitats
of the central and eastern Pacific Ocean (Jamieson et al., 2024). The
TPT Expedition traversed 20,667 nautical miles between start/end
points of Ensenada (Mexico), Hawaii (USA) and Tahiti (French
Polynesia). Scientific landers were deployed 123 times across 43
survey sites, at depths ranging between 3,600 and 6,800 m (Figure 2;
Supplementary Table SB1), acquiring 900+ hours of video footage of
the abyssal seafloor environment (Jamieson et al., 2024).

Free-fall scientific landers

A fleet of four autonomous free-fall landers were used (named
Omma, Magna, Cranch and Chiro) to obtain video footage
and oceanographic data (Supplementary Table SB1). Landers were
deployed 2 km apart in a triangle shape at each of the 43 sites,
locations where the seafloor slope angle was <4° were preferentially
selected. See supplementary B for detailed specifications and
payload of each lander system deployed during the TPT.

Analysis of lander footage

A selection of three 5-minute clips were extracted from
the video footage collected at each site where available. This
included a clip of the lander touching down on the seafloor, a
clip midway through the observation period and a clip at the
end of the observation as the ballast weight was released. Video
data were analysed to assess the sediment colour, grain size,
presence of polymetallic nodules and bedrock exposure, and any
other interesting characteristics (e.g., xenophyophores, surficial
burrows, etc.). For example, distinctive variations in sediment
colour can be used effectively to identify between clay (ie., pale
brown, brown, orangey-brown) and calcareous sediments (white,
off-white, yellowish-white). Furthermore, qualitative assessment
of grain size (fine-grained vs. coarse-grained) can be used to
identify the presence of either clay/biogenic sediments (fine) or
lithified sediments (coarse). Seafloor features with a large enough
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size were possible to measure quantitatively with the aid of laser
scales attached to the landers. An interpretation of the sediment
type was made based on what was observed in lander footage
and validation based upon comparison against the sediment type
from the nearest sample locations (Supplementary Table SC1) and
predictive seafloor maps. A qualitative assessment of polymetallic
nodule density within the field of view was undertaken if nodules
were present (Supplementary Figure SB1).

Multibeam-derived parameters

R/V Dagon is equipped with a full-ocean depth, hull-mounted
Kongsberg EM 124 multibeam echosounder (MBES) system for
collecting bathymetric and backscatter intensity data. Bathymetric
data were processed by manual editing and automatic spike filtering
techniques in QPS processing software Qimera (version 2.5). A
Digital Bathymetric Model (DBM) with the cell size of 100 m
was generated and uploaded to GIS software for further analysis.
For additional information of the bathymetry system, alongside
collection and processing workflows, see Jamieson et al. (2024).
Derivatives, such as TRI (Terrain Ruggedness Index) and slope
were calculated using in ESRI ArcGIS Pro (version 3.2) using
Raster Functions and Spatial Analyst extension, and were used to
provide additional geomorphological context to the interpretation
of the seafloor substrate. An automated classification of the DBM
using the Geomorphons tool (Jasiewicz and Stepinski, 2013) was
also undertaken in ESRI ArcGIS Pro using the Spatial Analyst
extension. Geomorphons were calculated on the filled and filtered
DBM with a 20 x 20 pixel search window (equivalent to 2 X
2 km) and a flat terrain threshold of <3°. Values were extracted to
understand the morphological characteristics within a buffer radius
of 0.5 km around each lander site location. Topographic derivatives
are included within the compiled dataset (see Supplementary data)
but were mostly excluded from further analysis due to sampling
bias associated to the preferential selection of lander deployment
locations.

Supporting datasets

In order to improve the validation of the video-derived
sediment, bedrock and polymetallic nodule analysis, a number of
supporting geological and oceanographic datasets were collated,
which include: predictive surficial sediment maps; sediment
thickness; seafloor age; average sedimentation rate; nodule
probability; sea surface temperature; chlorophyll; modelled
particulate organic carbon (POC); dissolved oxygen; dissolved
inorganic nutrients (nitrate, phosphate and silicate); interpolated
bottom oxygen measurements; and simulated bottom current speed
fluctuation (expressed as standard deviation).

Predictive seafloor surficial sediment maps were acquired
from Dutkiewicz et al. (2015) and Diesing (2020) and have a
gridded resolution of 0.1-arc-degree and 10 x 10 km, respectively.
Information of the sediment type was extracted from each
predictive grid to compare and validate with analysis from
lander-derived seafloor footage (see Supplementary data). This
was further supplemented with information of seafloor sediment
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Location of the Trans-Pacific Transit (TPT) within the Pacific Ocean. White lines show ship track for the Trans Pacific Transit and black points indicate
the lander deployment sites. Yellow dotted lines indicate the boundary of Pacific Ocean fracture zones (Hartwell et al., 2018). The inset map shows the
individual legs of the Trans Pacific Transit expedition and their related lander deployment sites.

composition gained from the nearest sediment core to each
lander deployment, acquired from the Curators of Marine and
Lacustrine Geological Samples Consortium (2024) database (see
Supplementary data). Sediment core data was utilised to validate
interpretations of sediment cover from lander footage. This was
accomplished by identifying sediment type reported in the core
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and evaluating its confidence to reliably validate the lander
footage as a result of the proximity to the lander deployment
location (see Supplementary Table SC2).

Information of seafloor sediment thickness was extracted
from the GlobSed global 5-arc-minute surface (Straume et al,
2019). The seafloor age was extracted from a global age model
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gridded at a 2-arc-minute resolution (Seton et al., 2020). Average
sedimentation rate (Dutkiewicz et al., 2017) and polymetallic nodule
probability data were acquired from 0.1-arc-degree resolution
surfaces that were accessed through the supplementary data within
Dutkiewicz et al. (2020). Annual average values for sea surface
temperature, Chlorophyll-a, and POC were obtained from the
MODIS satellite database (Ocean Biology Processing Group, 2023).
These values were calculated as annual averages from 2002 to
2022 for each lander deployment, considering radii of 20, 40,
and 80 km. The variation between different radii was minimal
for all three parameters (Supplementary Figures SB3-SB5), so only
the 20 km radius values were used in the analysis. Interpolated
combined measured datasets of surface salinity (Reagan et al.,
2024b), dissolved oxygen (Garcia et al., 2024b) and dissolved
inorganic nutrients (Garcia et al., 2024a) were downloaded from
the World Ocean Atlas (Reagan et al., 2024a) and sampled at 1-arc-
degree grid resolution of the average value for all available years
(i.e. 1955 - 2022). Bottom oxygen data (Seiter et al., 2005) and
bottom current data (Thran et al., 2018) were sampled at 0.1-arc-
degree grid resolution and accessed through the supplementary
data within Dutkiewicz et al. (2020).

All supporting datasets were imported into ArcGIS Pro and
projected in the WGS 84 coordinate system prior to the extraction
of data values to a shapefile containing the location of each
successful lander deployment. Analysis was then performed to
identify relationships between seafloor sediment composition, the
presence of nodules, and related geological and oceanographic
conditions.

Results
Seafloor sediment cover

Overlaying lander deployment locations on predictive deep
sea sediment maps provided an insight into the likely surficial
sediments that could be identified in lander footage (Figure 2).
Predictive maps produced by Diesing, (2020) (Figure 2A) and
Dutkiewicz et al. (2015) (Figure 2B) mostly agree on a dominance
of clay for Legs 1, 4 and 5. The probability of the surficial
sediment being clay for Leg 1, 4 and 5 ranges between 0.4 and 0.8
(Supplementary Figure SC1; Diesing, 2020).

Analysis of video footage from the lander deployments indicates
three generalised surficial sediments; calcareous sediments, clays,
and radiolarian sediments (Figures 3, 4). Interpretation of video
footage indicates clay is the dominant seafloor substrate (e.g.,
80 out of 124 lander locations, Figure4). Seafloor sediments
identified as clay are predominantly present in footage captured
in Legs 1, 4 and 5 (20-35° N), where it was interpreted in 100%
of the lander deployments (Figure 4). However, at lander sites
visited during transits between Hawaii and Tahiti (i.e., legs 2, 3
and 6) this varies considerably with the inclusion of radiolarian
(13.8% of all lander locations) and calcareous (20.3% of all lander
locations) dominated sediments (Figure 4). The spatial distribution
of these sediments generally agrees with predictive maps of
seafloor lithology (Dutkiewicz et al., 2015; Diesing, 2020) and
the closest collected sediment samples (e.g., Curators of Marine
and Lacustrine Geological Samples Consortium, 2024) to the
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However, the
predictive lithology produced by (Diesing, 2020) misinterprets

lander locations (Supplementary Table SC1).
calcareous sediments as radiolarian sediments in multiple
instances (e.g., Figure 1). One lander location is interpreted as
lithified due to the field of view being completely dominated by
a pavement of cemented polymetallic nodules, thus making the
interpretation of surficial sediments untenable.

Sediments interpreted as calcareous are viewed in the lander
footage as pale grey to white in colour and fine-grained (Figure 3).
In the majority of video footage where calcareous sediment is
classified, the seafloor is characterised by extensive burrowing,
lebensspuren and the presence of xenophyophores within the field
of view (Figure 5). Calcareous sediments were identified at a latitude
range of 4.6° S to 6.7° N and where water depths ranged between
4465-4937 m (Figure 6). Calcareous sediments were identified
where average sea surface temperatures are high (26.4-28.4°C),
surface oxygen is low (198.8-201.5mmol m™), and surface
productivity (e.g., Chlorophyll-a) and nutrients (Nitrate, Phosphate
and Silicate) are high (Figure 6; Table 1; Supplementary Table SC2).
Calcareous sediments are also located where there is an increased
sediment thickness (283.03 m average) and sedimentation rate
(0.46 cm ka™! average).

Clay is variable in colour from a pale greyish-brown to a dark
orangey-brown (Figure 3). The clay always appears fine-grained with
a homogenous coverage in the lander imagery. Sites comprising
polymetallic nodules and exposed bedrock are often coincident with
clay substrate, either present as a veneer or matrix on the seafloor.
Identification of clay spans lander deployments that cover the entire
range of water depths (i.e. 3664 — 6746 m), average sea surface
temperature (17.3-28.3°C) and bottom temperature (1.4-1.7°C),
average surface salinity (33.32-35.72 PSS) and bottom salinity
(34.68-34.71 PSS), average surface oxygen (197.6-246.2 mmol m™>)
and bottom oxygen (133.3-187.49 mmol m~>), and average surface
silicate (0.76-3.1 umol L™!), across the entire survey (Figure 6;
Supplementary Table S2). Where clay is observed at the seafloor,
the surface productivity (deduced through average Chlorophyll-
a), and surface nutrients (e.g., Nitrate and Phosphate) are reduced
compared to other key oceanic parameters (Figure 6; Table 1).
Furthermore, there is a statistically significant difference in the
average value of these parameters (i.e., surface productivity
and nutrients) where the seafloor sediments are interpreted
as clay compared to those for the calcareous and radiolarian
sediments (Supplementary Tables SC3 and SC4).

Radiolarian sediments were the most difficult to interpret due
to limited variations in colour or homogeneity of the sediment
cover whilst the lander was stationary on the seafloor. However,
the identification of radiolarian sediments became apparent due to
a variation of the seafloor surface cover before the lander reached
the seafloor and once it left (Figure 7). The sediment cover had a
characteristic mottled pattern with colours varying between light
grey and an orangey/reddish brown prior to the lander settling
on the seafloor (Figure 7). Once the lander settled on the seafloor,
the sediments appeared to be a pale greying brown and very soft,
indicated by the partial burial of the bait arm (Figure 7B). There is
a moderate level of confidence with the interpretation of radiolarian
sediments as their observation in the lander footage is coincident,
and constrained by high probabilities of radiolarian sediments at
the lander sites (Figure 1; Supplementary Figure SC1) combined
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Screenshots of seafloor sediment coverage captured during the trans pacific transit lander deployments. See Figures 1, 2 for lander site locations.

with samples/cores of radiolarian dominated sediments that were in
close proximity to the lander location (Supplementary Table SC1).
Radiolarian sediments are identified where average sea surface
temperatures are at the highest levels (27-28°C) for lander sites
and comparable to the temperature where calcareous sediments are
observed (Figure 6). Furthermore, sites with radiolarian sediments
had the lowest levels of average surface oxygen and these were
statistically different from sites with clay but not sites with
calcareous sediments (Figure 6). Surface productivity and nutrient
concentrations at lander sites characterised by radiolarian sediments
sit within a mid-range between the relatively lower values at sites
where clay is present, and the higher values where the seafloor is
characterised by calcareous sediments (Figure 6).

A number of interesting relationships have also been identified
where there are observations of key oceanic parameters (ie.,
temperature, salinity and oxygen) both at the surface and on
the seafloor. Calcareous and radiolarian sediments generally
show a preferential clustering compared to clay when comparing
temperature, oxygen and salinity (e.g., Figure8). Negative
linear relationships exist when comparing surface and bottom
temperature, bottom salinity and bottom temperature, and
bottom and surface oxygen concentrations (Figures8A, E,F).
Both radiolarian and calcareous sediments are clustered in
locations where surface temperatures are high (26.4-28.4°C)
and bottom temperatures are low (1.35-1.48°C) and show
a statistically significant variation from clay (Figure 8A;
Supplementary Tables SC3, SC4). However, it is worth noting
the increased sample size of the clay observations compared to

other observed seafloor sediment compositions (e.g., Figure 4A).

Frontiers in Earth Science

07

Calcareous and radiolarian sediments are present in locations
where the bottom oxygen is relatively high (170-190 mmol m™)
and surface oxygen is relatively low (200-210 mmol m~), which
is significantly different compared to oxygen concentrations where
clay is found (Figure 8F; Supplementary Tables SC3, SC4). Similarly,
there is clustering of deployments with calcareous sediments at
both higher surface (34.5-35.4; Figure 8) and seafloor salinity
(34.69-34.71) and shows a significant variation when compared to
clay and radiolarian sediments (Supplementary Tables SC3, SC4).
There is a strong positive linear relationship between Chlorophyll-
a and POC (which is expected as POC is calculated from
Chlorophyll-a), with calcareous sediments present at relatively
high concentrations (median Chla: 0.14 and median POC:
49.89, Figure 9; Supplementary Tables SC2 — SC4). Radiolarian
sediments also appear to present with higher concentrations
of Chlorophyll-a and POC, but this relationship is less
pronounced (median Chla: 0.13 and median POC: 48.27,
Figure 9; Supplementary Tables SC2 — SC4). Concentrations of
Chlorophyll-a and POC at the surface are generally low where
clay is present on the seafloor, median values of 0.08 and 30.68,
respectively.

Polymetallic nodule distribution

Analysis of all available lander footage revealed the presence
of nodules in 55% of lander deployments (Figure 10). Most lander
sites and deployments with a positive identification of nodules were
located between 20° - 35° N (Figure 10B). Nodule sizes generally
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range between 2-5 cm (utilising laser scale and the lander bait arms
for scale, e.g., Figure 11) but in some locations are up to 10-15 cm
in length (e.g., TP2_OM3_5400 in Figure 11C). Where nodules are
present, the average nodule probability (Dutkiewicz et al., 2020)
ranges between 0.15 and 0.79 with an average of ~0.48 (Figure 10B).
Nodule identification predominately occurred at lander sites where
the seafloor sediment cover was interpreted as clay (83% of
positive nodule identifications). Approximately 18% (12 out of the
68 lander deployments with nodules) of the lander deployments
with nodules present (6 out of a total of 42 lander sites visited)
are located within fracture zones (Murray, Molokai, Clarion and
Galapagos) (Figure 10). Furthermore, 31% of deployments that
observed nodules are within 100 km of a fracture zone and 60% are
within 200 km. Roughly 28% of lander deployments with nodules in
the footage are associated with the presence of dense nodule fields
(>70% coverage within field of view of lander imagery) (Figure 11).
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Of those dense nodule fields, 68% lie within 200 km of fracture
zones (Murray and Molokai) and are predominately located between
20-35° N latitude (Figure 11) where the surficial sediment cover is
interpreted as clay (e.g., Figure 4). Additionally there is reduction
in values associated to Chlorophyll-a, sediment thickness and
sedimentation rate (Figure 12). The cluster of lander deployments
from Leg 2, 3 and 6 between latitudes of 4° S and 6° N that do not
record the presence of nodules in the lander footage are coincident
with a zone of increased sediment thickness, sedimentation rates
and Chlorophyll-a (Figure 12). Low rates of sedimentation and
sea surface productivity are important for nodule formation or
preservation on the surface of the seafloor (e.g., Dutkiewicz et al.,
2020). Sedimentation rate is suggested to be the most important
of these factors (e.g., Dutkiewicz et al., 2020), however, it is likely
that a greater influence on nodule formation occurs when multiple
parameters are spatially coincident (e.g., Figure 13).
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FIGURE 5
Example of calcareous sediment identified from lander footage. (A) TP2 Site 6 — 4937 m water depth. (B) TP3 Site 3 — 4760 m water depth. See
Figures 1, 2 for lander site locations.
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Boxplots of the values of key oceanic parameters at interpreted seafloor sediment locations. See Supplementary Tables SC3, SC4 for statistical
comparisons of the oceanic variables
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TABLE 1 Interquartile ranges of key oceanic parameters (Figure 6) for identified surficial seafloor sediments. See Supplementary Tables SC3, SC4 for

statistical comparisons of the oceanic variables.

Sediment type

Calcareous sediments Radiolarian sediments

Bathymetry (m) 4576-4816
Sea surface temperature 27.16-27.61
Surface Salinity 34.84-35.31

Surface Oxygen 200.03-200.78
Chlorophyll-a 0.126-0.16
Surface Nitrate 2.65-4.71
Surface Phosphate 0.39-0.54
Surface Silicate 2.31-2.8

TP2 Site 4 (Magna)
Water depth: 4992 m

Touchdown

Xenophyophores
|

/

/

TP6 Site 2 (Omma)
Water depth: 4989 m

Touchdown

FIGURE 7

4936-5424 4991-5190
21.45-25.19 27.04-27.77
34.44-35.2 34.27-34.91

215.60-233.08 200.48-206.88

0.047-0.075 0.087-0.14
0.06-0.12 0.21-2.24
0.09-0.22 0.19-0.36
1.42-2.37 1.1-2.12

TP2 Site 4 (Magna)
Water depth: 4992 m

Post-touchdown

TP6 Site 2 (Omma)
Water depth: 4989 m
Post-touchdown

Example of interpreted radiolarian sediment identified from lander footage. (A) TP2 Site 4 (touchdown) — 4992 m water depth. (B) TP2 Site 4
(post-touchdown) — 4992 m water depth. (C) TP6 Site 2 (touchdown) — 4989 m water depth. (D) TP6 Site 2 (post-touchdown) — 4989 m water depth.

See Figures 1, 2 for lander site locations.

Discussion

Results from this study support the consensus that clay and
calcareous sediments are the most dominant lithologies of seafloor
sediments in the Pacific Ocean abyssal plains (Menard, 1964;
Berger, 1974; Berger, 1976; Bershad and Weiss, 1976; Davies and
Gorsline, 1976; Barron and Whitman, 1981; Bickert, 2009; Hiineke
and Mulder, 2011; Trujillo and Thurman, 2014; Dutkiewicz et al.,
2015; Dutkiewicz et al., 2016; Diesing, 2020). Clay is particularly
dominant in the northern latitudes of the study area and is mostly
seen in lander deployments during the transits between Ensenada
and Hawaii (Legs 1, 4 and 5, Figures 1, 4). Deep sea red clays
are well known to be a residual sediment product formed by
the dissolution of biogenic components (Berger and Winterer,
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1974). However, especially within the Pacific Ocean, the majority
of the deep-sea clay located distal of land masses (100s-1000s of
km’s away) is detrital and has sedimentological compositions (e.g.,
abundances of chlorite, illite, etc.) that suggest deposition through
aeolian processes (Fagel, 2007; Lisitzin, 2011; Dutkiewicz et al.,
2016). It has previously been estimated that deposition of material
through aeolian processes into the global oceans is comparable
to the total fluvial input of sediment (Lisitzin, 2011). The average
depth for the landers deployed in Legs 1, 4 and 5 is 5164 m
WD which corresponds to the understanding that clay lithologies
dominate the seafloor in locations below 4500 m WD (Zeebe,
2012; Dutkiewicz et al,, 2016). Clay can be found at shallower
depths but requires regions that generally have low levels of surface
productivity and low levels of surface salinity (i.e., <33 PSS), such
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as continental margins (Dutkiewicz et al., 2016). Furthermore, clay
sediments are located where surface productivity is significantly
reduced (Figure 6) which enables their preservation because of
reduced production and sedimentation rate of biogenic oozes (e.g.,
calcareous and silicious sediments). Clay can occur in zones of
high surface productivity but relies on the seafloor being below
4500 m WD (average CCD limit) and the plankton population being
dominated by calcareous organisms and not siliceous organisms
(Dutkiewicz et al., 2016).

Calcareous sediments in the central and
eastern pacific ocean

The identification of calcareous sediments to depths exceeding
4900 m (e.g., Figures 5, 6) is one of the most intriguing results
from the sedimentological analysis of the lander footage. Calcareous
sediments in the Pacific Ocean are believed to predominately occur
shallower than 4500 m WD, because of the CCD limit varying
between ~4000-4800 m WD across different regions of the ocean
(Berger et al., 1976; Zeebe, 2012; Sulpis et al., 2018; Simon-
Lledé et al., 2023) (Table 2). Of the lander deployments in which
we identify calcareous sediments, 88% (22 out of 25) are below
the suggested average (4500 m WD) CCD limit (Pilike et al., 2012;
Zeebe, 2012) for the Pacific Ocean and 100% are below the CCD
limit reported for the central equatorial pacific region (e.g., Table 2;
Sulpis et al., 2018). We therefore propose a maximum CCD limit
for the equatorial pacific region of 5000 m WD. The identification
of calcareous sediments up to 5000 m WD is reported in the North
Atlantic Ocean, and is the dominant seafloor sediment type, which
is largely attributed to the presence of the CCD limit at ~5100 m
WD (Broecker, 2008; Dutkiewicz et al., 2016). The identification of
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the calcareous sediments up to 5000 m WD in the equatorial and
tropical zone of the southern Pacific Ocean is most likely attributed
to the influence of the Pacific equatorial upwelling zone (Lyle et al.,
2008; Palike et al., 2012; Zhang et al., 2017) and high productivity
of the eastern Pacific influencing the CCD (Berger and Winterer,
1974). The increase of net primary production of planktonic
carbonate shells in the equatorial upwelling zone can depress the
CCD by ~500m (Johnson et al., 1977; Bickert, 2009), which is
similar to the variation we observe (e.g., Figure 6). All locations of
calcareous sediments identified in this study are coincident with
regions of higher productivity (e.g., increased levels of average
Chlorophyll-a), however the spatial pervasiveness of the effect of the
equatorial upwelling and increased production on CCD is unknown.
Suggestions of enhanced CaCOj burial linked to glacial inception
in Antarctica have also been suggested for the overdeepening of the
CCD within equatorial regions of the Pacific Ocean (Archer, 1996;
Taylor et al., 2023).

Calcareous sediments are observed where the bottom oxygen
values are relatively high and bottom temperatures are relatively
low to all other lander sites (Figure 8). This increased oxygen level
in the equatorial regions of the pacific is likely a factor in the
deeper limit of the CCD and thus presence of calcareous sediments
at the seafloor (Sulpis et al,, 2018; Harris et al., 2023). Bottom
oxygen concentration decreases into the north-east Pacific due
to a lack of deep-water formation, and mixing of bottom waters
with the overlying water masses (Talley, 2007; Talley, 2013). Thus,
influencing a shoaling of the CCD limit (Sulpis et al., 2018; Simon-
Lledo et al.,, 2023). Bottom water controlled variability in oxygen
levels at depth may influence the depth of the CCD as the CO,
concentrations will vary accordingly. For example, enhanced CO,
concentrations within ocean masses can lead to the CCD limit
rising to shallower water depths (Sulpis et al., 2018; Harris et al.,
2023; Simon-Lledo et al., 2023). Increased understanding of the
spatial variation in limits of the CCD across the oceans is critical in
order to quantify any changes as a result of climate-driven increases
in oceanic CO, levels (Sulpis et al., 2018; Harris et al., 2023; Simon-
Lledé et al., 2023). Furthermore, greater comprehension of the
present-day variability of the CCD in the global ocean is a
crucial step to enhance the ability to accurately predict the
seafloor sediment type, which in turn has important implications
for the distribution of marine life and palacoceanographic
reconstructions.

Radiolarian sediments in the central and
eastern pacific ocean

Radiolarian ooze is likely to be more sporadic in the Pacific
Ocean abyssal plains compared to what is predicted by Diesing,
(2020) and reported in previous studies (Menard, 1964; Berger, 1974;
Berger, 1976; Davies and Gorsline, 1976; Barron and Whitman,
1981; Hiineke and Mulder, 2011; Trujillo and Thurman, 2014).
The results presented here are comparable to the predictive
map of Dutkiewicz et al. (2015). However, it is important to
note that it is difficult to confidently identify radiolarian ooze
from the lander footage, especially without a coincident sediment
sampling regime. Though it was possible to distinguish where
calcareous sediments were present rather than the radiolarian
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predicted by Diesing, (2020) (e.g., Figures3, 4). We observe
23 sites characterised by calcareous sediments in the lander
footage where radiolarian ooze was believed to be present (e.g.,
Figure 4D; Diesing, 2020). As previously discussed, this is likely a
result of model forcing increasing the importance of bathymetry
linked to the limit of the CCD. Radiolarian ooze is more
likely to have a spatially sporadic sediment cover that occurs in
localised regions where specific oceanographic conditions are met.
Therefore, contradicting the predictive model proposed by Diesing,
(2020) where radiolarian ooze is identified as the third most
dominant seafloor lithology (~14% of the global ocean seafloor
coverage), instead it is likely to be of the most rare surficial
sediment covers.
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Radiolarian ooze has two discrete communities that differ in
spatial location (e.g., equatorial regions of the Pacific and Indian
oceans, and the Southern Ocean) and controlling oceanographic
variables. Within the equatorial region of the Pacific Ocean,
radiolarian ooze formation is believed to be a product of a sea
surface temperature range between 25-30°C, surface salinity range
of 33-35 PSS, and surface productivity that is relatively low
compared with where calcareous sediment is present on the seafloor
(Dutkiewicz et al, 2016). However, it has also been suggested
that radiolarian ooze occurs where surface productivity is high
(De Wever and Baudin, 1996; De Wever et al., 2001). Where we
interpret radiolarian ooze, there is general agreement with the range
of controlling variables suggested by Dutkiewicz et al. (2016) (e.g.,
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Screengrabs of dense nodule fields observed within the lander footage from the Trans Pacific Transit dataset. (A) TP1 Site 4 — 5568 m water depth. (B)
TP1 Site 7 — 6746 m water depth. (C) TP2 Site 3 — 5197 m water depth. (D) TP3 Site 1 — 4875 m water depth. (E) TP4 Site 3 — 5491 m water depth. (F)
TP5 Site 2 — 4647 m water depth. (G) TP6 Site 6 — 5140 m water depth. See Figures 1, 2 for lander site locations

Figure 6). Furthermore, surface productivity (i.e., Avg. Chlorophyll-
a) is significantly lower at locations where radiolarian sediments
are recorded compared to those dominated by calcareous sediments
(e.g., Figure 6; Supplementary Tables SC3, SC4). This suggests that
radiolarian ooze can be preferentially present on the seafloor
surface at the fringes of higher productive regions. Where surface
productivity is at its highest, however, it is likely that radiolarian
sediments are masked by dominant sedimentation of calcareous
sediments, especially where the CCD is lowered as a result of
equatorial upwelling (Peterson and Prell, 1985; Bickert, 2009).

Polymetallic nodule distribution within the
central and eastern pacific ocean

Most of the positive polymetallic nodule identifications within
the study area are at locations considered unlikely for nodule
formation/preservation (average probability of 0.48), suggesting
predictive models (e.g., Dutkiewicz et al, 2020) of nodule
distribution still require further development. However, to allow
for the improvement of predictive models, an increase in the
understanding of the spatial distribution of nodule fields through the
provision of ground-truth datasets in the global ocean is required, as
opposed to a focus solely on deep-sea mining exploration locations
(Hein etal., 2013; Hein et al., 2020; Lodge et al., 2014; Wedding et al.,
2015). Polymetallic nodules are present in video footage of more
than half of the lander deployments, indicating their commonality
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as a seafloor feature in the Pacific Ocean, particularly in the north-
central (10-40° N) and eastern (120-160° W), and clay-dominated
regions of the Pacific Ocean.

The abundance of nodules on clay-dominated substrates is to
be expected due to the lower rates of sedimentation associated
with seafloors composed of pelagic clay (e.g., Figures 12C, 13).
Nodule formation is known to be controlled by long-term
sedimentation at low rates usually <0.5cm ka™'. The majority
(96%) of positive nodule identifications within this study are
below this 0.5 cm ka™' sedimentation rate threshold value. Lander
deployments in areas above the 0.5 cm ka™! threshold are all located
at the same site (e.g., TPT Leg 5 Site 1) and are considered
nodule fields that have a low density coverage. Furthermore,
the sedimentation rate at TPT Leg 5 Site 1 (i.e. 0.63 cm ka™l,
Figures 2, 13) is only marginally above the threshold value.
Nodule formation occurs more favourably in regions of low
sedimentation as it allows significant exposure time for nodule
growth and development (von Stackelberg, 1987; von Stackelberg
and Beiersdorf, 1991; Glasby et al., 2015; Dutkiewicz et al., 2020).
Furthermore, when sedimentation rates are low, fluxes of manganese
are expected to be increased (von Stackelberg, 1987; von Stackelberg
and Beiersdorf, 1991).

Nodule formation requires oxidising conditions to allow
the formation of the metallic oxides that are key components
of nodule composition (Glasby, 1991; Morgan, 2000). Bottom
oxygen concentrations, therefore, are considered a crucial control
on the presence and preservation of nodules on the seafloor.
Bottom oxygen concentrations at locations where nodules
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have been identified in this study are generally within the
suggested range for nodule occurrence to be successful (i.e. 150
- 210 mmol m~3, Dutkiewicz et al., 2020). However, on average,
oxygen concentrations are higher at lander deployments without

nodules (i.e., ~160 mmol m™

, Figure 13) compared to lander
deployments with a positive identification (i.e., ~173 mmol m~>,
Figure 13). Interestingly, this contradicts recent work which suggests
polymetallic nodules are significant producers of oxygen in the
abyssal plains (Sweetman et al, 2024). Given the variation in
oxygen concentrations at nodule and non-nodule locations recorded

here, if oxygen can be produced at nodule sites it is highly likely
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to be minimal and below background oxygen concentrations.
Alternatively, it is more likely that nodule sites influence the
reduction in rate of oxygen take up, as opposed to its direct
production (e.g., An et al., 2024).

Similar to the conclusions by Dutkiewicz et al. (2020), the
modelled bottom current speed does not appear to be influential
in controlling nodule occurrence, as there is a considerable

range (~2-9cms™

, Figure 13) in the bottom-current speeds.
Furthermore, the variation in modelled bottom current speed
where nodules are not observed are within the range of positive

identifications (e.g., Figure 13). This gives more credence to the
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FIGURE 13
Boxplots of the values of key oceanic parameters for nodule formation (e.g., Dutkiewicz et al., 2020) for positive and negative nodule identifications in
lander deployments for the Trans Pacific Transit.

theory that marine fauna at depth are key to mobilising fine
sediment around nodules to keep them sediment free and promote
nodule growth (von Stackelberg and Beiersdorf, 1991; Glasby, 2006;
Simon-Lledo et al., 2019; Dutkiewicz et al.,, 2020). However, the
ecological activity at these newly identified nodule locations remains
to be analysed. Understanding the interaction of marine life with
polymetallic nodule fields is key to quantifying the importance of
abyssal fauna on nodule presence, growth and preservation.

Conclusion

o The Trans-Pacific Transit Expedition is at an unprecedented
scale for modern surveys-since the Challenger and Galathea
Expeditions—-and has provided a large and spatially extensive
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dataset that can be used to test global predictive models of the
seafloor lithology and polymetallic nodule distribution.

The lander video dataset collected during this expedition
provides new insights into the seafloor variability and
polymetallic nodule distribution over a vast section of the
Pacific Ocean.

Lander deployments and remotely sensed imagery of the
seafloor (e.g., camera drops) can be used as a successful
way of testing and validating predictive models of the deep-
sea seafloor and polymetallic nodule distribution within the
abyssal plains. Whilst there are limitations due to a lack
of coincident sediment samples the video footage provides
enough information to make an informed interpretation
of the broad sediment composition (e.g., clay, calcareous
sediments, lithified sediments, etc.). This can be particularly
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TABLE 2 Carbonate compensation depth (CCD) limits within regions of the Pacific Ocean acquired from (Sulpis et al., 2018). Row highlighted in bold to
indicate comparison between previously reported CCD limits for the central equatorial region of the Pacific Ocean and our coincident observations of

calcareous sediments.

Pacific ocean region CCD limit (m)

‘ TPT calcareous sediment depth range (m)

Ca. 1800s 2002

North

4422 (+£990) 4386 (+293)

Western Equatorial 4671 (+400) 4641 (+£269)

Central Equatorial 4432 (+386) 4412 (+276) 4465-4937
Eastern Equatorial 3,895 (+377) 3,876 (+331)
Southwest 4320 (+308) 4239 (+287)
Southeast 4036 (+195) 3,967 (+308)

useful for the identification of calcareous sediments due to
their distinctive colour and their coincidence with increased
burrowing, lebensspuren and xenophyophore presence.

o We propose that the CCD likely has a depth limit of ~5000 m
WD in the central Pacific equatorial region, evidenced by the
presence of calcareous sediments in excess of 4900 m WD.
This has major implications for predictive models of seafloor
sediment cover that can be used for identifying the dominant
controlling oceanographic and climatic processes, and fed into
studies aimed at understanding seafloor palaeoenvironments.

Polymetallic nodules are more pervasive throughout the
Pacific Ocean than first thought. We identify a number of
previously unknown polymetallic nodule fields. These are
predominantly located in the clay-dominated seafloor of the
North Pacific Ocean, however, there are also a number of
identified fields between 0 and 15° S in the proximity of
French Polynesia. All nodule sites identified in this study
are located where sedimentation rate and surface productivity
are reduced.
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