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'Gelogical Survey of Japan, AIST, Tsukuba, Japan, >Graduate School of Integrated Arts and Science, Kochi University,
Kochi, Japan, *Center for Advanced Marine Core Research, Kochi University, Kochi, Japan

Abstract Ferromanganese nodules are cm-sized, authigenic, abyssal manganese-iron-hydroxide
concretions. They grow very slowly at rates of a few mm per million years. Although their ages are older

than millions of years, they are often found half buried on the modern sediment surface. The mechanisms for
the nodules' persistence at the surface without complete burial could be linked to their occasional motion or
agitation. Here, we report evidence for the rotation of a nodule from the Penrhyn Basin, South Pacific detected
by paleomagnetism. The paleomagnetic inclinations of specimens from the nodules' surface are consistent

with the recent geomagnetic fields. The paleomagnetic directions from the surface to the core show successive
changes and form a great circle with a pole at (azimuth = 53.9°, dip = 32.1°). This suggests that the nodule
rotated along its pole while successively recording magnetizations. As the nodule was found on a gentle slope at
the foot of an abyssal hill, it may have moved downslope due to bottom current underwashing. Rock magnetic
analyses of the nodule suggest the presence of magnetite in single domain and vortex states. Low temperature
magnetometry revealed that magnetite grains were heavily oxidized to maghemite, especially close to the core
of the nodule. The rotation may have exposed the rising part of the nodule to oxidative pore water. Oxygenated
Antarctic Bottom Water might have caused remagnetization due to low temperature oxidation of magnetite. The
rotation would also facilitate the omnidirectional growth of the nodules' mixed layer of diagenetic buserite and
hydrogenetic vernadite.

Plain Language Summary Ferromanganese nodules are deep marine mineral resources that grow
very slowly at a speed of few mm per million years on the seabed. They are very old, but often remain on the
sediment surface. It remains unclear, why they were not buried by deep-sea sedimentation. A nodule recovered
from the Penrhyn Basin in the South Pacific was measured to reveal its fossil magnetization by the ancient
Earth's magnetic field. Each specimen from the nodule showed a stable magnetization that is linearly decreasing
toward the origin during alternating field demagnetization. The dip of the magnetization for the surface is
consistent with the recent Earth's magnetic field, while the magnetization directions toward the nodule's

center form a great circle. This suggests that the nodule rotated along a pole while successively recording
magnetizations. The nodule may have moved downslope due to sediment removal by deep current. The rotation
may have made the pore water within the nodule more oxidative, causing loss of primary magnetization and
acquisition of secondary magnetization by removing Fe?* from magnetite (Fe,0,). The rotation of the nodule
would also stimulate the growth of its two interlayered mineral phases, of which one grows better in sediment
and the other in seawater.

1. Introduction

Marine ferromanganese nodules (nodules, hereafter) are widely found abyssal concretions with concentric
layers of manganese-iron-hydroxides, which typically grow at a speed of about few mm/Myr (e.g., Verlaan &
Cronan, 2022; von Stackelberg, 2000). These nodules are considered as a future mineral resource of Cu, Ni, Co,
and rare earth elements. While such nodules are also found buried in deeper sediments, many of them are still
exposed on the sediment surface despite their geologically old age of tens of millions of years (e.g., Verlaan &
Cronan, 2022; von Stackelberg, 2000). The nodules are composed of two phases: diagenetic buserite with metal
ions in sediment and hydrogenetic vernadite with colloids in seawater (e.g., Skowronek et al., 2021; Usui &
Someya, 1997; Usui et al., 1989; Verlaan & Cronan, 2022). Usui and Ito (1994) demonstrated using Ocean Drill-
ing Program cores that buried nodules are usually found in stratigraphic layers corresponding to hiatuses or slow
sedimentations. Graham et al. (2004) reported using °Be chronology that the surface ages of the buried nodules
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are consistent with the ages for the surrounding sediments and that the buried nodules retain their surfaces after
burial. These suggest that the buried nodules had been growing on the sediment surface during slow sedimenta-
tions or hiatuses and that their burials are initiated by increases in the sedimentation rates.

Although the growth of the nodules without burial during hiatuses and the burial of the nodules at high sedi-
mentation rates are understandable, it is not easy to develop a model that can explain the growth of the nodules
without burial convincingly at low sedimentation rates. Usui (1979) indicated that the nodules could have moved
or rotated during growth based on the internal structures of the two phases. von Stackelberg (1984) suggested
that the activities of benthic organisms are one of the possible driving forces of the possible movements. Usui
and Ito (1994) suggested that the buried fossil manganese nodules are formed under the condition of very slow
(<0.5 m/Myr) or no sedimentation (hiatuses) promoted by oxygenated bottom currents as well as the modern
nodules exposed on the seafloor. Based on their hypothesis, oxygenated bottom currents may have played a
role in the movements of the nodules. However, no direct observations have so far demonstrated the most likely
extremely slow or very rare physical movement during their growth.

Paleomagnetism has often provided valuable information on the formation of geological structures. The changing
polarity of the Earth's magnetic field is commonly recorded by sedimentary processes enabling the magnetostrati-
graphic dating of sediment depositional age. For example, paleomagnetic measurements on mm-sized specimens
of marine ferromanganese crusts (crusts, hereafter) mainly comprising hydrogenetic vernadite, allowed to estab-
lish robust magnetostratigraphic age models of the crust's evolution (Joshima & Usui, 1998; Yuan et al., 2017).
Furthermore, scanning superconducting quantum interference device (SQUID) microscopy (Kawai et al., 2016;
Oda et al., 2016) was successful in restoring these magnetic polarity sequences even at submillimeter scale. The
estimated crust ages were consistent with '°Be chronology (Noguchi et al., 2017; Oda et al., 2011, 2020). Such
evidence confirms that crusts are a reliable long-term archive of the Earth's magnetic field. A nodule from the
Clarion-Clipperton Zone (CCZ; a red diamond in Figure 1a; Yi et al., 2020) has been suggested to record the
Earth's magnetic field successively during growth without rotation based on the undistorted paleomagnetic incli-
nations. Conversely, the nodule rotation could be detected as paleomagnetic directions, disagreeing with that for
a geocentric axial dipole (GAD) field. Here, we report the paleomagnetic results on a nodule from the Penrhyn
Basin and discuss the possibility of rotation during growth.

Single domain (SD) magnetite formed by magnetotactic bacteria is a common constituent and magnetization
carrier of ferromanganese crust (Oda et al., 2018; Yuan et al., 2020). Fossil magnetosomes of magnetotactic
bacteria were also reported for a nodule in the Pacific (Jiang et al., 2020). It is therefore of particular interest to
determine the role biogenic magnetite and its alteration products play in the magnetic remanence acquisition of
ferromanganese nodules.

2. Samples and Methods
2.1. Geological Setting and Samples

We used a nodule sample from the Penrhyn Basin (158°30.64'W, 12°00.03'S; Water depth: 5,248 m), South
Pacific (blue diamond in Figure 1a) collected during the GH83-3 cruise. This sampling site is located ~200 km
east of the Manihiki Plateau on the northern foot of an abyssal hill (blue diamond in Figure 1b). A deep current
originating from Antarctic Bottom Water (AABW) flows northwards east of the Manihiki Plateau (Kawabe &
Fujio, 2010; Figure 1a). Nodules in this area are densely distributed over up to 90% of the seabed consisting
of pelagic clay with a mean coverage of 57% (Usui et al., 1993). The sediment has been characterized as dark
reddish-brown homogeneous zeolite-rich clay (Nishimura & Saito, 1994).

2.2. Sample Treatment and Paleomagnetic Measurements

A box corer was used to collect the studied nodule onto which a white marker was placed to indicate its verti-
cal orientation (Figures 1c and 1d). It has a spheroidal shape with dimensions of 74 mm X 60 mm X 66 mm
(height). Two planar, mutually perpendicular blocks A (thickness: ~10 mm) and B (thickness: ~10 mm) were
cut from the nodule along two vertical planes passing through the marker (Figures le—1g). Thin sections
were prepared from blocks A and B with thicknesses of 530 and 550 pm, respectively. The remaining parts of
blocks A and B are termed Sample-A (20 mm X 30 mm X 8§ mm) and Sample-B (20 mm X 35 mm X 9 mm),
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Figure 1. (a) Bathymetric map with nodule sites (yellow dots; Dutkiewicz et al., 2020). Blue and red diamonds are sites of this study and Yi et al. (2020), respectively.
Yellow arrows are deep current streamlines (Kawabe & Fujio, 2010). (b) Enlarged map around the sampling site. Bathymetric data of SRTM15 (Tozer et al., 2019)
were used with the Generic Mapping Tool version 6 (Wessel et al., 2019). Green represents land and bathymetry is color coded according to the color scale as an

inset of panel (a). Mercator projection is used to produce the shaded relief maps with illuminations from the north and west. (c) A box core with the studied nodule.

(d) The nodule with a mark at the top. (e) Blocks A and B cut along vertical planes perpendicular to each other. Blocks (f) A and (g) B, which were further cut to

make Sample-A and Sample-B (yellow rectangles) for paleomagnetic study, respectively. (h) Sample-A and (i) Sample-B with yellow specimen boundaries. Vertical
and horizontal series of specimens are defined as lines, and layers, respectively. Specimens of line k for Sample-A and those except u for Sample-B were cut into two

(orange dotted lines).
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respectively. Subsequently, each sample was cut into five subblocks (a, f, k, p, u lines). Each subblock was
cut into 5 (3 mm X 6 mm X 8 mm) or 10 (1.5 mm X 5 mm X 9 mm) specimens with a diamond wire saw
at GSJ-Lab (Figures 1h and 1i). Paleomagnetic analyses were performed on the specimens using a super-
conducting rock magnetometer (SRM model 760R, 2G Enterprises) at GSJ-Lab with stepwise alternating
field demagnetization (AFD) up to 80 mT. The paleomagnetic direction for each specimen was obtained
using principal component analysis (PCA; Kirschvink, 1980) using “Paleomagnetism.org 2.0” (Koymans
et al., 2020).

2.3. Rock Magnetic Analyses

Rock magnetic analyses were conducted on the specimens along line k of Sample-A to characterize magnetic
minerals. Ten specimens were analyzed on the acquisition of isothermal remanent magnetization (IRM),
first order reversal curve (FORC) analysis, and S-ratio (S_ y; and S_ 1; Bloemendal et al., 1992) using a vibra-
tion sample magnetometer (VSM 8604, Lake Shore Inc.). The IRM acquisition curves were measured with an
averaging time of 1s at 200 steps in logarithmic scale starting from 10 pT up to 2 T, which were unmixed into
log-normal coercivity distributions using the MaxUnmix software (Maxbauer et al., 2016). First-order reversal
curve was processed using the FORCinel software (Harrison & Feinberg, 2008).

S-ratios were calculated as part of back field measurements with the VSM. The samples were saturated with 2 T
magnetic field and then magnetic moments were measured with an averaging time of 1s. Subsequently, magnetic
moments in zero field were measured after application of the magnetic field at 200 steps on a logarithmic scale
starting from —10 pT up to —2 T. Magnetic moments corresponding to —0.1 T and —0.3 T were calculated using
interpolation of the obtained data. S_ 5 ¢_g 1, is obtained using

S_03r(-0.1T) = [1 - BIRM-O.3T(-0.1T>/SIRM]/2,

where SIRM is the saturation IRM at 2 T, and BIRM_ ;3 ¢, 1, is the IRM at 0.3 T (0.1 T) acquired opposite to
SIRM (Bloemendal et al., 1992).

Zero-field-cycling of IRM was conducted on five specimens using the magnetic property measurement system
(MPMS) at Kochi Core Center (MPMS-XLS, Quantum Design Inc.). Magnetization was monitored while cooling
to 10 K followed by warming to 300 K after exposure to 5 T at 300 K. Measurements were conducted at temper-
ature steps of 1.5 K with a warming or cooling speed of 3 K/min.

Thermal demagnetization of the three-component IRM was performed on specimens k1 through o2 for Sample-A
based on Lowrie (1990). For each specimen, IRM was imparted with a magnetic field of 2.5 T along the Z-axis
using a pulse magnetizer (Model 660; 2G Enterprises) at the GSJ-Lab, AIST. A second IRM was applied at 0.4 T
along the Y-axis, followed by a third IRM in a field of 0.12 T along the X-axis. This procedure makes each spec-
imen acquire magnetizations representing its high (0.4-2.5 T), medium (0.12-0.4 T), and low (0-0.12 T) coer-
civity components by the Z, Y, and X vector components, respectively. Thereafter, all specimens were stepwise
thermally demagnetized to detect the unblocking temperatures of the different coercivity intervals.

2.4. Analyses With Optical and XRF Scanner, and Scanning SQUID Microscope

An optical scanner (GT-X980, Seiko Epson Corp.) was used to obtain optical images of thin sections with
reflected light at a spatial resolution of 6,400 dpi (~4 pm). Compositions of major elements of the thin sections
for Sample-A and Sample-B were analyzed using a micro XRF scanner (M4 TORNADO, Bruker Corp.) at
GSJ-Lab with an X-ray beam diameter of 25 pm on 25 pm grids.

Thin sections were analyzed by scanning SQUID microscopy (SSM) for spatial mapping of the S_, -ratio.
The thin section of Sample-A was mapped on a 100 pm grid using an SSM at AIST (Kawai et al., 2016; Oda
et al., 2016). An SIRM was acquired in a field value of 1.2 T with an electromagnet (Model 3470, GMW Asso-
ciates, Inc.) followed by a back field IRM in a 0.1 T field IRM_, , ). Magnetic maps for SIRM and IRM_,, 1
were used to create magnetic moment maps on 200 pm grids using the inversion software by Weiss et al. (2007).
To create the map of S_ , 1, we assumed dipole moments at a fixed grid knot distance corresponding to half the
thickness of the thin section plus the distance between the sensor and the thin section surface (e.g., Noguchi
etal., 2017).
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Table 1 2.5. "Be/’Be Age Determination

°Be Dating Results for the Studied Nodule

For constructing the age model of the studied nodule, four samples were

Depth (mm)

analyzed using cosmogenic nuclide '°Be by accelerator mass spectrometry

Age

Sample no. Top Bottom 10Be/Be (x10~7) (N%a) at GNS Science, New Zealand (Table 1). Constant flux and a half-life of

1.387 + 0.012 Myr for '°Be isotopes (Chmeleff et al., 2010; Korschinek
1 0 1 0.93820 0.637 . .

et al., 2010) are assumed to obtain the estimated ages for each sample. The
2 3 6 0.10770 4969 recognized modern value for 1°Be/*Be is assumed to be 1.29 x 10~7 based on
3 9 13 0.05453 6.331 deep sea value in the Pacific (Oda et al., 2011).
4 20 23 0.02748 7.702

Note. Age is estimated using half life of 1.387 Myr and modern value of 1.29.

3. Results
3.1. Paleomagnetic Directions

A low coercivity overprint could be removed by AFD at 10 mT (Figure 2).

Paleomagnetic directions were obtained by PCA using 4-8 AFD steps giving
minimum MAD, which are within the interval between 17.5 and 40 mT (Table S1 in Supporting Informa-
tion S1) and plotted versus depth. Maximum angular deviations were less than 3° in most cases. Specimens from
Sample-A show lower coercivity components with curvatures around ~10 mT (Figure 2a), suggesting that softer
coercivity components are partly overlapping with a stable higher coercivity component. We tentatively consider
the lower coercivity component of Sample-A to be related to laboratory storage since Sample-A and Sample-B
have different storage histories.

All stable paleomagnetic inclinations were negative, suggesting that the magnetizations were acquired during a
normal polarity period. Inclinations close to the surface are consistent with the expected inclination for GAD at
the site (—23.0°). The inclinations deeper along lines a, f, k, and p of Sample-A show steeper negative inclination
values (Figure 2c). Inclinations of Sample-B become steeper at medium depth (Figure 2d) and return values
close to those from the surface at the bottom of each line. Paleomagnetic declinations along lines f, k, and p of
Sample-A are between 90 and 180°, whereas those for lines a and u differ (Figure 2e). Declinations of Sample-B
are ~45° for specimens close to the surface, and gradually change to 150-180° at depth (Figure 2f). A 45°
azimuth correction was applied to the declinations of Sample-B assuming that the nodule surface recorded the
present GAD field at the site. We tried corrections for the depth of each line relative to the depth for line k of each
sample based on the growth layers identified with optical and chemical images (Figure S1 in Supporting Infor-
mation S1). The paleomagnetic directions plotted versus corrected depths (Figures 2e and 2f) did not increase the
similarities of the paleomagnetic directions among the five lines. This suggests that the magnetizations were not
acquired at the time of growth but at a later time.

3.2. Age Model and Secondary Origin of Magnetization

19Be chronology is one of the radiometric dating methods for ferromanganese crusts and nodules that can be applied
back to ~15 Myr (e.g., Verlaan & Cronan, 2022). For marine ferromanganese crusts, it has been shown that '°Be
chronology is consistent with the magnetostratigraphic dating (Noguchi et al., 2017; Oda et al., 2011, 2020; Yuan
et al., 2017). Although, nodule growth is neither regular nor continuous, and diagenetic parts grow faster than
hydrogenetic ones (Verlaan & Cronan, 2022), '°Be chronology could provide a reasonable and continuous age
model based on Bayesian modeling in combination with Co-chronology (Jiang et al., 2022). Yi et al. (2020)
successfully established an age model for their nodule sample based on '°Be chronology, which showed agree-
ments with the magnetostratigraphic ages on both sides of the nodule. Based on the above-mentioned perspec-
tives, the 1°Be chronology determines the time of the nodule formation, which should correspond to the acquisi-
tion of primary natural remanent magnetization of each layer of the nodule. As our paleomagnetic results do not
provide a plausible magnetostratigraphic age model, only a '°Be chronology was considered reliable and used to
establish our age model (Figure 2g).

Notably, the expected time of primary magnetization of specimens /2 and n2 falls into the reversed polarity
chrons C3n.4r (5.235-6.023 Ma) and C3An.2r (6.727-7.104 Ma), respectively (Ogg, 2020). Assuming sedimen-
tary, biological or chemical magnetization was acquired at the time of growth and the age model is correct, these
specimens or others in their surroundings should have acquired reversed polarity magnetization. The complete
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absence of reversed polarity magnetizations suggests that the nodule was chemically remagnetized during a
normal polarity period after its initial growth, presumably during the present Brunhes normal polarity chron
(0-0.77 Ma).

3.3. Plate Movement During Growth

The geographic position of the nodule site changed with time as the Pacific Plate moved away from the East
Pacific Rise by mid-ocean rifting. The total travel distance of the studied site over the past 8§ Myr was about
800 km, corresponding to a latitudinal displacement of about 3° based on plate reconstructions using the GPlates
software by Miiller et al. (2018). Thus, the latitudinal change of the site is considered negligible in terms of pale-
omagnetic inclination change, even including the oldest paleomagnetic specimen of ~8 Ma age.

3.4. Rock Magnetism and Magnetic Mineralogy

The results of IRM unmixing (Figure 3) suggest that the nodule's magnetic mineral assemblages contain up
to four coercivity components, namely low (C1: ~15 mT), medium (C2: ~38 mT), elevated (C3: ~148 mT),
and high (C4: ~850 mT) coercivities. The magnetic mineralogy changes significantly at around 17 mm depth
(Figures 3c and 3d). Four coercivity components (C1, C2, C3, and C4) are recognized within 0—17 mm depth,
but just two components (C1 and C2) in 17-21 mm depth (specimens o1 and 02). The absence of C3 (~148 mT)
in the 17-21 mm depth section is consistent with its enhanced S_ , 1 above 0.96 (Figure 8b).

The 10 depicted FORC diagrams in Figure 4 enable us to interpret the domain state and magnetic mineralogy of
the specimens (Roberts et al., 2014). There are no obvious features characteristic of MD particles represented by
vertical distributions parallel to the B, axis. There are positive features characteristic of vortex particles around
B, =25mT and B, = —20-20 mT. First-order reversal curve diagrams of specimens o1 and 02 (Figures 5i and 5j)
are different from all others with a dominant central ridge extending from B, = 0 up to 80-90 mT and diminishing
to zero at 100 mT. The vortex features around B, = 25 mT and B, = —20~20 mT are quite limited in their distri-
butions without extending further out. C1 for specimens o1 and 02 is considered as small sized vortex particles,
which has no feature for positive B, along the vertical axis. A peak around B, = 0 along the central ridge suggests
the presence of superparamagnetic (SP) particles for specimens o1 and 02. C2 is associated with features along
the central ridge on 20-80 mT, representing noninteracting SD particles.

Principal component analysis (FORC PCA) was conducted on the measured FORCs (Figure 5; Harrison
et al., 2018). Three end-members EM1, EM2 and EM3 were recognized and their relative proportions in all
specimens are plotted in Figures 6b and 10e. EM1 is representative of specimen k1 (surface), EM2 of specimen
{1 (5 mm depth), and EM3 of specimen o01-02 (center), respectively. Specimens other than k1, 01, and 02 are clus-
tered close to specimen /1. FORC-PCA clearly resolves features characteristic to ol and 02 (EM3). The central
ridge is tailing from zero toward 100 mT (Figure 5i). The features around B, = 0 may be due to superparamagnetic
particles and those with higher coercivities are noninteracting SD particles. EM1 is separated as characteristic to
k1 (Figure 5c), which has higher coercivity for the central ridge (25 mT; Figure 5g) compared with that of EM2
(20 mT; Figure Sh). Difference in vortex feature and its coercivity for EM1/EM2 and EM3 may reflect their grain
sizes (~20 mT for 150-250 nm magnetite in Figure 8 of Almeida et al. (2015); 40—-65 mT for 58 nm magnetite in
Figure 22c of Roberts et al. (2014)) and/or oxidation states (Figure 8a of Almeida et al. (2015)).

C4 is assumed to be hematite based on the absence of unblocking temperatures near the Curie point of goethite
(~120°C) during thermal demagnetization of composite IRM (Lowrie, 1990; Figure 6). The results of low
temperature magnetometry are summarized in Figure 7. Recognition of Verwey transitions with low temperature
magnetometry (Figure 8f) suggests the presence of magnetite/maghemite as well as the unblocking temperatures

Figure 2. Paleomagnetic results and an age model for the studied nodule. Vector endpoint diagrams for (a) B92-1-1-A-2-11 and (b) B92-1-1-B-2-b1. Solid (open)
circles are projections onto horizontal (vertical) planes. Declinations and inclinations of high coercivity components along five lines for (c) Sample-A and (d) Sample-B.
Declinations and inclinations plotted versus corrected depth for (e) Sample-A and (f) Sample-B. Corrected depths for five lines were calculated using growth layers for
Sample-A and Sample-B (Figure S1 in Supporting Information S1). (g) Depth versus age plot for the four measured data based on '°Be/°Be method (black solid circles).
Black broken lines represent interpolations between the adjacent age data points, assuming a linear change. The diagram suggests that the growth rate between 0 and

5 Ma (0.9 mm/Ma) is considerably lower than that between 5 and 8 Ma (5-7.5 mm/Ma). The bottom of the diagram is the geomagnetic polarity timescale (Ogg, 2020),
where black and white represent normal, and reversed polarities, respectively. Horizontal and vertical red broken lines suggest expected age intervals for the specimens

from line k of Sample-A.
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Figure 3. Isothermal remanent magnetization acquisition curves of specimens
k1-02 for Sample-A decomposed into log-normal coercivity components using
the MaxUnmix software (Maxbauer et al., 2016). Four components are fitted
for k1-n2 (a-h), and two components for 01-02 (i—j). Color bands for each
component represent 95% confidence limits.

up to ~560°C in the low coercivity components for the thermal demagnetiza-
tion of the composite IRM.

The origin of these magnetic minerals could be biogenic magnetite, eolian
dust, and/or detrital grains from upstream in the South Pacific and the
surrounding area deposited and transported by deep currents. The 95% confi-
dence limit (color bands in Figure 3) of C4 (interpreted as hematite) is well
above zero and C4 is about 3%—6% of the total magnetization (Figure 9d).
The contribution of hematite as weight (and volume) is quite significant
considering that the mass specific moment of hematite is less than 1/100 of
magnetite and maghemite.

Specimens ol and 02 (17-21 mm; >7 Ma) have finer magnetic particles
without hematite, suggesting a global or local climate change between spec-
imens ol and n2. It is known that the late Miocene global cooling was initi-
ated in the final stage of a long-term, global §'3C decrease (Late Miocene
Carbon Isotope Shift) at ~7 Ma (e.g., Steinthorsdottir et al., 2021). The
initiation of global cooling is consistent with the timing of hematite obser-
vation in the nodule. Dunlea et al. (2015) analyzed pelagic sediments for
the South Pacific Gyre, which is south of the studied area, and suggested
Australia as the predominant source of dust. We suggest a possibility that the
hematite might be included in the eolian dust, which could have been blown
from Australia by the intensified wind after the initiation of global cooling
at ~7 Ma and transported to the studied site. The increase in the grain size of
magnetite/maghemite particles after ~7 Ma is also consistent with the idea of
intensified wind blowing over Australia. Chemical changes after deposition
may also have affected the magnetic mineralogy, as discussed in the follow-
ing section.

4. Discussions
4.1. Oxidation of Magnetic Minerals

Although magnetic transitions are vague (Figure 7), the method of Jackson
and Moskowitz (2021) enabled us to recognize Verwey transitions for
magnetite (94-104 K; Figure 8f). They also summarized that the Verwey
transition temperature is lowered by low temperature oxidation (nonstoichi-
ometry) as well as impurities in the magnetite such as Ti, Al, or Mn. AM,
(Ozdemir & Dunlop, 2010) decreases from ~0.05 (Z = 0.89; 89% oxida-
tion) around the surface to ~0.01 (Z = 0.975; 97.5% oxidation) deeper in the
nodule (Figure 8g). Verwey transition temperatures (94-104 K) lower than
those of stoichiometric magnetite (125 K), subdued transitions, and low AM
suggest low temperature oxidation of magnetite to maghemite. The absence
of FORC features along the central ridge on 80—-100 mT for specimens ol
and o2 (Figure 4) could be interpreted as lowered coercivity due to release
of stress by the heavily or completely oxidized magnetite core surrounded by
maghemite shell (e.g., Almeida et al., 2015). Specimen k1 is characterized
by higher coercivity for the central ridge (EM1; Figure 8e) reflecting SD
magnetite with maghemite shell.

4.2. Nodule Rotation and Possible Causes

Changes in paleomagnetic directions for the five depth layers are almost
synchronous from the bottom to the surface for Sample-B (Figures 9a-9e).

The directional synchronicity for sample-A is not obvious. To visualize changes for Sample-B through time, the
paleomagnetic directions were plotted for each line (Figures 9f-9j), where a great circle (GC) could be fitted
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Figure 4. First-order reversal curve (FORC) diagrams for specimens k1-02 for Sample-A. FORC measurements were conducted with the following parameters;
Hc: 0400 mT, Hu: —100 ~ +100 mT, Saturation field: 2 T, Pause at saturation field: 0.1 s, Pause at calibration field: 0.1 s, Pause at reversal fields: 1 s, Number of
FORCs:150, Field step size: 4.027 mT, Averaging time: 0.4 s. FORC was processed using the FORCinel software (Harrison & Feinberg, 2008) with the following
parameters; ScO: 4, Sc1:8, Sb0: 3, Sbl: 8, horizontal lambda:0.1, vertical lambda:0.1.
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Figure 5. Results of first-order reversal curve (FORC) PCA. (a) Variance explained using principal components (solid circles) is shown together with cumulative
variance (blue columns). (b) Proportions of end members EM1,EM2 and EM3 for specimens. (c) PC2 versus PC1 plotted for 10 specimens with the end members. FORC
diagrams for (d) EM1, (e) EM2, and (f) EM3 sharing color scales. Horizontal profiles on FORC diagrams along B, = 0 are shown for (g) EM1, (h) EM2, and (i) EM3.
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Figure 6. Results of thermal demagnetization of composite isothermal
remanent magnetization (Lowrie, 1990) for specimen 11 of Sample-A. Black,
red and blue circles represent magnetizations of low (0-0.12 T), medium
(0.12-0.4 T) and high (0.4-2.5 T) coercivity components, respectively.

using PCA (Kirschvink, 1980). The consistency of the five GCs suggests that
the nodule rotated while magnetization was acquired successively from the
deepest layer 5 to the surface layers 1 . The poles for the GCs give an average
azimuth of 53.9 + 5.6° and a dip of 32.1 + 7.6° (Table 2). Directions could be
reconstructed to the GAD field direction by progressive anticlockwise rota-
tion (average rotation angle for the oldest specimens = 107.5 + 13.6°). This
suggests that the nodule successively acquired magnetization during the last
normal polarity period during rotation. The nodule might have rotated multi-
ple times. Since there is no reversed magnetization preserved in the paleo-
magnetic records, the magnetization acquired during the previous rotations
might have been erased.

There are potential causes for nodule rotation: (a) benthic macrofauna, (b)
deep currents, and (c) gravity. The first hypothesis should exhibit sporadic
directional changes. However, the directional change is rather continuous
(Figures 9f-9j), which does not favor the hypothesis. The second hypothesis
necessitates hydrostatic pressures to push the nodule; however, the speed of
deep current in the area is not strong enough (a few cm/s; Thran et al., 2018).
The paleomagnetic directions for a nodule from CCZ did not experience rota-
tion (Yi et al., 2020). As the deep current speed for CCZ is similar to the
studied area (Figure 1a; Kawabe & Fujio, 2010), it may not be a controlling
factor for the rotation. The third hypothesis is the rotation along a gentle slope
around the foot of an abyssal hill, where the nodule is located (Figure 1b;

Usui et al., 1994). Although the slope seems gentle, gradual nodule rotation due to gravity may be possible if the
deep currents remove the sediments surrounding the nodule by episodic strong currents. Li et al. (2021) suggested
that the nodules of the Suda Seamont in the northwest Pacific with 40%-80% areal coverage are associated

with downslope movement, which provided the nucleus for high nodule concentrations. Although the scales and

environments are different, their hypothesis gives ideas on the rotation of the nodule in the studied area with a

high coverage of 57%. For a field of Co-rich manganese deposits on a seamount, the occurrences of large-scale

nodules were favored for seedbed slopes of <3°(Yamazaki & Sharma, 2000). Thus, it is possible that a gentle

slope might be one of the important factors for the formation of large-scale nodules as well as the topographic

features and the bottom currents.

4.3. Nodule Attitude and Remagnetization

Reconstructions of the nodule attitudes are made by the estimated rotation angle and axis (Figures 10a—10f). The

rotation might have raised the northwest side of the nodule from the sediment and promoted low temperature

oxidation of magnetite with seawater. Low temperature oxidation experiments on titanomagnetite baring oceanic

basalts demonstrated the acquisition of chemical remanent magnetization (CRM; Kelso et al., 1991). A model

is proposed that primary magnetizations of magnetite were lost, and CRMs were acquired by oxidation (Fe?*

removal) associated with rotation (Figure 10g), where the magnetite core sizes were reduced to those smaller than

the threshold. This applies to both SD and vortex particles (e.g., Almeida et al., 2015). The high oxidation degree

(lowest AM, for 17-21 mm; Figure 8g) might be related to the finer grain sizes of SP/SD/vortex particles with

more reactive surfaces. Also, the segment around 17-21 mm might have been exposed longest (or most times)

to the oxic seawater. The nodules for 0—17 mm contain larger sized vortex magnetites, which might have origi-

nated from eolian dust from Australia. The lack of these particles makes a strong contrast in terms of the average

oxidation degree of magnetite particles. The higher oxidation degree for the segment around 17-19 mm does not

necessarily mean that the speed of oxidation is higher than the outer part (0—17 mm).

The pores and cracks of the nodules (mean porosity is 43.0% for nodules from CCZ; Bléthe et al., 2015) connect

the interior and the surrounding environment, introducing oxygenated seawater of AABW. Higher Mn is associ-

ated with hydrogenetic vernadite, which is correlated with lower Si (Figure 8h) and higher S_g , ; (lower content

of high coercivity minerals). This implies that oxidation proceeds more in areas with lower Mn and higher Si with

sediments. Porous sediments (orange areas; Figure 10g) may have played a primary role as seawater pathways.

The oxidation might have progressed from diagenetic parts with lower Mn and higher Si to the hydrogenetic

columnar structure (purple areas; Figure 10g), which might have controlled the CRM acquisition resulting in
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Figure 8. Rock magnetic results for specimens from line k of Sample-A. (a) SIRM. (b) S_;, and S_ ;1. (c) Mean coercivities
and (d) proportions of coercivity components for unmixing of isothermal remanent magnetization acquisition curves. (e)
Proportions of first-order reversal curve end members. (f) Verwey transition temperatures and (g) AM_. Z is the oxidation
degree based on Ozdemir and Dunlop (2010). (h) Optical image, Mn and Si XRF images, and S_,; enlarged images in the
rectangles of Figure S2 in Supporting Information S1. An example area of sediment fillings and columnar vernadite are
enclosed with white and cyan broken lines, respectively.

Figure 7. (a—e) Zero-field-cycling results of specimens k1-o1 for Sample-A. Blue (red) points are cooling (warming) curves. (f—j) Verwey transition analyses proposed
by Jackson and Moskowitz (2021). The ratio of reduction from warming to cooling curves at 300 K is calculated as AM_ based on Figures 6a—6e, which is associated
with the degree of oxidation (Ozdemir & Dunlop, 2010). For the lowest diagram of each subfigure, black crosses and red curves are the measured magnetization and
interpolation using a smoothing spline, respectively. For the middle diagram of each subfigure, red, blue, and green curves represent the smoothed curve, data points
used for polynomial fitting, and polynomial curve (term = 7) fitted using only blue data, respectively. The top diagram of each subfigure represents the subtraction of
the smoothed curve from the polynomial curve, where the peak is the Verwey transition.
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Figure 9. Paleomagnetic directions of layers (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5 are shown as arrows after correction of —45° for the declination. Upper specimens were
chosen for layers with two specimens. Blue and green rectangles are specimens for Sample-A and Sample-B, respectively. An angle from the north and a length for an
arrow are declination and inclination, respectively. Solid arrows represent negative inclinations. Paleomagnetic directions for lines (f) a, (g) f, (h) &, (i) p, and (k) u for
Sample-B are plotted as black circles on equal area projections. Blue crosses are the geocentric axial dipole field direction during the normal polarity period. Orange
arcs and circles represent the GCs and the poles fitted to the directions, respectively. The numbers are rotation angles to restore the oldest specimen to zero declination.
The restored paleomagnetic directions are plotted as cyan circles. Open (closed) circles are projections onto the upper (lower) hemisphere.

the complex distribution of paleomagnetic directions. pH might be important for the CRM acquisition (Kelso
et al., 1991) as well as microbial activities in the nodule (Blothe et al., 2015).

Throughout the life of the nodule from the beginning to the present, the central (deepest) part might have experi-
enced rotations most times and the lifetime number of rotations of the segment may decrease toward its surface.
Considering the fact that the reversed magnetization is not recorded in the specimens, every time a certain
segment of the nodule experiences a suboxic condition below the sediment water interface, the magnetization
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Figure 10. The attitude of the nodule during rotation with a rotation angle of 107.5° along an axis (azimuth = 53.9, dip = 32.1°) based on the average for Sample-B.
Upper subfigures are top views of the nodule (a) before, and after (b) 50%, and (c) 100% rotation. Lower subfigures (d-f) are the corresponding side views from
northwest. The axis of rotation is shown as a thick black line. (d) Schematic cross section of a nodule after 90° rotation with a magnetization acquisition model. The
rotation axis is simplified as horizontal. The CRM acquisition model is shown in the boxes.

that has been acquired in the previous oxic stage above the sediment water interface might have been lost due to
chemical change or dissolution. When the segment is above the sediment water interface, the oxic seawater may
enter from the upstream side of the outer part of the nodule, then move to the central (deepest) part, and finally
go out from the downstream side of the outer part. Assuming that the deep current is flowing from southwest to
northeast, Sample B is located on the upper part of the downstream side of the nodule. Then, the successive acqui-
sition of magnetization from the deepest layer 5 (upstream) to the surface layers 1 (downstream) is considered as
consistent with the above interpretation.
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Table 2

Poles of Great Circles and Rotation Angles for Five Lines of Sample-B

5. Conclusions

Pole of great circle

Paleomagnetic measurements were made on specimens cut from a nodule
with depth recovered from the Penrhyn Basin, South Pacific. A stable normal

Rotation
Lines of sample-B Direction (°) Dip (°) MAD (°)  angle (°) polarity magnetization has been resolved from each specimen. The direction
Line @ 1214 _4ls 108 93.5 for the surface spec1rf1en .1s C(_)n51stent with the re_cen.t geomagnetic fields,
whereas paleomagnetic directions show systematic differences among the
Line f —124.0 —38.8 9.0 92 . . . . o 1 °
specimens forming a GC with a pole at (azimuth = 53.9°, dip = 32.1°). The
Line k —122.0 —295 8.7 115 nodule might have acquired CRM during the normal polarity period while
Line p -127.9 —244 11.6 119 undergoing rotation. A possible mechanism for the rotation of the nodule
Line u —-135.0 —26.4 19.2 118 is downslope rolling assisted by sediment removal by a deep current. The
Average —126.1 301 11.9 107.5 rotation might have changed the pore water condition to oxidative for the
Std Dev 56 76 ) 136 rising part_of the n'odule, which mlght have led to l9w tem_p.erature oxidation
of magnetite causing CRM acquisition. The rotation facilitates the growth
of a mixed layer of diagenetic buserite and hydrogenetic vernadite, which
influences the elements in the nodule as natural resources.
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Erratum

In the originally published version of this article, Figures 6 and 7 were transposed. Also, in the first line of Section
2.1, the geographic coordinates were incorrectly provided as “158.39'64”W, 12'00’03”S; Water depth: 5,248 m.”
The figures have been updated to reflect the correct order, and the geographic coordinates have been updated
to “158'30.64'W, 12'00.03’S; Water depth: 5,248 m.” This may now be considered the authoritative version of
record.

ODA ET AL.

18 of 18

85U8017 SUOWILIOD BA KD 3ol dde ayy Aq peusenob afe spiie VO ‘8N Jo SainJ 10} Akeiqi 78Ul UO /8|1 UO (SUOPUOD-PUE-SWLB)LIY A8 | 1WA eIq 1[BU [UO//STY) SUORIPUOD PUe WIS L 8L 89S *[7202/70/TT] U0 ARIq1TaUIjUO A8|IM ‘Uoieiepe Ueissny aUeIyooD Aq 6820T0092202/620T 0T/10p/wodfe|im Atelqiput|uo'sgndnbie//sdny woi pepeojumod '€ ‘€202 '£20252ST


https://doi.org/10.1029/2007JB004940
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1080/10641190009353782
https://doi.org/10.1029/2019JB018639
https://doi.org/10.1130/G46881.1
https://doi.org/10.1038/s41598-017-17077-8

	Rotation of a Ferromanganese Nodule in the Penrhyn Basin, South Pacific, Tracked by the Earth's Magnetic Field
	Abstract
	Plain Language Summary
	1. Introduction
	2. Samples and Methods
	2.1. Geological Setting and Samples
	2.2. Sample Treatment and Paleomagnetic Measurements
	2.3. Rock Magnetic Analyses
	2.4. Analyses With Optical and XRF Scanner, and Scanning SQUID Microscope
	2.5. 
           10Be/ 9Be Age Determination

	3. Results
	3.1. Paleomagnetic Directions
	3.2. Age Model and Secondary Origin of Magnetization
	3.3. Plate Movement During Growth
	3.4. Rock Magnetism and Magnetic Mineralogy

	4. Discussions
	4.1. Oxidation of Magnetic Minerals
	4.2. Nodule Rotation and Possible Causes
	4.3. Nodule Attitude and Remagnetization

	5. Conclusions
	Conflict of Interest
	Data Availability Statement
	References
	Erratum


