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Abstract

This project aimed to identify the role nearshore sources of metallics play in the
formation of polymetallic nodules in the abyssal planes of the Western Equatorial Pacific.
Polymetallic nodules also known as ferromanganese nodules are valuable seafloor features that
contain high levels of rare earth metals, of which most notable are manganese and cobalt. The
incentive to mine these nodules for their metallics has increased due to the advancement of
technology, and demand. The site location for this study was within the exclusive economic zone
of the Federated States of Micronesia, and specifically Nam2 Atoll. Three sediment grab samples
were collected and an analysis of the historical undercurrents in the region were conducted. X-
ray fluorescence spectroscopy was performed on the sediment samples. Two locations contained
detectable levels of manganese and one contained cobalt. A particle settling analysis conducted
on the sediment grains using Stokes law, calculated the distance of possible travel using the
historical undercurrent to model the trajectory of the grains. A conservative time needed to reach
the atoll, utilizing only the undercurrents, is 71.2 days. The largest grains were calculated to
settle in 19 days while the smallest could stay suspended for several millennia. This study site
has had evidence of turbidity currents since the Miocene, and by comparing studies it was
determined that a turbidity current from Nam2 could reach approximately 400 km to sites on the
abyssal plain. Thus, via a turbidity current, all grain sizes collected could reach the abyssal
plains. This study suggests that Co-rich/Mn-rich sediment found at Nam2 Atoll within a wide
range of grain sizes, could aid in the formation of polymetallic nodule, (PMN). This would be
made possible through transport via undercurrents for smaller sizes and the effects of a large
sediment gravity flow for larger grain sizes. These findings potentially increase the locations

where mineable amounts of polymetallic nodules could be found globally.



Plain English Summary

Polymetallic nodules are little rocks on the seafloor that take an extremely long time to
form. These rocks are of interest because they contain significant amounts of uncommon and
desirable elements that are normally very hard to extract from the earth. This project aimed to
find out if metallics found on atolls play a role in their formation. To do this, sediment samples
were collected from the study site which was an underwater structure called an atoll. An atoll is
essentially an island that is now underwater. Next, an instrument that uses X-rays was used to
detect the elemental composition of the sediment collected from three places on the study site to
see if it was consistent with what these nodules are typically made up of, specifically cobalt and
manganese. This test found that some of the sediment collected did reflect the correct elemental
composition with trace levels of cobalt and manganese. Second, a calculation based on the
particles characteristics was performed to understand if the grains were small enough to be
transported to the location where these nodules form, known as the abyssal plains. This was
based on the amount of time it takes for these particles to settle and the deep ocean currents
within the area. It was found that only the smaller grain sizes could make it to the abyssal plains
using only the deep currents. However, underwater avalanches also known as turbidity currents
have been common in this area for the past 23 million years and their remnants in this area have
been studied. Knowing this, an analysis of these kinds of avalanches was performed. It was
determined that an atoll of the size in our study, could produce a turbidity current of 400 km
conservatively. This means that the larger grain sizes that would normally not make it to the
abyssal plains could now make it by travelling in a turbidity current. Putting it together, sediment
containing vital elements for nodule formation can make it to their formation site through deep
currents if the grain size is small and through underwater avalanches if large potentially helping
form more of the nodules. All in all, this study suggests that when extrapolated to the global

ocean, these nodules could be found in many more places than originally thought.



Introduction

Background

Polymetallic nodules (PMN) also known as ferromanganese nodules are an amalgamation
of different rare earth elements (REE). They present as stones between <1 to >10 cm in diameter
on the seabed (Belkin, et al. 2021; Hein et al., 2020). PMN were first discovered by the
Challenger expedition in 1872 and were rediscovered in 1878 during the Vega expedition
(Belkin et al., 2021). PMNs are primarily made from manganese, cobalt, iron, and often contain
notable levels of nickel, copper, and titanium (Kuhn et al., 2017). Additionally, the variability in
their composition can differ slightly between ocean basins depending on the dominant source of
the metallics (Valsangkar & Rebello, 2016). Currently, their presence has been well documented
in the Clarion-Clipperton zone, the Cook Islands, and the Central Indian Ocean Basin (CIB)
(Kuhn, et al. 2017).

Over the past century, interest in the nodules has wavered due to their inaccessibility,
often located at depths of 3000 m or more. However, deep sea mining has gained momentum in
the last 30 years as technology has greatly improved (Bath, 1989; Wakefield Myers, 2018). In
2024, a major turn of events occurred in the science world when researchers discovered that
PMNs could possibly be creating dark oxygen through seawater electrolysis (Sweetman et al.,
2024). While this discovery is exceedingly new and has been put under great scrutiny, it made
waves within the greater science community and has renewed interest in PMN formation
(Nakamura, 2024).

PMNs primarily form through the precipitation of sediment and metallics from
hydrothermal and terrestrial sources (Hein et al. 2020; Kuhn et al., 2017). The formation process
of PMNs begins with a core, e.g., a small hard piece of detritus <I to >8 cm in diameter, that the

metallic particles then precipitate on to (Usui et al., 1993). The nucleus allows for layered growth



structures (LGS) of the metallics to form; singular LGS are around nm to pm in thickness
(Wegorzewski et al., 2020). Redox reactions between the LGS allow for the layers to become
dense through the generation of columnar growth structures. These structures are defined by the
nodule’s Mn to Fe ratio, low Ni content, usually high Co concentrations, and prominent levels of
other REE (Wegorzewski et al., 2020). This process of layering sediments is accepted as a
diagenetic source of PMNs from which they grow over millions of years. Additionally, each of
the LGS in a nodule reflects the environmental conditions in which the nodule formed in (Hein et
al., 2020; Wegorzewski et al., 2020).

A case study on PMN formation in the South China Sea (SCS) found the rates of
sedimentation were much higher than in the open ocean, partially due to the amount of sediment
sources (Guan et al., 2017). This made the SCS a potentially unfavorable place for PMN
formation (Guan et al., 2017). However, this study also suggested that PMNs in the SCS could
exhibit higher growth rates and avoid getting buried (Guan et al., 2017). This research provides
evidence for the theory that erosion could aid in nodule formation (Guan et al., 2017). Erosion
from underwater structures, such as guyots and atolls, is common globally due to their
abundance. The EEZ of the Federated States of Micronesia, specifically the Caroline islands, are
a uniquely qualified research site because of many atolls and guyots supplying sediment.
However, unlike in the SCS there is not a fluvial source of sediment that could bury juvenile
nodules (Guan et al., 2017). Many of the atolls and guyots in the Caroline islands do not have
names, so for the purposes of this study, our team has given the atoll of importance to this project
the name Nam2 Atoll (Fig. 1). Nam2 Atoll is likely an excellent diagenetic source for PMNs due
to the potential for cobalt and ferromanganese crusts, prominent bottom currents, steep slopes,

and its relatively proximal distance to the abyssal plains.
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Figure 1. Map of bathymetry around Nam?2 Atoll. Yellow stars represent sediment grab site
locations on the atoll. Top left sub-plot indicates this atoll’s location on larger scale map with
small red box. This study used samples from Station 4, Station 5a, and Station 6. Image created
using multibeam sonar and processed using QPS-Qimera and QGIS and in GeoMappApp (GEB
CO Data & Figure contributed and modified from S. Agopsowicz).

I suspect that structural failures in the slopes of Nam2 Atoll have previously suspended
cobalt and manganese-rich sediment into the water column through erosional processes. Once
suspended, the sediment was vulnerable to the North Equatorial Undercurrent (NEUC) which
relocated them to the abyssal plains which are located 200 — 600 km west of Nam2 Atoll. At the
plains the particles could then aid in nodule formation by providing a site of nucleation and
minerals to feed the diagenetic process. I hypothesized that sediment samples collected from the
flanks of Nam2 Atoll would contain detectable amounts of Co and Mn along with other REEs.
Additionally, a model of historical undercurrent velocities would show adequate strength to

transport finer grain sizes >200 km to the abyssal plains. In the event that the current velocities
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were not strong enough, I made a secondary hypothesis that sediment gravity flows could aid the
transport of sediment to the abyssal plains.
Site Review & Supported Hypothesis

The Nam?2 Atoll was chosen as the site for this study as it is located near the NEUC, is
derived from Co-rich oceanic lithosphere, and is located near an abyssal plain region of the
North Western Equatorial Pacific. Mn and Co are found in the crust of the Pacific Ocean at
mineable amounts and contain high levels of Ni and Cu (Novikov et al., 2017). The Magellan
seamounts, which are located 1000 km north of Nam2 Atoll, present high levels of Co-rich
ferromanganese crust (Melnikov & Pletnev, 2013; Novikov et al., 2017). The Magellan
seamounts are in close enough proximity to Nam2 Atoll that it is reasonable to assume that they
share this trait of Co-rich ferromanganese crusts.

In order to suspend these metallics from the crust, a large erosional event must occur. In
atolls and guyots, tsunamigenic landslides are caused by two different categories of failures,
endogenic and exogenic (Keating & McGuire, 2000). Endogenic failures are usually caused by
the foundation upon which the volcano sits, becoming unstable. Exogenic failures come from the
structural integrity of the atoll or guyot becoming compromised, often due to an intrusive heat
source (Keating & McGuire, 2000). Either category of failure could result in a sediment gravity
flow which would suspend the sediments and their metallics with it throughout the bottom
boundary layer. These sediments would then become vulnerable to transport by the
undercurrents in the region (Baldwin et al., 2017; Keating & McGuire, 2000).

Sediment gravity flows and specifically turbidity currents have been present in the
Caroline Basin since the early to mid-Miocene and have produced previously mapped sediment

waves (Baldwin et al., 2017). Turbidity currents are a vital part of this research as they are the



only type of sediment gravity flow capable of reaching immense distances (Mountjoy et al.,
2018). Therefore, they offer a secondary process in which the sediments from Nam2 and
surrounding atolls could travel the distance to the abyssal plains, which is ~400 km. The size of a
turbidity current is dependent on the amount of sediment that is displaced which in turn is
dependent on the instigator of the event, and the size of the structure that is failing (Schulz et al.,
2012). Since atolls and guyots are fully submerged structures, the main process that would create
such events would be earthquakes or structural failures within the atoll (Keating & McGuire,
2000). An example of a turbidity current whose size is appropriate is a turbidity current from
Taiwan. This event was a result of hyperpycnal river discharge and it transported sediment over
460 km (Garvey et al., 2017). A turbidity current produced by seismic activity in New Zealand
transported sediment over 680 km (Mountjoy et al., 2018).

The most prominent undercurrent near the Nam2 Atoll is the eastward flowing NEUC,
which is most significant near 9°N, 13°N, and 18°N across the Pacific Ocean (Qiu et al., 2013)
(Fig. 2). Nam2 Atoll is located at 9°N, at the center of this particular jet (Fig. 2; Fig. 3).
Additionally, the undercurrent velocities at the relative location are ~3 cms™!(Qiu et al., 2013).
This further suggests that these undercurrent jets play a vital role in sediment transportation and
deposition across the Equatorial Pacific (Qiu et al., 2013).

Table 1. Record of the sample site (station), depth of sample, and number of sub samples for
each site. (Corresponds to sites shown in Fig. 1).

Station Coordinates Depth of grab (m) Sub-samples per grab
4 (148° 14° 15 E, 9° 13’ 18.12” N) 1032.7 14
Sa (148° 12° 30.96” E, 9° 5° 54.24” N) 182.6 14
6 (148° 17° 58.56” E, 9° 1’ 39.36” N) 1040.7 38
Real PMN  N/A N/A 6
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Figure 2. The average velocity of the undercurrents across the equatorial Pacific. The yellow
circle is the area of interest, and approximate location of Nam2 Atoll. (Modified from Qiu et al.,
2013).
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Methods
Sediment Grabs Samples

Grab sample locations were determined before the cruise and chosen with the intention to
collect samples at locations where the angle of the slopes was similar. Additionally, the sites
were chosen to have a steep angle to stay consistent with what would be suspended during a
turbidity current. Sampling at Nam2 Atoll using a Shipek grab sampler was conducted on
January 1, 2025, through January 2, 2025. Once at the atoll, the ship was directed to the

predetermined sediment grab locations (Stations). Of the six stations where sediment grabs were



collected, Stations 4, 5a, and 6 were used in this study (Figure 1.). Sediment samples were
refrigerated at (4 °C) until the research cruise had concluded. Due to the resistance of metals to
deterioration the samples were transported and stored at room temperature (~23°C) until they
arrived in Seattle, WA. Forty-eight hours after arriving in Seattle the sediment samples were laid
out on trays and baked at 176°C for 20 minutes to dry out the samples.

X-ray Fluorescence

In order to determine the elemental composition of the samples and determine if they
contained Mn and Co, X-ray fluorescence (XRF), a form of spectroscopy and works as such, was
performed. XRF was chosen because it requires minimal sample preparation and is a relatively
quick process. The device sends an X-ray at the sample, exciting the electrons which jump to a
higher energy state. When they lose the energy and return to their original position, they produce
a photon of a wavelength distinct to each element. The XRF machine used in this study was the
Bruker M4 Tornado Micro-XRF which performs energy dispersive XRF (ED-XRF). This means
that the photon released is measured directly by an array of detectors allowing for the power of
the machine to be lower and take less time. Once the photon is detected and the element is
determined based on its wavelength, the machine sends it to a linked computer for processing
and categorization. Elements that were not selected to be quantified were still included but are
listed as “unquant.” in the tables and data.

For each location that a sediment grab was collected, three sub samples that showed a
charactered of the larger sample were collected and XRF was performed on them (Table 1).
Since XRF can only pick one point to send the X-ray to at a time, a slide consisting of a diverse
and representative portion of the sub sample (i.e., 4a, 4b, 4c, 5a, etc.) was made (Figure 3; Table

3). In this case the sub sample was created by sticking individual grains to a piece of tape then



placing the tape onto a glass slide then placing that into the XRF. Furthermore, once looking at
the individual grains through the guide camera on the XRF, specific grains were chosen to X-ray
(Figure 4). This meant that for some locations XRF was performed up to 18 times on one slide to
ensure that a representative quantity of grains was sampled. Additionally, a real PMN was
acquired before deployment from an unknown location, and part of the nodule was ground down
and tested using XRF as a control subject. The raw data produced by the XRF was a spectrogram
and this information was converted into a pie chart in Excel to be visualized (Figure 5). Finally,
since the XRF produced up to 18 spectrograms for one slide, the data had to averaged first across
the slide, then across the sub sample, and finally across the station (Table 2).

The composition of PMNSs, varies between ocean basins. Due to a difference in the
primary source of metallics to the nodule which make up their LGS’. For this reason, Mn and Co
were not the only metals tested. The XRF was also used to test for the elements Ca, Au, Ag, Fe,
Mg, and Si. Additionally, after further consideration, for the real PMN, Ni and Cu were added to
the test. Part of the goal of testing all of these elements was to study the petrology of the rocks

chosen for XRF.
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

(wt.%) [wt.%]) [(at.$]) [wt.%)
Mn 25 K-series 3.46 11.69 8.93 0.00
Co 27 K-series 0.25 0.84 0.60 0.00
Rh 45 K-series 0.00 0.00 0.00 0.00
Si 14 K-series 0.36 1.23 1.84 0.00
Ca 20 K-series 20.89 70.60 73.96 0.00
Fe 26 K-series 3.74 12.64 9.51 0.00
Mg 12 K-series 0.88 2.99 5.16 0.00
Au 79 L-series 0.00 0.00 0.00 0.00
Ag 47 K-series 0.00 0.00 0.00 0.00

Total: 29.58 100.00 100.00

Figure 3. X-ray fluorescence (XRF) raw spectrum from Station 6 sample A sub-sample 001. The
elements present in the sub-sample are listed on the graph and flagged by color. The X-axis can
be interpreted as energy, and Y-axis can be interpreted as number of photons. Energy Dispersive
XRF (ED-XRF) uses Rhodium as the anode material in the X-ray tubes. This is why it is present
in this spectrum and some of the results. However, its percentage has been manually set to 0 in
the tables and corresponding results.

Figure 4. Image of Station 6 sample C sub-sample 001 through sub-sample 7. Green and yellow
plus symbols on the sample represent the location where the X-rays were directed, with their
accompanying labels, also in green.



Historical Current Velocities

In order to understand the history of undercurrent behavior in the region of Nam?2 Atoll,
the data was sourced and processed. This study used gridded monthly averaged ocean velocity
data from the Physical Oceanography Distributed Active Archive Center (PODAAC) which is
funded by NASA through JPL (ECCO Consortium et al., 2021). The dataset dates range from
1992 until 2018, and the full dataset was used. Originally, the current data was categorized by
location and linked to a tile which represented a section of Earth’s surface. This tile was a part of
a native grid system which, when combined, spanned the globe. As a result, to acquire the right
tile containing the specific area of Earth which encompassed the study site of this project, python
code was written in anaconda to download the specific data. The undercurrent velocities were
processed using python code in a Google Collab notebook and graphs were made using the same
workspace.
Particle Settling Analysis

The time a sediment particle needed to settle to the seafloor was required. Therefore, the
Stokes settling velocity equation was calculated for a representative quantity of the particles
(Stokes, 1856). Stokes settling equation relies on the radius of the particle in question and the
particle density. To find the characteristic particle radius per sub sample, a small ruler was used
to find the difference in size between the largest and smallest particles on each slide. This was
possible due to the fact that the majority of the particles that contained the desired elements were
relatively large. Using the Euclidean distance formula, the radius was derived from the
measurable dimensions of the sediment (Liberti et al., 2014; Anjos & Lasserre, 2011). It is
important to note that this method assumes a spherical particle and is a characteristic of the grain

sizes sampled. Due to the nature of the Euclidian distance formula, the sub sample had to be
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relatively consistently sized. Otherwise, the difference in size between the largest grain and the
smallest would skew the results. To avoid this occurring, Station 6 sub sample B, was split into
two calculations due to the large difference in particle dimensions within the initial sub sample

(Liberti et al., 2014; Anjos & Lasserre, 2011):

D =(xt, —x)% + (v, — y1)? + (2, — 21)? Eq. 1

The particle density was split up into what was determined as basalt-like and calcium
carbonate-based sediments. The density of these two classifications was determined by averaging
reported particle densities for basalt clay-sized particles and rocks for CaCOs-based sand-sized
particles. The reasoning for using an averaged density of basalt clay-sized particles and rock was
that the larger particles in the samples, which also happen to contain the target elements, were
structurally weak and turned into powder under pressure. For CaCOs3 based sediments, the largest
grain sizes were of sand-size and the smallest were clay-sized particles, so the same method was
applied. The value used for the particle density for CaCOs-based sediment was 2630 kg/m?
(Snoeckx & Rea, 1994). The final value used for the particle density of basalt-like material was
2949 kg/m? (Reijmer et al., 2025; Aumento et al., 1977). The final particle density for a real
PMN was 2000 kg m™ (Turner et al., 2019) (Table 3). Sediment gravity flows are more than
likely to break some of these particles and suspend some of them into the water column further
justifying this methodology. Once determined, these density values values were plugged into the

Stokes settling velocity equation to yield a range of velocities (Moran, 2018):

V= 2 (Pp—Py)

2
P— gR Eq.2

(Stokes, 1856)
Where V' is the terminal velocity, R is the particles radius, g is the acceleration due to gravity, o,

is the particle density, py is the fluid density, and u is the fluid dynamic viscosity. For simplicity,
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the fluid density was assumed to be 1025 kg m, and the fluid viscosity was assumed to be equal
to 1 kg m'! 5”1, These vertical settling velocities were then compared to the undercurrent
velocities from PODAAC to yield the maximum distance that these particles could have traveled.
The ocean depth in the plains was assumed to be 4000 m, which is characteristic of the abyssal
plains and consistent with GeoMapApp’s GEB CO data.
Results
Surface Sediment Grab Samples

Sediment collected at each location had distinct characteristics. Station 4 had larger
grains of yellowish calcium carbonate with visibly no darker basalt-like particles (Table 3;
Figure 7). The average radius for these particles was 3.17E-03 m (Table 3). The bathymetry at
Station 4 was smooth and had a steep angle (Figure 1). Station 5a consisted of almost all
yellowish calcium carbonate particles, the average particle radius was 2.26E-03 m, and the
bathymetry was flat with a gentler slope (Figure 1; Table 3; Figure 7). Station 6 had a steep slope
with complex, rough bathymetry (Figure 1). Station 6 consisted of larger dark and yellow
particles with a diverse elemental composition, and the average particle radius was 2.57E-03 m
(Figure 7; Table 3).
X-ray Fluorescence

Across the stations, the element that consistently was ranked most abundant in the
samples was calcium, in the form of calcium carbonate shells (CaCOs). This was closely
followed by elements that were unquantified by the XRF analysis, listed as “unquant.” (Figure 3;
Figure 5; Table 2). Next in abundance was magnesium, and iron which were detected at all of the
stations. Silicon was the last element detected at every location at a level >0.06%. However,

more elements were present across the stations at percentages below 0.001% (Table 3; Figure 5).

12



Cobalt and manganese were present in several of the sediment samples, and prominently at
Station 6, which had predominantly basalt-like sediment (Figure 5; Figure 7; Table 4). Other
heavy weight elements were found at Station 6 as well, such as iron, and magnesium (Figure 3;
Table 3). Station 4 and 5a also contained a wide variety of these atomically heavier metals but in
lower percentages (Table 3.). Based on the results of the XRF, samples were determined to be

either calcium carbonate based or basaltic based (Table 3; Table 4).
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Figure 5. The elemental breakdown of each station averaged over the multiple sub-samples at
that location. Some of the elements shown read 0%, which is due to the limitations of the pie
chart which cannot illustrate numbers smaller than 0.0001. To see the full elemental breakdown
at each station refer to Table 3.
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Table 2. Percentage of target elements at each station averaged across each sub sample.
Corresponds to Figure 5.

Element Station 4 Avg. Station Sa Avg. Station 6 Avg. Real PMN Avg.

Rhodium 0 0 0 0
Cobalt 0 0 0.00292 0.00428
Manganese 0.0000245 0 0.0397 0.609
Silicon 0.000343 0.00129 0.011 0.234
Calcium 0.725 0.916 0.799 0.0191
Iron 0.000185 0.0000199 0.0766 0.0677
Magnesium 0.0262 0.0249 0.0168 0
Gold 0 6.57E-06 0 0
Silver 0 0 0 0
Unquant. 0.248 0.0578 0.0540 0.0653

Undercurrent Velocities

The historical undercurrent velocity profile shows prominent undercurrents below 1200
m at specific latitudes over the 26 years of data collection (Figure 6). The undercurrents were
weakest just south of the atoll and grow in velocity to the north and south. The undercurrent
switches direction at ~8°N. The undercurrent is strongest with a velocity of 0.12 m s! at 12°N
where it is directed to the west (towards Asia). The undercurrents are weakest at ~8°N which is
consistent with the latitude where the undercurrents switch directions. The undercurrent velocity
at this latitude is 0.065 m s!. Since the monthly data has been averaged, the undercurrent

remains faintly directed westward.
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Figure 6. Undercurrent velocity profile of depths below 1200 m averaged monthly from 1992 to
2018. The green dot is the location of Nam?2 Atoll. The magenta ring is a 400 km radial distance
from the atoll representing the possible distance that extreme turbidity currents and sediment
gravity flows reach. The cyan blue box highlights the area near Nam2 that is abyssal plains and
suited for PMN formation (Garvey et al., 2017; Mountjoy et al., 2018; ECCO Consortium et al.,
2021).

Particle Settling Analysis (Stokes)

The grain size analysis using Stokes law on a wide range of particle radii, yielded settling
times of 19 to 264 days assuming an ocean depth of 4000 m. Next, calculation assuming a depth
of 4000 m, current speed of 0.065 m s’!, and a distance of 400 km yielded a conservative time to
reach the abyssal plains at 71.2 days. This can be interpreted as the amount of time needed for
the current to move a sediment grain from the atoll to the abyssal plains without the aid of a

sediment gravity flow. Horizontal or lateral movement was not considered as the abyssal plains

exist in every direction from the atoll except south. While the larger grainsizes would not reach
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the the plains before settling out of the water column only utilizing undercurrents — each of the
three stations produced at least one sample whose grain size characteristic was small enough to
reach the plains (Table 3). These are samples 4 B, 5a C, and 6 B; Station 5a B produced a
settling time of 551 days which given the right conditions could also reach the plains (Table 3).
With the aid of a turbidity current, some sediment from every station would reach the plains. In
the case of 5a B & C, the sediment is capable of staying suspended in the water column for over
one-hundred-thousand years and cross the pacific multiple times.

Table 3. Grain size analysis results & settling times for sediments. Assumes and ocean depth of
4000 m, ocean density of 1025 kg m™, and fluid viscosity of 1 kg m™!' s!. A, B, and C refer to the
sample at the specific sub-sample from the Station (4, 5a, or 6). The minimum time needed to
reach the atoll is 355 days at the averaged undercurrent velocity; compare this to the last two
columns. The radius column was not found through direct measurement but instead, derived

through a calculation of measurable dimensions including the diameter of the particle in
question.

. Accepted Radius of Stok.es Time to Distance Distance w/
Station & Type of . Settling w/ Only i
density samples . settle Turbidity
Sample rock (Kg m~) (m) Velocity (days) Currents Currents
. (ms™) Y (km)

4 A CaCO:s 2630 4.63E-03 7.51E-02 6.16E+01 S5.18E+01  4.52E+02

4 B CaCO:s 2630 1.38E-03  6.65E-03 6.96E+02 5.84E+02  9.84E+02

4 C CaCO:s 2630 3.50E-03 4.29E-02 1.08E+02 9.07E+01  4.91E+02

S5a A CaCO:s 2630 2.66E-03 2.48E-02 1.87E+02 1.57E+02  5.57E+02

5a B CaCO:s 2630 1.55E-03  8.40E-03 5.51E+02 4.63E+02  8.63E+02

S5a C CaCO:s 2630 2.57E-03  2.31E-02 2.00E+02 1.68E+02  5.68E+02

6 A B%sl,(aelt- 2930 3.50E-03 5.09E-02 9.10E+01 7.64E+01 4.76E+02
) Basalt-
6 B Big like 2930 2.25E-03 2.10E-02 2.20E+02 1.85E+02 5.85E+02
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6 B Small CaCO; 2630 7.08E-04 1.76E-03 2.64E+03 2.21E+03  2.61E+03

6.C Bfifgt' 2930  3.80E-03 5.99E-02 7.73E+01 6.49E+01  4.65E+02

Real PMN  Nodule 2000 1.65E-03  5.75E-03 8.04E+02 6.76E+02  1.08E+03

C) D)

Figure 7. Example of slides of sub samples from several representative stations. A) Station 4 sub
sample A. B) Station 5 sub sample B. C) Station 6 sub sample B. D) Real PMN. The larger dark
particles in C were determined to be the basalt-like sediments that contained high levels of
metallics (Table 2; Table 3).
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Discussion

The results of this study show that manganese was consistently the third or second most
prevalent element at each station (Table 3). Cobalt was only detected in Station 6’s sediments,
and not in a high quantity. This makes it impossible to definitively say that atolls are a consistent
reliable source of the element to the abyssal plains. However, it is notable that Station 6 was the
steepest station. What is known is, PMNs formed through diagenetic processes tend to show
nodules with higher manganese content but lower iron, and cobalt levels (Lenoble, 2000). The
process and data described in this study is consistent with diagenetic nodule formation (Table 3).
Furthermore, nodules that are formed in the Pacific are known to have much higher
concentrations of manganese in comparison to PMNs found in other ocean basins (McKelvey et
al., 1983). This study’s results, regarding the chemical makeup of the samples, are significant
because they show that Nam2 Atoll is a prominent source of manganese to the ocean. However,
the same is not true for cobalt. However, this study does not rule out that other atolls and guyots
could potentially be a prominent source of cobalt.

Transporting REEs within the sediment to the abyssal plains is essential for PMN
formation. The abyssal plains typically have very low sedimentation rates which is key for
nodule formation to prevent them from becoming buried as they form. However, these metallics
still need to be deposited in the plains for nodule formation to occur. The first method of travel
advected by undercurrents found that only smaller grains could reach the plains. Additionally,
this study found the NECU jets 4° lower in latitude than Qiu et al. (2013), and with double the
velocity (Figure 6.). The second method of transport described in this study is a sediment gravity
flow in the form of a turbidity current. The distance a turbidity current could travel from Nam2

Atoll was determined by comparing similar sized events form southern Taiwan and New
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Zealand. Furthermore, the slopes of Nam2 Atoll show evidence of large failures likely to create
sediment gravity flows (Agopsowicz, 2025). A conservative estimate based on these references,
indicates that the range of a turbidity current from Nam2 Atoll would be ~400 km. The distance
to the abyssal plains was also found to be ~400 km. With the aid of a sediment gravity flow, the
characteristic grain size from each station can reach the abyssal plains, making it increasingly
possible that past flows aided in nodule formation. Given that Station 4 and Station 6 contained
manganese and other REEs, the hypothesis that sediment reaching the abyssal plains aided by
turbidity currents have the potential to aid in nodule formation is supported (Table 3 & 4; Figure
4).

PMNSs form over 4000-40,000 years so it is increasingly likely, given this time frame,
that turbidity currents aid in supplying the metallics necessary for nodule formation. When
extrapolated to the whole Pacific Ocean these findings suggest that there are significantly more
places where PMN fields could be forming through diagenetic processes. Further research would
best be aimed towards studying ocean bottom currents and metallic nanoparticles to gain an
understanding of where more PMN fields could be located. Specifically studying metallics from
terrestrial sources, atolls, and guyots would be beneficial since this study shows they can contain
manganese and other essential REEs. Finally, further research on whether nodules form faster in
regions with higher sedimentation would be incredibly useful in mapping regions of potential
formation.

Conclusion

This project aimed to understand if metallics originating from atolls could aid in the

diagenetic formation of PMNs. The results support our hypothesis, finding that with the aid of a

turbidity current, sediment from each sampled location could reach the target distance of 400 km
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and beyond. However, bottom currents alone are unlikely to be sufficient unless the grain size is
extremely small. Additionally, an elemental analysis showed manganese in the sediment
collected form the northern and southern flanks of the atoll (Stations 4 & 6). Cobalt was present
in a small quantity at Station 6, located on the southern flank, and is the steepest station.
Together these findings strengthen the hypothesis that sediment gravity flows from atolls and
guyots potentially aid in PMN formation. The implications of this study are vast as it greatly
increases the area of the ocean floor where PMN formation could be observed. Future research
would best be aimed at understanding the behavior of inorganic metallics in the ocean, and if

PMNs form faster in regions with higher sedimentation rates.
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