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Marine phosphatization events cause episodic carbonate fluorapatite (CFA)
precipitation on seamounts, and are commonly linked to growth hiatuses in
ferromanganese (Fe-Mn) crusts. However, the complete record of these events
and their paleoenvironmental significance remains poorly understood, in large
part due to poor age constraints. Here, we apply U-Pb dating to CFA in Fe-Mn
crusts from Western Pacific seamounts. These data exhibit good alignment
with Sr isotope ages, revealing six potential phosphatization events. This
established CFA chronology tightens the timespan of phosphatization events
and refines the age framework of Fe-Mn crusts. We subsequently utilize a
multiproxy approach to demonstrate that the phosphatization events occur-
red coeval with the expansion of oceanic oxygen minimum zones. The Wes-
tern Pacific Fe-Mn crusts thus document major perturbations in global oceanic
phosphorus cycling, which appear to have been driven by climate-induced
increases in primary productivity linked to changes in global ocean circulation.

M Check for updates

Phosphorus (P) is the dominant limiting nutrient for oceanic primary
productivity on geological timescales', and thus the long-term bioa-
vailability of P influences atmospheric carbon dioxide levels and cli-
mate via changes in organic carbon burial>*. The P content of the ocean
is determined by a balance between the supply of P, which in a well-
oxygenated ocean is mostly from continental weathering, and the loss
of P via burial in marine sediments*’. Dissolved oceanic P is dominantly
delivered to the sediments in association with organic matter and Fe
(oxyhydr)oxide minerals®. During diagenesis, however, sink-switching
to authigenic phases commonly occurs, with carbonate fluorapatite
(CFA) being a major sink for P’. CFA often precipitates in the voids or
veins of ferromanganese (Fe-Mn) crusts on seamounts®’, with periods
of enhanced CFA precipitation being termed ‘phosphatization events’.

Carbonate fluorapatite in Fe-Mn crusts can provide valuable
insight into Cretaceous to modern paleoclimatic conditions, oceanic
paleo-redox variability, and P cycle dynamics'®". In particular, the
formation of seamount CFA is considered to be closely linked to the
expansion of oxygen minimum zones (OMZs)". However, constraints

on the onset and duration of expanded OMZ intervals are currently
lacking, and thus an accurate absolute chronometer, such as U-Pb
dating of CFA, is crucial to fully utilize the paleoenvironmental infor-
mation recorded by CFA in Fe-Mn crusts. The oldest oceanic crust
(dating back to the early Jurassic®) occurs in the Western Pacific
(Fig. 1), providing a potential record of multiple intervals of enhanced
CFA precipitation.

Phosphatization events are episodic and linked to hiatuses in
Fe-Mn crust growth", which are widespread across the world’s
oceans®". One common way to detect growth disruptions in Fe-Mn
crusts is by comparing theirs osmium (Os) isotope compositions with
the seawater Os isotope curve”. However, the accuracy of this method
is limited due to the low resolution of the seawater Os isotope curve'.
Similarly, the application of strontium (Sr) isotope correlation meth-
ods to CFA does not yield absolute ages® and is characterised by time
intervals with limited variation in the 8Sr/%Sr ratio. By contrast, the
apatite U-Pb chronometer is a precise dating method with wide-
ranging applications in igneous, metamorphic and sedimentary
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Fig. 1| Fe-Mn crusts location and regional seawater environment. a Fe-Mn
crusts located on the seafloor age map. Red, navy blue and light blue stars denote
the Fe-Mn crust drill-core locations from the Ita Mai Tai, Nazimov and Batiza
seamounts, respectively. The dashed line denotes the locations of present-day
vertical phosphate and oxygen profiles generated with Ocean Data View (Schlitzer,
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R., Ocean Data View, odv.awi.de, 2023). Grey areas indicate continents. Map created
using open source software Generic Mapping Tools (available at: http://gmt.soest.
hawaii.edu), and raw data of oceanic crust age from ref. 82. b, ¢ Depth-latitude
profiles for phosphate and oxygen in the water column. d Profile of core MCSDS85,
with Os isotope samples depth indicated.

systems”. Although U-Pb dating of sedimentary apatite is challenging,
with some studies yielding U-Pb dates with either poor accuracy or
younger than expected ages'®?°, other studies have successfully dated
CFA grains and bioclastic apatite from sedimentary rocks, yielding
ages consistent with independent geological constraints??2, Thus
accurate U-Pb dating of CFA in Fe-Mn crusts would improve con-
straints on both the timing of phosphatization events and the growth
history of Fe-Mn crusts.

In this study, we report in situ U-Pb dating of CFA using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
applied to fifteen samples from five Western Pacific Fe-Mn crusts
(Supplementary Data 1; Supplementary Figs. 1 and 2). We utilize these
CFA U-Pb ages (independently validated by the Sr isotope chron-
ometer) to more precisely date periods of phosphatization during hia-
tuses in Fe-Mn crust growth, thus improving their age framework
established using Os isotope chronometry. We also employ a variety of
additional geochemical data to explore the processes that led to hia-
tuses in Fe-Mn crust growth and the onset of CFA formation to develop
a comprehensive understanding of the environmental controls on
oceanic seamount phosphatization events over the last 80 million years.

Results

U-Pb ages of CFA in the Western Pacific Fe-Mn crusts

U-Pb ages (Supplementary Data 2) were obtained from fifteen CFA
veinlet/cavity infills, ranging from about 72 to 7 Ma. These ages fall into
six distinct time periods that commonly coincide with an increased
number of hiatus intervals in pelagic sediments from the Southeast
Pacific (Fig. 2). The oldest and youngest of these CFA formation phases
occur at 72-71 Ma and 8-7 Ma, respectively, with other intervals of CFA
formation occurring at 56-54 Ma, 35-34 Ma, 25-23 Ma, and 11-10 Ma
(Supplementary Table 1; Supplementary Fig. 3).

Os isotopic compositions of Fe-Mn crust and in situ Sr isotopic
compositions of CFA

The corrected ¥0s/**%0s ratios of seventeen successive Fe-Mn oxide
samples from the MCSD85 Fe-Mn crust drill core vary from 0.420 to

0.842, with an average uncertainty of 0.003 (2SE; Supplementary
Data 3). The results align with the seawater Os isotope curve from ~78
to 7 Ma (Fig. 3). Notably, according to the Os isotope ages and sam-
pling location, distinct hiatuses occurred at -62-54 Ma, 51-42Ma,
39-33 Ma, and 29-17 Ma.

In situ #’Sr/%¢Sr ratios of fifteen CFA samples vary from 0.70762 to
0.70901, with a mean uncertainty of 0.00014 (2SE). Based on the fit-
ting of these results to the global seawater Sr isotope curve, the ages
vary from ~75.6 to 5.6 Ma (Supplementary Fig. 4). In addition, the Sr
isotope ratios of the calcite substrate in core MCSD85 range from
0.70740 to 0.70755, corresponding to an age older than 78 Ma.

Discussion

Utilising CFA for precise dating of Fe-Mn crusts

Uranium-Pb CFA ages hold potential as an indicator for growth inter-
ruptions in Fe-Mn crusts™, because individual CFA crystals have a well-
defined euhedral morphology suggestive of an authigenic origin
(Supplementary Fig. 5). In addition, CFA aggregates form as an inte-
grated part of the stratigraphy of Fe-Mn crusts, precipitating as a
cement in sediment pores and void spaces of the surface Fe-Mn crust
during phosphatization events®. CFA can also replace pre-existing
calcite in the pores, which is rapidly dissolved in the presence of
phosphate®. This contributes to an elevated Ca/Mg ratio, thereby
promoting the crystallization of CFA*, and the foraminiferal residues
in the CFA of core MCSD85-6 are a result of calcite dissolution and
subsequent CFA precipitation” (Supplementary Fig. 2b). Furthermore,
the REE distribution patterns of CFA mimic that of seawater (Supple-
mentary Fig. 6), indicating direct precipitation from seawater®, while
the absence of Eu anomalies in the CFA REE spectra argues against late-
stage alteration by hydrothermal fluids®.

Here, each of the fifteen CFA samples defines a robust discordia
regression line in Tera-Wasserburg plots (Supplementary Fig. 3), with
no evidence of loss or gain of U and Pb”. The CFA initial *’Pb/***Pb
ratios derived from an unanchored Tera-Wasserburg upper intercept
(0.829-0.849) differ slightly from the Stacey and Kramers two-stage
crustal Pb evolution model*®, but are within the *’Pb/?°°Pb range of the
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Fig. 2 | Comparison of carbonate fluorapatite (CFA) U-Pb ages to previous
phosphatization event periods and sedimentary hiatus over the past 80
million years. a Tera-Wasserburg lower intercept ages for fifteen CFA samples
from the five Fe-Mn crusts. Age uncertainties are presented at the 20 confidence
level. The ages are divided into six periods, with the magenta shading representing
the CFA formation time range for each period. b Histograms of phosphatization

ages in the Pacific and Atlantic, as identified by Sr/%*Sr chemostratigraphic cor-
relation. Published age data for the Pacific and Atlantic are from refs. 8,11,15,37 and
refs. 11,14, respectively. ¢ The number of hiatuses identified in the Southwest Pacific
sediment cores (orange dashed line)®. Source data are provided as a Source

data file.
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Fig. 3 | Comparison of paleoclimate and ocean chemistry changes with geo-
chemical data for the MCSD85 Fe-Mn crust over the past 80 million years.
Graded blue arrows represent ice sheet expansion stages in the northern and
southern hemispheres, and climate classification is from ref. 84. Grey shading
denotes intervals of crustal growth interruption, as determined by the Os isotope
chemostratigraphic correlation and previous studies in the Western Pacific.
Magenta shading denotes the phosphatization phases identified in this study.

a Benthic foraminiferal §°C record during the Cenozoic* and §"C stratigraphy for

the Upper Campanian-Maastrichtian®. The black line represents the lowess fit
curve from the grey measure data. b Comparison between Os isotope data from the
MCSDS85 Fe-Mn crust (blue crosses) and the seawater '¥0s/™®0s curve (light blue
triangles). ¢ Ba contents (lowess fit) in Fe-Mn crust MCSD85, where the light blue
shading denotes the 90% confidence interval based on a lowess fit. Dashed lines
indicate no data during the hiatus intervals. Source data are provided as a Source
data file.
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deep ocean”. Eleven of the 15 samples yield initial *’Pb/?°Pb ratios
consistent with the 2’Pb/2°°Pb ratios derived from analyses of textu-
rally adjacent Fe-Mn oxides (Supplementary Discussion); the Pb iso-
topic values of adjacent Fe-Mn oxides were used to anchor the CFA
207ph2%ph ratios for the intercept age calculation (Supplemen-
tary Data 2).

Positive correlation between U and Ca in CFA samples (Supple-
mentary Fig. 7) implies that U was incorporated into CFA during for-
mation, rather than being subsequently adsorbed, suggesting that the
CFA U-Pb chronometry represents the timing of crystallization.
Although the Sr isotope ages have a large uncertainty, the good con-
sistency between the CFA U-Pb ages and their Sr isotope ages (which
also correlate well with CFA Sr isotope dates from the Western Pacific
and Atlantic seamounts) further demonstrates the reliability of the
obtained U-Pb ages®**° (Supplementary Figs. 4 and 8).

Closed system behaviour is a prerequisite for U-Pb dating”, and
U-Pb system closure in sedimentary phosphates is thought to be
associated with the cessation of CFA-porewater interactions”, with
sediment lithification during burial diagenesis potentially being a sig-
nificant cause”. Many sedimentary apatite ages therefore record geo-
logical processes that drove the closure of the U-Pb system®.. For CFA
from different settings, crystal morphology may play an important
role. The rounded and elongated CFA crystallites that make up peloids
on continental margins have high reactivity and significant inter-
crystalline porosity®. Following formation in surficial sediments they
can undergo winnowing, current scouring and then burial, during
which they may experience alteration or resetting®. By contrast,
authigenic euhedral CFA crystals within Fe-Mn crusts are larger,
tightly stacked and have lower porosity than CFA on continental
margins’ (Supplementary Fig. 5). The CFA is then cemented by Fe-Mn
crusts that terminate the interaction with porewater/seawater. Addi-
tionally, hydrogenetic Fe-Mn crusts are typically not overlain by
sediment, and the CFA within Fe-Mn crusts does not undergo sig-
nificant late-stage diagenesis. As a result, there are significant differ-
ences between the diagenesis and morphology of CFA in Fe-Mn crusts
and CFA on continental margins, that could explain their differing
U-Pb systematics.

Strontium isotope dating is a relative chronometer, where the
ages are obtained by matching the Sr isotope ratio of CFA to the sea-
water Sr isotope curve. There are two major limitations when
employing Sr isotope dating to CFA in Fe-Mn crusts: (1) The Sr isotope
method only provides a relative age, the accuracy of which is con-
trolled by the accuracy of the Sr isotope analyses and uncertainties in
fitting the Sr isotope data to the seawater Sr isotope curve; (2) The
seawater Sr isotope curve is relatively non-variant, with a range of only
0.0016 over the last ~-80 million years®. In particular, from ~75-35 Ma,
Sr isotope ratios are almost constant, leading to multiple potential
ages with large uncertainties®, even before considering possible sam-
ple contamination issues and the accuracy of measurements. In order
to obtain better age constraints, it has been suggested that age-depth
models and their associated age uncertainties should be established by
applying two or more chronology methods*. By contrast, U-Pb dating
has two main advantages: (1) U-Pb ages provide absolute dates
reflecting the timing of CFA formation; (2) the U-Pb system simulta-
neously determines two individual sets of radioisotope systems (38U
to 2°Pb and U to 2°’Pb), and these two isotope clocks are calibrated
against each other?”*. The half-lives of 4468 and 704 Ma for U and
35U, respectively, make it possible to date CFA of any age, although for
Mesozoic and younger samples, only the 2°Pb/?*8U ratio can be prac-
tically used to obtain precise ages™®. As a result, if U-Pb dating can be
successfully applied to CFA, it promises to refine further the timing of
phosphatization events and their temporal and spatial distributions.

Carbonate fluorapatite occurs as part of the growth sequence in
Fe-Mn crusts, so our measured U-Pb ages represent the maximum age
of the crust below, and the minimum age of the crust above. We utilize

Os isotope chronology to first determine growth interruptions in the
MCSDS85 Fe-Mn crust, yielding growth interruption durations of -6 Ma
(39-33 Ma) and ~12 Ma (29-17 Ma) (Fig. 3). These age ranges are con-
siderably refined by our U-Pb dating, giving smaller hiatuses of 3.0 Ma
(36.7-33.7 Ma) and 3.8 Ma (26.1-22.3 Ma), respectively. In addition, the
U-Pb dating reveals phases of CFA formation at -72-71 Ma, 11-10 Ma
and 8-7 Ma that are not identified by Os isotope dating. The CFA U-Pb
absolute dating thus yields better constrained (and shorter) durations
for hiatuses in Fe-Mn crust growth.

Previous work on Western and Central Pacific seamount phos-
phorites has documented two major phosphatization intervals,
occurring in the late Eocene/early Oligocene (39-34 Ma, peak at 35 Ma)
and late Oligocene/early Miocene (27-21 Ma, peak at 25 Ma), in addi-
tion to some minor events occurring at ~71Ma, 55Ma, 31Ma and 15
Ma®* (Fig. 2). These events are similar to those that occurred in con-
tinental margin settings, which also have a similar discrete record of
CFA growth®. The record also suggests near-persistent minor phos-
phatization throughout the -~40-21Ma interval. However, there
remains an absence of compelling evidence to substantiate a pro-
longed phosphatization event in the Pacific Ocean at this time, and
instead this interval of apparent phosphatization may reflect the lim-
ited resolution offered by Sr isotopic chronology. This difficulty in
identifying discrete phosphatization events using Sr isotope chemos-
tratigraphic correlation makes it difficult to establish environmental
drivers for the phosphatization events.

Four of the phosphatization events we identify have previously
been documented in the Pacific (based on three or more occurrences),
but there are two events we document during the late Miocene (ca.
11-10 Ma and 8-7 Ma) that have only previously been reported from
Atlantic seamounts”. The more limited occurrence of late Eocene to
early Miocene phosphatization events in our Pacific record relative to
previous records, is potentially attributable to the limitations in Sr
isotope dating discussed above, and/or sampling limitations. With
regards to the latter, previous analyses of CFA have been widely dis-
tributed, encompassing different water depths in the Western, Central
and Northwestern Pacific, as well as in the Atlantic. Thus, although
there are potential sampling biases, our approach demonstrates the
potential for CFA U-Pb geochronology to accurately define the timing
of phosphatization events in the global ocean.

Drivers of phosphatization events

Our identification of six discrete phosphatization events across a wide
temporal range provides an ideal opportunity to gain insights into the
causative mechanisms behind phosphatization events. Laboratory
experiments have shown that the chemical reactions that generate
CFA crystals (approximate formula Cas(PO4,CO5)sF) result from an
increase in Ca? and phosphate concentrations in seawater’. In
upwelling regions such as continental margins and seamounts,
increased phosphate concentrations promote the formation of cal-
cium phosphate precursor phase(s), which is an important pre-
requisite for CFA precipitation. In addition, the depth of OMZs and
the degree of anoxia have been shown to be intimately connected to
the growth of Fe-Mn crusts®. The low oxygen conditions in the OMZs
then inhibit further precipitation of Fe-Mn oxides®, and promote
partial dissolution of pre-existing Fe and Mn oxides, releasing adsor-
bed P and thus further favouring local enrichment of phosphate*°.
Therefore, phosphatization events have been attributed to the down-
ward expansion of OMZs, representing settings that are characterized
by abundant bioavailable phosphorus* (see Fig. 1 for dissolved P and
0, concentrations in the modern ocean), thereby creating suboxic-
anoxic conditions where the OMZs intersect the seamounts.

Existing marine climate models struggle to predict the intensity
and extent of OMZs". The global deoxygenation trend observed over
the past 50 years has been attributed to a warming climate leading to a
reduction in the oceanic dissolved oxygen levels*’. However, nitrogen
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isotope studies indicate that on long-term timescales, the spatial
extent of OMZs is contracted during warm periods (e.g., the Middle
Miocene Climatic Optimum)**. Here, we note that reconstructed
paleoclimate temperatures, including sea surface temperatures (SST)
derived from Texge and 60 isotopes in foraminifera do not display
any clear relationship with the six identified phosphatization intervals,
which instead occur across a wide range of climatic conditions (Sup-
plementary Fig. 9). Eolian inputs and sea level change (which may
indirectly affect the extent and intensity of OMZs by influencing
oceanic ventilation and water mass exchange**°), also display no clear
relationship with the phosphatization events. Hence, these factors do
not appear to have been the fundamental drivers of expanded OMZs
during phosphatization events.

Ocean primary productivity, by contrast, is likely to have been a
major contributor to the expansion of OMZs in seamount regions, with
high productivity driven by enhanced nutrient availability increasing
biological oxygen consumption in the water column®. Barium (Ba) in
deep-sea sediments is a potentially useful proxy for paleo-ocean
productivity*®, and its concentration in Fe-Mn crusts (by adsorption) is
commonly positively correlated with the degree of primary
productivity®. Here, the coupling of phosphatization events with
broad intervals of high Ba concentrations in crust MCSD85 (Fig. 3)
supports enhanced productivity during phosphatization events.
Moreover, vanadium, which is commonly enriched in sediments
deposited under anoxic conditions™, is strongly correlated with Ba in
crust MCSDS85 (Supplementary Fig. 10), suggesting that suboxic-
anoxic conditions were initiated by enhanced productivity in the water
column. Hence, increased oceanic primary productivity appears to
have caused the episodic expansion of OMZs, thereby driving the
phosphatization events.

Phosphate sources for phosphatization events

Riverine P provides the main oceanic P source, with less than a third of
the total riverine P flux occurring in a potentially reactive form®.
Aeolian-sourced P in dust, although comprising less than 10% of the
total P flux, also constitutes a significant source in the open ocean,
including distal seamounts®?. Another important source of dissolved P
in the deep sea is from the remineralization of organic matter, which
may occur in the water column, at the sediment-water interface, or
upon burial’. The P inventory of the open ocean is dominated by dis-
solved species, more than 95% of which accumulate in the deep ocean®.
In addition, an increase in dissolved P concentrations occurs in older
deep waters due to the continuous accumulation of sinking particulate
matter and its regeneration®’. Thus, dissolved P concentrations are
higher in deep Pacific water relative to deep Atlantic water because
North Atlantic deep water ultimately flows into the North Pacific™. This
suggests that changes in ocean circulation patterns and subsequent
redistribution of P between ocean basins may significantly alter global
oceanic P concentrations™. Indeed, the seamount phosphatization
events we identify occur under distinct climatic transitions between
both warmer and cooler temperatures (see Fig. 3, where the benthic
85C profile is shown for context), suggesting that changes in oceanic
circulation during climate transitions may have resulted in the redis-
tribution of P between different ocean basins, which we explore
further below.

Most ancient sedimentary phosphate deposits on continental
margins coincided with high surface primary productivity caused by
intensified upwelling*. Upwelling delivers deep P-rich waters to shallow
shelves, where primary productivity results in P uptake into organic
matter and subsequent conversion to apatite in the accumulating
organic-rich sediment**. This process is evident in modern settings
such as the Peru shelf, where phosphorite formation occurs as a con-
sequence of coastal upwelling and limited dilution by land-based
sedimentation®. Similarly, seamounts act as natural barriers to cur-
rents, driving local upwelling often accompanied by current

acceleration”, thereby enhancing primary productivity in seamount
regions. While upwelling is of fundamental importance, changes in
continental weathering and shelf area expansion have also facilitated
the CFA deposition in ancient and modern continental margin settings
to a certain extent®’. The phosphorus sources for seamounts in the
open ocean are less directly impacted by sea-level fluctuations, with
aeolian dust potentially playing a critical role.

The third phosphatization interval at ~35-34 Ma is a particularly
important event®. This event is aligned with global cooling during the
Eocene-Oligocene Transition (EOT; ~34 Ma; Fig. 3), and thereby serves
as a broader case study for phosphatization events during intervals of
cooling. Global cooling associated with the expansion of the Antarctic
ice sheet generated Antarctic Bottom Water, which enhances deep
water circulation to the north®., Antarctic Bottom Water transports
nutrients into the Pacific basin, facilitating increased upwelling and
primary productivity in the vicinity of seamounts®. Similar changes in
circulation during intervals of cooling occurred at about 72-71 Ma,
25-23Ma and 11-10Ma, which could have facilitated similarly
enhanced nutrient transfer between deep-sea basins®®®*,

The previously unrecognized late Miocene-early Pliocene
(-8-7 Ma) Pacific phosphatization episode appears temporally coin-
cident with a ‘biogenic bloom’ event that occurred during late Miocene
cooling®. Increased surface primary productivity in the open ocean
and the expansion of OMZs occurred across near-equatorial and
upwelling regions®>®’, and the enhancement of late Miocene circula-
tion again facilitated nutrient transport between different ocean
basins, augmenting primary productivity in the divergence zone®.
Therefore, the enhancement of ocean circulation and consequent
transfer of phosphate between different ocean basins during intervals
of cooling appears to have been an important trigger for phosphati-
zation events. Furthermore, this event has been attributed to the
intensification of the Asian monsoon at -8 Ma®’. Enhanced physical
weathering and transport of eolian dust commonly increased the
supply of micro-nutrients to the Pacific during cooling intervals,
thereby elevating surface ocean productivity’®. While this is unlikely to
have been the major factor driving all phosphatization events, it may
help to explain why phosphatization events were more widespread in
the Pacific.

By contrast, the phosphatization event at -56-54 Ma (Fig. 3)
occurred during an interval of warming (the Paleocene-Eocene Ther-
mal Maximum; PETM). Across this interval, high atmospheric CO,
concentrations helped to amplify continental weathering, resulting in
an increased flux of bioavailable P to the ocean’. There was a massive
increase in the intensity of the marine biological pump (“productivity
feedback”), which is thought to have been a possible recovery
mechanism from this extreme thermal event’. A strong shift in deep-
sea circulation at the onset of the PETM led to a change from Southern
Hemisphere overturning to Northern Hemisphere overturning’,
resulting in intense bottom currents and upwelling in the Pacific. This
process has been proposed to explain the formation of phosphorite
deposits on the southern Tethyan margin during the PETM™. In addi-
tion, prevalent bottom and intermediate water column deoxygenation
during the PETM enhanced phosphorus recycling from sediments
back to the water column, promoting increased biological productivity
and expanding OMZs under the influence of ocean circulation in sea-
mount regions”.

This discussion highlights that seamount phosphatization events
occurred during both cold and warm transitional periods, where
changes in ocean circulation drove phosphorus transport between
ocean basins. Consequently, localized upwelling at seamounts trans-
ports phosphate directly up the seamount flanks or summits where
Fe-Mn crusts are located, and additionally transfers nutrients to the
sea surface to elevate primary productivity. This causes expanded
OMZs along with high P availability, resulting in ideal conditions for
CFA formation. We thus propose that phosphatization events on
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Fe-Mn crust Fe-Mn crust

Seamount

Fig. 4 | Schematic diagram for the onset of phosphatization events on sea-
mounts. a In the mixing zone between the oxygen minimum zone (OMZ) and
oxygen-rich bottom water, Fe-Mn oxides precipitate under oxic conditions to form
unphosphatized Fe-Mn crusts. b During periods of cooling, enhanced circulation/
upwelling and eolian inputs lead to strengthened primary productivity, providing
increased organic matter-bound phosphorus (OM-P) and a downward expansion of

P recycling CFA
Fe-Mn crust

the OMZ, which promotes phosphatization events on seamounts. ¢ During warm-
ing, seamount upwelling from ocean circulation and recycling of P from the
suboxic-anoxic seafloor promotes enhanced primary productivity, contributing to
the expansion of the OMZ and the development of seamount phosphatization
events.

seamounts occurred via the following mechanisms during periods of
climate transition: (1) OMZs were spatially limited when primary pro-
ductivity was relatively weak. On seamount flanks, Fe-Mn oxides pre-
cipitated to form Fe-Mn crusts in the mixing zone between the OMZs
and bottom currents (Fig. 4a); (2) During cool intervals, enhanced
circulation and local upwelling brought nutrients to the ocean surface,
increasing primary productivity and the depositional flux of organic P,
with eolian dust inputs of nutrients potentially augmenting this pro-
cess (Fig. 4b). During warm intervals, a shift in ocean circulation
increased primary productivity, and the prevalent development of
suboxic-anoxic conditions in bottom waters promoted P reminer-
alization and recycling back into the water column, further enhancing
dissolved P concentrations (Fig. 4c). These perturbations during
intervals of climate cooling and warming facilitated the downward
expansion of OMZs to encroach upon Fe-Mn crusts, promoting
phosphatization. Considering that the expansion of the circulation-
controlled open-ocean OMZs does not initiate or end
instantaneously*, the formation of CFA represents a gradual shift or
enhancement in circulation during phosphatization events.

Our approach demonstrates that CFA within Fe-Mn crusts is
highly amenable to U-Pb dating, and is compatible with Os isotope and
Sr isotope chronometric constraints on Fe-Mn crust and CFA
respectively, while CFA micro-textural and -structural observations
show consistent patterns between Fe-Mn crust growth zones of
similar age derived from the U-Pb dating of adjacent CFA cements
(Supplementary Discussion). Therefore, U-Pb dating of CFA provides
precise and accurate age constraints on phosphatization events,
enabling growth hiatuses in Fe-Mn crusts to be more precisely
ascertained and complementing the age framework determined via
the Os isotope chronometer. Our precise U-Pb dating refines the
timeline of phosphatization events from the late Cretaceous to the
present, delineating more constrained spans than previously recog-
nized, with events occurring during both cool and warm intervals.
During cool intervals, increased oceanic primary productivity and the
expansion of OMZs were likely driven by enhanced deep-sea circula-
tion and upwelling in the vicinity of seamounts along with eolian dust
input. During warmer intervals, enhanced productivity and expanded
OMZs likely occurred due to changes in ocean circulation and efficient
P cycling from sediments deposited under suboxic-anoxic bottom

water conditions. Hence, we conclude that U-Pb dating of CFA in
Fe-Mn crusts has major potential for reconstructing perturbations to
the oceanic P cycle.

Methods

Os isotope analyses

A total of 17 micro-drilled Fe-Mn oxide samples were taken from core
MCSDS8S5 (while carefully avoiding CFA), with a ~2 mm layer thickness
and a powder weight of -2 g per sample. The analyses of Os contents
and isotopic compositions were conducted using N-TIMS (negative
thermal ionization mass spectrometry) at the State Key Laboratory of
Isotope Geochemistry (Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences), following procedures™: (1) Sample powder
(0.5-1g) was digested in Carius tubes, and appropriate amounts of the
individual " Re and "*°Os spike solutions were weighed and added; (2)
The tubes were chilled in a liquid N, and ethanol bath, and 2.5 ml of
concentrated HCI and 7.5 ml of concentrated HNO; were successively
added. The Carius tubes were then sealed, steel jacketed, and heated in
an oven at 230 °C for 24 h; (3) After decomposition, the glass tubes
were again chilled in a liquid N, and ethanol bath before opening. After
thawing, the contents were poured into 20 ml centrifuge tubes to allow
precipitation of the residual solids; (4) The supernatant solutions were
transferred into 30 ml PFA (Perfluoroalkoxy) vials and subjected to Os
solvent extraction by CCl,, followed by back-extraction into con-
centrated HBr”’; (5) The extracted Os fraction was further purified by
micro-distillation prior to N-TIMS analysis. Osmium was loaded in HBr
on 99.999% Pt filaments (H. Cross Company, USA), and Ba(OH),
emitter solution was loaded on top of the sample to enhance ion
emission. Os isotope compositions were measured in pulse-ion
counting electron multiplier mode. The results are listed in Supple-
mentary Data 3.

Trace elements and U-Pb dating of CFA using LA-ICP-MS

Trace element analyses were conducted at the Key Laboratory of
Marine Resources and Coastal Engineering, SYSU, using an Agilent
7900 ICP-MS coupled to a 193 nm Coherent GeolasPro laser. For trace
element concentrations in the Fe-Mn crusts and CFA, single spot
ablations were performed with a 32-60 pm beam size, 5J/cm? fluence,
and a 5 Hz repetition rate. The trace element compositions of Fe-Mn
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crusts were calibrated against the GSE-1G, NIST 610 and 612 standards,
using Ti (EPMA data; Supplementary Data 4) as the internal elemental
standard, while trace element analysis of CFA used P as the internal
elemental standard. Trace element analyses of the crust and CFA were
conducted separately to enhance the experimental precision, and the
data for the CFA and Fe-Mn crusts are provided in Supplemen-
tary Data 5.

The U-Pb dating approach employed a line scan (raster) mode in
order to obtain smoother signals and less downhole fractionation. To
avoid Pb contamination and to improve the accuracy and precision
of the U-Pb results, we pre-ablated the region of interest to be dated
to remove material on the sample surface. A large spot size of 160 um
was used to maximise the signal intensity, and the analyses employed
a 5)/cm? laser fluence, 5 Hz repetition rate, and a 2 um/s scan speed.
In order to ensure the reliability of the 2°°Pb/>U ratio, the oxide ratio
in the plasma (as measured by ThO/Th) was limited to <0.5%.
An internal smoothing device was employed throughout the
experiments to ensure signal stability. Madagascar apatite 2 (MAD2;
age = 474.25+0.41Ma) was used as the primary age reference
material, with the Durango and McClure apatite used as secondary
age reference materials’®, with each analysis comprising a 20s
background measurement and a 45s data acquisition (Supplemen-
tary Data 6).

Data reduction for U-Pb dating was conducted with lolite 4.8.1
using the VizualAge_UcomPbine data reduction scheme’, which can
account for variable common Pb in the primary apatite U-Pb age
reference materials. The data reduction scheme first applies a
common Pb correction to the user-selected age standard integra-
tions, and then fits session-wide “model” U-Pb fractionation bias to
the time-resolved U-Pb standard data. The final result output style is
based on the PLASMAage recommendations (http://www.plasmage.
org/recommendations/home.html). The U-Pb results, including the
common Pb content (f206c), were formatted using PlasmaAge.py
code from GitHub (https://github.com/iolite-LA-ICP-MS/iolite4-
python-examples). The IsoplotR software®® was used to construct
the concordia/intercept diagram, isochrons, and for weighted mean
age and uncertainty calculations. The 2’Pb/***Pb initial ratios used to
anchor the CFA U-Pb intercepts were obtained by Pb isotopic ana-
lysis of texturally adjacent Fe-Mn oxides (Supplementary Fig. 3;
Supplementary Data 2).

LA-MC-ICP-MS strontium isotopic analysis

Strontium isotopic ratios of CFA were analyzed using laser ablation
multi-collector inductively coupled plasma mass spectrometry (LA-
MC-ICP-MS). The laser system used was an Australian Scientific
Instruments RESOlution LR coupled with a Nu Instruments Nu Plasma
I MC-ICP-MS (Supplementary Data 6). A 193 nm ArF excimer laser was
employed at a fluence of 4.5)/cm? Each measurement consisted of a
20 s background signal (gas blank) followed by a 40 s line scan using a
90 pum laser beam diameter at an 8 Hz repetition rate. Helium at a flow
rate of 370 ml/min served as the carrier gas, which was mixed with
argon (-0.97 L/min) via a T-connector before entering the ICP torch.
The Nu Plasma II integration time was set to 0.5s (equivalent to 80
cycles during the 40-s scan). Quality control was ensured by analysing
standard apatite samples (including AP-1 and MAD2) after every ten
samples®.

Data availability
Source data are provided with this paper, and deposited in the Fig-
share data repository (https://doi.org/10.6084/m9.figshare.26317153).
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