Quaternary International 671 (2023) 52-61

Contents lists available at ScienceDirect

Quaternary International

journal homepage: www.elsevier.com/locate/quaint

ELSEVIER

t.)

Check for

Magnetic and geochemical scanning reveals growth history of marine e
ferromanganese crust on Detroit Seamount, northwest Pacific since the
early Miocene

Liang Yi® ', Yibing Li®, Pavel Mikhailik °, Youqiang Qi ¢, Chenglong Deng -

& State Key Laboratory of Marine Geology, Tongji University, Shanghai, 200092, China

b Laboratory of Regional Geology and Tectonic, Far East Geological Institute, Far East Branch of Russian Academy of Sciences, Vladivostok, 690022, Russia
¢ State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, Guizhou, 550081, China

d State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, 100029, China

€ University of Chinese Academy of Sciences, Beijing, 100049, China

ARTICLE INFO ABSTRACT

Keywords: The Hawaiian Chain-Emperor Seamounts is known to be one of the most active regions influenced by mantle
Marine ferromanganese crust hotspot. However, previous studies have provided limited information on the growth process and metal
Magnetostratigraphy

enrichment of marine ferromanganese crusts as indicators of post-eruption history. In this study, we conducted a
geochronological and major elemental study of a hydrogenetic ferromanganese crust, from the Detroit Seamount
using high-resolution magnetic and geochemical scanning. Our findings are as follows: (1) A total of 39 mag-
netozones are recognized in the studied section of the crust, which can be preliminarily correlated to the
geomagnetic polarity timescale from chrons C1n to C5Dn. This correlation yields growth rates of 1.48-2.18 mm/
Myr over the past ~18 Myr. (2) Columnar and lamellar growth structures are identified with distinct metal
enrichment patterns. A significant transition from lamellar to columnar growth occurred at ~11.6 Ma. (3) The
quantified elements can be clustered into three groups, (Mn, Cu—Co-Ni, and Al-Si), (Fe and Ti), and Ca. A strong
correlation between metal enrichment in the crust and the global benthic foraminifera 5'3C record is then
observed. Based on these results, we suggest a predominant role of deep-sea redox conditions in the growth
history of ferromanganese deposits on the Detroit Seamount since the Early Miocene.

Element mapping
Neogene-Quaternary period
Emperor Seamounts

1. Introduction they are not universally accepted. For example, the closure of the

Neo-Tethys Ocean may have induced a major change (Sun et al., 2020)

The Hawaiian Chain-Emperor Seamounts in the North Pacific (Fig. 1)
consist of ~130 submarine volcanoes and extend over 6000 km. These
seamounts can be used to track the motion of the Pacific Plate over the
Hawaiian hotspot (Morgan, 1972; Wilson, 1963). It has been reported
that the ages of these seamounts progressively increase from the Island
of Hawaii to the Meiji Seamount (Clague and Dalrymple, 1989; Kerr
et al., 2005), as a result of the northwestward movement of the Pacific
Plate over the mantle hotspot at the Hawaii (e.g., Clague and Dalrymple,
1989; Tarduno et al., 2003).

Reconstructing the paleoposition of these seamounts is critical to
explore how the Pacific Plate moved and the mantle behaved (e.g.,
Doubrovine and Tarduno, 2004; Sager, 2002). Several conclusions have
been drawn (e.g., Koppers and Watts, 2010; Sun et al., 2021), although
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in the drifting direction of the Pacific Plate at the famous
Hawaiian-Emperor chain bend (Morgan, 1972; Sharp and Clague, 2006;
Wessel and Kroenke, 2009; Wilson, 1963). Towards the end of the
Cretaceous, the plume/hotspot shifted southward, resulting in the cur-
rent position, and the Emperor Seamounts underwent rapid migration
prior to the middle Eocene (Tarduno et al., 2003, 2009).

The post-eruption history of these seamounts was relatively less
documented, which could be attributed to that the infrequent coverage
of the seafloor with detrital deposits. One of key materials for post-
eruption studies are ferromanganese deposits (crust and nodule), and
they contain a high concentration of critical metals, such as Mn, Cu, Co,
and Ni, as well as platinum group elements and noble metals of mantle
origin (e.g., Berezhnaya et al., 2021; Mikhailik et al., 2019; Mikhailik
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et al., 2021). It has been suggested that Au in marine ferromanganese
crusts (MFCs) could experience post-enrichment through hydrothermal
fluid during rejuvenated volcanic stages (Mikhailik et al., 2021), while
Pt would result from the halmirolysis of underlying basalts (Berezhnaya
et al., 2021).

However, similar to studies conducted on ferromanganese deposits
in other regions, there is a lack of direct comparison and overall con-
sistency in time scales between metal enrichment and global climate
changes. Although it has been recognized that abyssal erosion has
occurred on a large scale and that ferromanganese deposits have
developed in abundance since the late Oligocene as a result of the
expansion of the Antarctic bottom water (Glasby, 1978; Kennett and
Watkins, 1975), the role of global climate changes in the formation of
ferromanganese deposits is not well understood unless a high-resolution
age model is obtained (e.g., Chen et al., 2023; Yi et al., 2023). Hence, we
conduct a study on a ferromanganese crust collected from the Detroit
Seamount (Fig. 1) to investigate the external factor contributing to metal
enrichment, using magnetic and X-ray fluorescence (XRF) scanning. By
integrating precise dating and metal distribution in the crust, we aim to
establish the long-term relationship between metal enrichment and
climate changes during the Neogene-Quaternary period.

2. Materials and methods
2.1. Detroit Seamount

The Detroit Seamount locates at the northernmost end of the Ha-
waiian Chain-Emperor Seamounts, which was formed at about 76 Ma
(Fig. 1). By integrating seismic data and ash layers in ODP Leg 197 sites,
it is inferred that volcanic activity in the Detroit Seamount occurred
during the Eocene and likely continued until the early Oligocene (Kerr
et al., 2005). Since then, sediments were deposited and ferromanganese
crusts developed on the seafloor.

2.2. The studied sample (SO249 DR65-6)

The studied ferromanganese crust was collected from the “Late
stage” part of the Detroit Seamount during the SO249 cruise on June
29-30, 2016. The collection site was located at 50°32'N, 167°29'N, at a
water depth of ~3000 m. The crust was obtained using a dredge track
positioned at the base of the seamount, and the crust has dimensions of
about 15 cm x 15 cm x 15 cm (Werner et al., 2016).

In the laboratory, the upper part (~32 mm) of the crust was sampled
and polished for magnetic and XRF scanning in this study (Fig. 1).
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Previous research has shown that vernadite is the major mineral in the
studied sample, and the crust was formed through hydrogenetic pro-
cesses without any hydrothermal influences (Mikhailik et al., 2023).
Analysis of bulk samples indicates the following elemental contents: Si
(14.3%), Al (2.95%), Ca (1.70%), Fe (20.2%), Ti (10.2%), Mn (0.64%),
Co (1176 ppm), Cu (351 ppm), Ni (744 ppm), and rare earth elements
(REE, 1529 ppm) (Mikhailik et al., 2023).

2.3. Magnetic scanning

Magnetic scanning was performed three times for the studied MFC
(DR65-6) using a room-temperature Hall probe without demagnetiza-
tion, following the procedure of Yi et al. (2020), at the State Key Lab-
oratory of Marine Geology, Tongji University. These measurements
produce high-resolution maps of the vertical component of the magnetic
field (Yi et al., 2020), which can provide information on the micro-scale
magnetic orientation within the sample (Kletetschka et al., 2013; Oda
et al., 2011; Weiss et al., 2007). The room-temperature instrument
employs a stationary axial Hall probe, equipped with a fiberglass tip
sensor that is ~100 pm in size. The movement stage is an automated 2D
motorized stage, enabling a spatial resolution of 1 pm.

The measurements were repeated 100 times, at 80 pm intervals along
the same profile (A0). The magnetic sensor was positioned at a distance
of 0.1 mm from the sample surface. The final magnetic signal was ob-
tained as the average of the repeated scans. In order to ensure the reli-
ability of the magnetic signals, two additional, parallel tracks (R1 and
R2) to the major measuring line (AO) were obtained, with slight offsets
of +80 pm and repeated 50 times.

2.4. XRF mapping

In-situ elemental mapping for the studied MFC (DR65-6) was carried
out by Micro-XRF instrument (Bruker, M4 Tornado) equipped with a
poly-capillary lens-focused rhodium X-ray source and a Silicon Drift
Detectors at the State Key Laboratory of Marine Geology, Tongji Uni-
versity. The Micro-XRF technique combines the advantages of an auto-
mated microscope-guided high-precision movable stage system with the
spectral resolution of a high-energy X-ray source, enabling fast, non-
destructive, and high-resolution elemental analysis (Beckhoff et al.,
2007; Janssens, 2014). The Micro-XRF mapping was performed with a
50 kv X-ray tube voltage, 600 pA tube current, 30 pm step size and 10 ms
dwell time/pixel. Nine elements, including Al, Si, Fe, Ti, Mn, Cu, Co, Ni,
and Ca, were quantified in counts per second (cps).
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Fig. 1. Regional map of the North Pacific showing location of Detroit Seamount with the studied crust (DR65-6). The ages of the dated seamounts along the Emperor

Chain are from Kerr et al. (2005).

53



L. Yi et al
3. Results and analysis
3.1. Magnetic signal and the age model

Magnetic scanning using a stationary Hall probe, repeated 100 times
along the same profile line (A0), reveals a quasi-symmetrical and
cyclical magnetic pattern of fluctuation (Fig. 2¢). A comparable mag-
netic pattern can be replicated along the measuring lines (R1 and R2)
away from the major profile (Fig. 2b and d), thereby validating the
robustness of magnetic scanning.

In order to detect magnetic signals, we apply principal component
analysis (PCA) to magnetic scanning data. The leading component ac-
counts for 72.7% of the total variance (Line A0), and similar outputs are
observed along the two reference lines (R1 and R2), explaining 64.1%
and 64.9%, respectively. Subsequently, we utilize the leading compo-
nents to represent changes in magnetic field of the studied MFC, and
calculate the standard deviation between repeated scans as a measure of
uncertainty in the magnetic signal (Fig. 2e).

A comparison was conducted to assess the reliability of magnetic
scanning and the consistency between measuring lines (Fig. 2e). As a
result, correlation coefficients between lines A0 and R1 and lines AO and
R2arer = 0.62 (p < 0.01) and r = 0.52 (p < 0.01), respectively.

However, there are noticeable differences between the magnetic
records along the three lines in certain intervals, such as 9-10 mm,
19-20 mm, 23-24 mm, and 30-31 mm (Fig. 2e). Two factors that could

- a
1 g Measuring lines
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contributed to these offsets are growth noisy and diachronous layering.
Growth noisy is observed in magnetic signals within less compacted
layers of a ferromanganese nodule in the Eastern Pacific, potentially due
to a rapid-growing process (Yi et al., 2020). As for diachronous layering,
coeval layers in a columnar structure of ferromanganese crusts are
typically less developed compared to those in a lamellar structure. Since
no other geochronological evidence was obtained in this study for
cross-checking, these differences are treated as uncertainties in mag-
netic scanning. The record of magnetic field changes along the major
profile (AO) was then used to identify potential geomagnetic reversals
recorded in the studied crust (Fig. 2f).

With at least four continuous magnetic points, a total of 39 magne-
tozones are recognized (Fig. 3), including 20 normal zones (n01-n20)
and 19 reverse zones (r01-r19). In order to establish chronological
correlations, these magnetozones are firstly visually correlated to the
geomagnetic polarity timescale 2020 (GPTS2020) (Gradstein et al.,
2020) as commonly practiced in paleomagnetic research. The visual
correlation primarily relies on the normal-reversed polarity pattern
observed in DR65-6 magnetozones, assuming no major hiatus over
millions of years. This correlation indicates that the studied section re-
cords chrons from Cln to C4Ar (Supplementary data), suggesting a
~10-Myr duration. This estimate closely aligns with previous °Be/°Be
results of ferromanganese deposits in this region (van de Flierdt et al.,
2004b).

Yet, when relying solely on long-term magnetostratigraphy without

Fig. 2. Magnetic signals by magnetic scan-
ning of the studies MFC. (a) Image of the
sampled crust marking out the measurement
position for magnetic scanning. (b) and (d)
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Fig. 3. Correlation of the identified magnetozones of the studied part of MFC DR65-6. (a) Changes in magnetic field by magnetic scanning along the major measuring
line (AO in Fig. 2). (b) and (d) The identified magnetozones. N01-n20, normal zones; r01-r19, reverse zones. (c) The geomagnetic polarity timescale (GPTS 2020)
(Gradstein et al., 2020). (e) The cost-rank function for different numbers of magnetozones considered to evaluate the growth rate based upon the parameters chosen
for this study. Parameters as set: load ref. From GPTS 2020, Nbr Res 100, Max path 1000-5000, Gap Factor 0, Max Subst 1-40 (since no substantial difference
observed in changing Max path), Subst Dist 5. (f) Age-depth models for the studied MFC with the estimated growth rates. Correlation-I and Correlation-II represent

the two scenarios of the magnetic correlations.

other geochronological evidence, the visual correlation of recorded
magnetozones to the GPTS often results in inconsistencies (e.g., Qiao
et al., 2016; Zhang et al., 2014). In order to minimize uncertainties in
magnetic correlations, Lallier et al. (2013) developed a novel dynamic
time warping algorithm technique to assess the reliability of different
possibilities, providing valuable clarification (e.g., Zhang et al., 2017).
By applying this new technique, two sets of magnetic correlations be-
tween DR65-6 magnetozones and the GPTS2020 are obtained, denoted
as Correlation-I and Correlation-II (Supplementary data). These corre-
lations were determined under the assumption that accumulation rates
did not change abruptly and that thin magnetozones would not be
correlated to long chrons (Lallier et al., 2013; Zhang et al., 2017). Upon
adjusting the calculation parameters (Fig. 3e) as suggested by Zhang
et al. (2017), Correlation-I remains valid, while Correlation-II is only
supported when the Rank value is < 6. As a result, Correlation-II is
excluded from subsequent analyses.

In terms of Correlation-I, chrons from Cln to C5Dn were recorded,
while for Correlation-II, chrons from C1ln to C5ABn were recorded. The
discrepancy between these two correlations emerges at ~6 Ma, poten-
tially indicating the influence of missing chrons. According to
Correlation-I, the growth rates of the studied part of MFC DR65-6 exhibit
noticeable variations, from 1.48 mm/Myr to 2.18 mm/Myr, suggesting
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that the age of the bottom of the studied section (~32 mm) is about 17.6
Ma.

However, both correlations imply the studied section of MFC DR65-6
has a substantially longer duration, compared to regional estimates of
ferromanganese deposits based on °Be/’Be dating (van de Flierdt et al.,
2004b). To confirm this correlation (Correlation-I), we compared the
magnetic signal obtained from magnetic scans with various records of
Earth’s magnetic field, including changes in a ferromanganese nodule in
the Eastern Pacific (Vi et al., 2020), seafloor magnetic anomalies in the
South Atlantic (Li et al., 2018), marine magnetic anomalies in the
Southern Hemisphere (Li et al., 2021), and relative paleomagnetic in-
tensity (RPI) of IODP Site U1336 in the Equatorial Pacific (Ohneiser
et al.,, 2013). As shown in Fig. 4, the comparisons reveal a consistent
pattern of broad paleomagnetic field variations, and the relatively large
difference shown in Fig. 4c may be attributed to the contamination of
climatic signals in processing RPI data from deep-sea sediments (Guyodo
et al., 2000; Roberts et al., 2003; Xuan and Channell, 2008). In addition,
a similar relationship can be observed in an attempt of magnetic scan-
ning of MFCs collected from the Northwest Pacific (Oda et al., 2011). It
is thus inferred that the discrepancy between our estimates and previous
10Be/%Be dating in the Emperor Seamounts might be attributed to the
specific location-based collection of ferromanganese deposits.
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Fig. 4. Comparison of the magnetic signal of MFC DR65-6 with various records
of relative paleomagnetic intensity (RPI). (a) Comparison over the past 5 Myr.
MFC, this study. MFN, marine ferromanganese nodule (Yi et al., 2020). MMA1
and MMAZ2, seafloor magnetic anomaly and magnetization records of the South
Atlantic, respectively (Li et al., 2018). (b) Comparison with the marine mag-
netic anomalies in the Southern Hemisphere (SHMs) (Li et al., 2021). (c)
Comparison with the RPI record of IODP Site U1336 (Ohneiser et al., 2013).

Therefore, the reliability of DR65-6 geochronology has been verified,
and this age model based on magnetic scanning (Correlation-I) is uti-
lized for later analyses. For other possibilities of correlating magneto-
zones to the GPTS2020 (Supplementary data), they are still being
considered in the light of new evidence in future.

3.2. Changes in metal elements

Generally, the studied part of MFC DR65-6 displays two distinct
growth structure: (1) a columnar structure above ~22-23 mm and, (2) a
lamellar structure observed below. The transition between these struc-
tures can be visually observed in elemental distributions (Fig. 5).
Different structures may represent different mineralogy and metal
enrichment, thus indicating different environmental conditions (e.g.,
Reykhard and Shulga, 2019). Specifically, the Mn distribution exhibits
arborization-like patterns in the upper with lower values, and it displays
laminated patterns in the lower with higher values. Conversely, the Fe
accumulation pattern mirrors that of Mn, but with a contrary trend in
contents. Element Ti exhibits a similar distribution to Fe, likely sug-
gesting a potential association. However, elements Al and Si show no
distinct changes in growth structure; instead, they are randomly
enriched between layers or branches, consistent with previous findings
(e.g., Hein et al., 2020; Yi et al., 2023). Elements Cu-Co-Ni (CCN)
distribute no apparent pattern (Fig. 6a), likely due to their low con-
centrations in the crust. In addition, element Ca is enriched in the lower
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laminated layers, without a clear pattern across the studied section.

Combining changes in various elements, the genesis can be identified
(Fig. 6¢), following the method of Bonatti et al. (1972). As shown, the
XRF scanning points mainly reside in the hydrogenetic region, near the
hydrogenetic-hydrothermal boundary. These observations are consis-
tent with the results obtained from the bulk sample of MFC DR65-6
(Mikhailik et al., 2023), as well as with previous studies on crusts in
this region (e.g., Berezhnaya et al., 2021; Mikhailik et al., 2019;
Mikhailik et al., 2021).

Further analysis of the element contents confirms the relationship
between elemental enrichment and growth structures (Figs. 7-8). For
example, PCA results for the nine elements show three groups (Fig. 7a):
Mn-Al-Si—-CCN (PC1), Fe-Ti (PC2), and Ca. Detailed correlation analysis
for paired elements supports this pattern (Fig. 8). As shown, the scatter
plot between elements Mn and Fe reveals two clusters with different
relationships (Fig. 7b), and these two clusters are also evident in the
relationship between Mn and other elements (Fig. 8a—d). In contrary, the
relationship between Fe and other elements is weak (Fig. 8e-g), except
for element Ti (Fig. 8h), and no subgroup can be identified.

Various elements may be linked to different environmental pro-
cesses. An example of this is the element Mn, which has been found to
have a positive association with changes in dissolved oxygen (e.g., Hein
et al., 2020; Skornyakova and Murdmaa, 1992; Yi et al., 2023). This can
be attributed to the migration of oxygen-sensitive metals from reducing
to oxidizing environments (Glasby, 2006). Another example is that the
element Al has been found to represent terrigenous clast in the North
Pacific, because it is closely associated with eolian dust in sediments
(Uematsu et al., 1983) and in ferromanganese nodules (Yi et al., 2023).
Changes in redox conditions and eolian inputs are both linked to global
paleoenvironmental processes, such as orbital forcing and polar
ice-sheet evolution in the past (Yi et al., 2023). However, unlike the
distinct Fe-Mn relationships shown in Fig. 7b, a negative Fe-Mn rela-
tionship is expected in hydrogenetic crusts and nodules in the deep
Pacific (e.g., Cheng et al., 2023; Ren et al., 2022; Ren et al., 2023). This
negative relationship implies a competition between Fe and Mn, as
depicted in the ternary diagram illustrating hydrothermal and hydro-
genetic processes (Bonatti et al., 1972).

Integrating these results, the potential implications of the clustered
elements are summarized as follows.

(1) For Mn-Al-Si-CCN (PC1), changes in Mn and CCN may be pri-
marily influenced by redox conditions, whereas the dominant
factor for Al and Si could be terrigenous input, such as ice-rafting
and/or eolian debris. This group, in conjunction with the linkage
between abyssal redox conditions and eolian dusts in the deep
Pacific (Vi et al.,, 2023), indicates a potential common signal
among various paleoclimatic processes. This is similar to the
strong correlation observed between global foraminiferal 530
and 8'3C records (r = —0.80, p < 0.01).

For Fe-Ti (PC-2), the subgroup with a negative Fe-Mn relation
implies a hydrogenetic process in metal enrichment, consistent
with findings from previous studies (e.g., Khanchuk et al., 2019;
Mikhailik et al., 2013). Conversely, in the subgroup exhibiting a
positive Fe-Mn relation, it is speculated that the presence of FeOy
could facilitate Mn(II) oxidation (Liu et al., 2022), potentially
linking to an additional Fe source, within the context of similar
minerals observed in different parts of MFC DR65-6 (Mikhailik
et al., 2023).

Ca is considered to be a relatively independent element that
might have a correlation with marine productivity and/or the
phosphatization effect (Koschinsky et al., 1997). Based on that
there no significant variation observed in the contents of P and Ca
in different parts of MFC DR65-6 (Mikhailik et al., 2023), it is
inferred that the phosphatization effect can be disregarded in the
past, and thus the element Ca was excluded in subsequent
analyses.

(2
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4. Discussion

Previous studies have proposed that the formation of ferromanga-
nese deposits on the deep-sea floor are closely related to the migration of
manganese and other critical metals (Glasby, 2006). This is because
these metals are typically dissolved from the oxygen-minimum zone
(OMZ) and the oxidized environment below the OMZ promotes the
formation of metal oxides (Halbach et al., 2017). The growth of these
deposits is very slow, usually <1 cm/Myr, and is influenced by
long-term environmental changes, such as bottom-water evolution (e.g.,
van de Flierdt et al., 2004a) and terrestrial dust supply (e.g., Banakar
et al., 2003). However, the broad consistency between changes in crit-
ical metals in ferromanganese deposits and climatic proxies of global/-
regional change, such as marine foraminiferal isotopes (5'%0 and 5'3C),
has been less reported, making it unclear what external factors drive
metal enrichment (Guan et al., 2019; Manceau et al., 2014; Yi et al.,
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2023). One limitation is lack of precise dating. Current dating tech-
niques, including U-Th series (Ku, 1976), °Be/*Be (Graham et al.,
2004), Co flux (e.g., Puteanus and Halbach, 1988), 875r/80sr (Richter
and Turekian, 1993), and 18705/1880s (Klemm et al., 2005), usually
enable age models for researches only on long timescales (tens of mil-
lions of years) (e.g., Halbach et al., 2017; Hein et al., 2013; Hein et al.,
2015; Ren et al., 2023; van de Flierdt et al., 2004a; Wegorzewski and
Kuhn, 2014; Zhong et al., 2021).

Constrained by magnetic scanning (Fig. 3) and by averaging metal
data obtained from each position in XRF mapping (Figs. 5-6), the metal
variations in the studied part of MFC DR65-6 exhibit a strong correlation
with the deep-sea stacked 8'®0 and 8'3C records (Figs. 9-10). This
provides an opportunity to testify the potential role of global climate
changes in metal enrichment in the Detroit Seamount.

The stable carbon isotope (5'3C) is a powerful and broad-used proxy
in paleoceanography (e.g., Mackensen and Schmiedl, 2019; Shackleton
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Fig. 7. Scatter plots between PC1 and PC2 (a)
and between Mn and Fe (b). PC1 and PC2, the
two extracted components from principal
component analysis (PCA), and 48.0% and
31.8% are two variance values of PC1 and PC2,
respectively. CCN, Co + Cu + Ni; Mn (neg), all
data of element Mn are transferred to negative
values for PCA. Correlation coefficients (r) with
their significance levels are labeled. There are
two subgroups identified in (b), and the bound-
ary between them is dated to ~11.6 Ma.
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Fig. 8. Scatter plots between paired elements of the studied part of MFC DR65-6. CCN, Co + Cu + Ni; Correlation coefficients (r) with their significance levels
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and Opdyke, 1977; Curry and Oppo, 2005), which could be influenced
by a series of factors, including carbon dioxide, methane and oceanic
dissolved carbons (e.g., Barnola et al., 1987; Broecker and Peng, 1993;
Glibert et al., 2019; Kroopnick, 1974; Veizer et al., 1999; Zeebe, 2007).
For long-term variation, the benthic 8'3C record is indicative of oceanic
alkalinity or the balance between dissolved inorganic carbon (DIC) and
alkalinity (Zachos et al., 2001). Because of this and together with that
different water masses are known to have distinct 5!°C values (e.g.,
Mackensen and Schmiedl, 2019), the benthic 5'3C record has been
employed as a proxy of deep-sea ventilation (e.g., Fide et al., 2017;
Hodell and Venz-Curtis, 2006; Hodell et al., 2003).

Considering that the main trend shown in the benthic 8'3C record
and other ventilation proxies is generally similar during the Neogene-
Quaternary period (Auderset et al., 2022; Hess et al., 2023; Zachos
et al., 2001), we suggest that the high correlation (r = 0.83, p < 0.01)
between Mn, Mn/Fe, and the benthic §'3C record (Westerhold et al.,
2020) indicates that redox conditions may have played a predominant
role in metal enrichment at the site (Fig. 9a and b). In turn, high Mn and
Mn/Fe values are indicative of enhanced ventilation and high dissolved
oxygen, consistent with a recent finding from a ferromanganese nodule
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in the Eastern Pacific (Vi et al., 2023). Nevertheless, certain differences
between our Mn records and the benthic §'3C record are also observed in
the past ~18 Myr, inferring those other factors (Halbach et al., 2017;
Hein et al., 2020), such as marine productivity, metal supply, porewater
conditions, and/or terrigenous input, could have influences on metal
enrichment, which is worthy of clarification in future.

Moreover, the benthic 5180 record can serve as a proxy for global
temperature (e.g., Zachos et al., 2001), generally reflecting the evolution
of ice sheets in the high-latitude region of the Northern Hemisphere. The
Northern Hemisphere glaciation has played a dominant role in the ari-
dification processes in inner Asia (An et al., 2001; Guo et al., 2002) and
the transport of eolian dust to the North Pacific (Rea, 1994; Rea and
Hovan, 1995). Given the location of our study area (50°32'N, 167°29'N),
we expect that terrigenous inputs are linked to changes in ice-rafting
and/or eolian debris. Based on the observed covariation between ma-
rine foraminiferal isotopes (r = —0.80, p < 0.01) (Westerhold et al.,
2020), we confirm that the clustered elements, including Mn-Al-Si-CCN
(PC1), likely represent a common signal between the 5'%0 and 5'3C
records (Fig. 9¢). Additionally, the time of the transition between the
two growth structures (Figs. 5-6) and the change in Mn-Fe relationships
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(Fig. 7b) corresponds well with the shift in the relationship between the
5180 and 8'3C records at ~11.6 Ma (Westerhold et al., 2020). Therefore,
we hypothesized that the interaction between global temperature and
oceanic redox conditions (inferred from changes in alkalinity and DIC)
may be a crucial factor in determining the growth types/structures in
ferromanganese crusts, as well as the behaviors of metals, such as CCN
and others.

Changes in the relationship between these proxies confirm a major
shift at ~11.6 Ma (Fig. 10). Prior to ~11.6 Ma, the DR65-6 crust exhibits
lamellar structures with higher Mn levels, higher Mn/Fe ratios, a
negative correlation between Mn and Fe, lower Al and Si inputs, and a
weak correlation with changes in oceanic alkalinity (DIC). Since ~11.6
Ma, an opposite pattern is observed within columnar structures.
Different growth processes may lead to different metal behaviors (e.g., Li
et al., 2020; Manceau et al., 2014; Reykhard and Shulga, 2019), and
revealing the climatic context could potentially help distinguish the
driving mechanisms behind different growth processes in future.

In addition, considering that the study area is recognized as one of
the most active hotspot regions on Earth, where deep-hydrothermal
materials were leaked into seawater (e.g., Koppers and Watts, 2010),
the additional Fe source contributing to the positive Fe-Mn relationship
in the upper part of MFC DR65-6 might be associated with hydrothermal
materials. This is supported by the ternary diagram (Fig. 6¢), which
suggests an enrichment of Fe that is characteristic of hydrothermal
processes (Bonatti et al., 1972). As a potential proxy of the supply of
hydrothermal materials, changes in Fe-Ti (PC2) display a ~4-Myr
oscillation (Fig. 9d). However, in this study, we do not consider this
cyclic pattern as evidence of periodic leakage of mantle materials in the
Detroit Seamount, due to the presence of a hydrogenetic sources of Fe
and Ti in significant amounts (e.g., Khanchuk et al., 2019; Mikhailik
etal., 2013, 2023), as well as potential interference from other metals in
a PCA process. Despite these considerations, the relatively high vari-
ability of PC2 since ~13 Ma might indicate an active condition during
the post-eruption phase in the study area, resulting in the increased
inputs of Fe and Ti, leading to the accumulation of Mn and other metals.
This may explain the positive Fe-Mn relationship (Fig. 7b), which is
atypical of hydrogenetic processes. Moreover, the active post-eruption
condition may also suggest that the influence of the metal supply on
metal enrichment was not measurable. Therefore, we propose that
global climate changes are the primary factor dominating the growth of
ferromanganese crusts on the Detroit Seamounts, with a noticeable hy-
drothermal influence that cannot be overlooked.
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5. Conclusions

We conducted an investigation on a ferromanganese crust collected
from the Detroit Seamount in terms of geochronology and geochemistry.
The aim was to understand the long-term association between metal
enrichment in ferromanganese crusts on the Emperor Seamounts and
global climate changes. The main findings are as follows: 1) Employing
high-resolution magnetic scanning, we successfully established an age-
growth model, which reveals estimated growth rates of 1.48-2.18
mm/Myr in the past ~18 Myr. 2) Micro-XRF mapping allowed us to
identify two distinct growth structures, namely columnar and lamellar,
each displaying unique metal enrichment patterns. 3) We observed three
groups of metal behavior, including (Mn, Cu—Co-Ni, and Al-Si), (Fe and
Ti), and relative independent Ca. By Integrating these findings, we found
a strong correlation between metal enrichment and changes in oceanic
alkalinity, notably influenced by hydrothermal materials. Consequently,
we conclude that global climate changes, specifically deep-sea redox
conditions, are the predominant drivers of the growth processes in the
ferromanganese crusts at the site since the Early Miocene.
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